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Multiphoton excitation and ionization of hydrogen atoms in two-color laser fields
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Using the hydrogen atom as a prototype, multiphoton excitation and ionization are simultaneously investigated
with 400–800-nm laser fields. By tuning the relative phase φ between the two color components, the interference
between different excitation channels results in the enhancement or suppression of the excitation probability and
then determines the subsequent ionization. Moreover, the φ-dependent excitation and ionization are related to
the relative intensity of the 400–800-nm fields. When the laser intensity of the 800-nm field is 5 × 1012 W/cm2,
the excitation and ionization probabilities present similar fluctuation behavior as a function of φ. With the
increase of the 800-nm laser intensity, more multiphoton excitation and ionization channels open, and the
ponderomotive energy begins to have an influence, making the two oscillatory behaviors differ from each other.
The coexistence of excitation and ionization channels can be identified by decomposing the probabilities to the
components with different angular quantum numbers, which can trace how the system absorbs multiphotons in
strong laser fields and further control the ultrafast scenarios in atoms and even molecules.
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I. INTRODUCTION

Advances in the development of laser technology have
opened the possibility to observe ultrafast electron dynamics
in atoms and molecules, which has attracted extensive re-
search due to the possibility of a wide range of applications
[1–8]. The dynamical information of the system is usually
extracted by measuring photoelectron energy spectra (PES)
of liberated electrons of atoms and molecules and the pho-
toelectron momentum distribution (PMD) with strong-field
photoelectron holography [9–11]. To provide explanations for
the underlying mechanisms of the laser-driven electron dy-
namics, a series of theoretical methods have been developed,
i.e., the exact solution of the time-dependent Schrödinger
equation [12,13], numerical simulation within the strong-field
approximation [14,15], theoretical calculation using the clas-
sical trajectory Monte Carlo [16–18] and quantum trajectory
Monte Carlo [19] simulations, and so on.

The crucial step for studying strong-field ionization (SFI)
is designing an ideal electric-field wave form to trigger and
detect the ultrafast electron dynamics. Compared to the single-
color field, two-color fields composed of a fundamental wave
and its second harmonic offer a number of control parameters,
such as polarization [20–22] and the relative intensity [22–25]
between the two color components. In addition, the electric-
field wave form can be tailored by tuning the relative phase
of the two-color fields, which is more flexible for steering
the electron motion in the ionization processes. In the past
few decades, the research on SFI with two-color fields has
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had considerable success. For example, using parallel polar-
ized two-color (PTC) fields, the total ionization rate and a
large forward-backward asymmetry in the emitted-electron
distributions are controlled by manipulating the relative phase
between the two color components [26–31]. In addition, in-
formation about ionization phases and time delays of electron
wave packets formed in the ionization processes was un-
covered by using the PTC fields [32–41]. With orthogonally
polarized two-color (OTC) fields, the intercycle and intracycle
interferences of different electron wave packets are disen-
tangled in the measured PMDs, which can be spatially and
temporally controlled by adjusting the relative phase of the
OTC fields [42–47]. Moreover, the OTC fields have been
used to probe the relative-phase delay and time delay in the
photoelectron emissions of above-threshold ionization (ATI)
[48,49]. Recently, using circularly polarized two-color (CTC)
fields, the SFI and nonsequential double ionization were con-
trolled efficiently by switching the relative helicity of the CTC
fields [50–56].

Although the ionization in these two-color fields has been
extensively studied, the excitation triggered by two-color
fields has not been thoroughly discussed, probably because
excitation cannot be directly measured in experiment. How-
ever, in multiphoton ionization scenarios, the excitation states
are overwhelmingly important since the electron usually tran-
sits to excitation states by absorbing multiphotons, followed
by ionization by further absorbing photons. Actually, atomic
excitation is more complex than ionization since resonant
excitation not only follows the fundamental rules, such as
energy conservation and angular momentum conservation, but
also depends on the laser parameters, such as polarization,
frequency, and intensity [57–61]. Especially in intense laser
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fields, the energy levels of excitation states are shifted by
the laser field [62–64]. If two-color fields are simultaneously
introduced into such processes, more parameters can be used
to control the multiphoton excitation. More importantly, the
coexistence of several excitation channels in two-color fields
may interfere constructively or destructively, leading to the
enhancement or suppression of the excitation [65,66], and
may then affect the subsequent ionization.

Aiming at further exploration of the relative-phase-
dependent excitation and ionization in the multiphoton
regime, we investigate multiphoton excitation and subsequent
ionization of hydrogen atoms with PTC fields. The modula-
tion depths of the excitation and ionization probabilities are
discussed for different relative intensities of the PTC fields.
By decomposing the probability into components with dif-
ferent angular quantum numbers, the observed features of
relative-phase-dependent excitation and ionization can be well
explained. The rest of this paper is organized as follows. In
Sec. II, we introduce the numerical method. The results and
discussion are presented in Sec. III. The paper ends with a
conclusion and outlook in Sec. IV.

II. NUMERICAL METHOD

The time-dependent Schrödinger equation (TDSE) for a
single active electron under an external electric field in the
dipole approximation using the velocity gauge can be written
as (atomic units e = h̄ = m = 1 are used throughout unless
otherwise stated)

i
∂

∂t
�(r, t ) =

[
−∇2

2
+ V (r) − iA(t ) · ∇

]
�(r, t ), (1)

where V (r) = −1/r is the Coulomb potential of the hydrogen
atom and the linearly polarized laser vector potential A(t )
used in this paper can be written as

A(t ) = f (t )

[
− E1

2ω
sin(2ωt ) − E2

ω
sin(ωt + φ)

]
ez. (2)

Here, ω is the angular frequency of the 800-nm laser field,
E1 and E2 are the electric-field amplitudes of the 400- and
800-nm laser fields, and the pulse envelop f (t ) = sin2(πt/Tp)
is adopted with a duration of Tp = 20T400, with T400 being
the period of the 400-nm laser field. The relative phase be-
tween the two color components is denoted by φ. In our
calculations, the intensity of the 400-nm laser field is fixed at
I1 = 5 × 1013 W/cm2, and the intensity of the 800-nm laser
field I2 varies from 5 × 1012 to 1.5 × 1013 W/cm2.

Numerically, the time-dependent wave function �(r, t ) can
be expanded with the basis of B-spline functions [67] and
spherical harmonics,

�(r, θ, ϕ, t ) =
∑

j,l

c jl (t )
Bj (r)

r
Y m0

l (θ, ϕ), (3)

where the expansion coefficients c jl (t ) are time dependent
and are obtained by diagonalizing the field-free Hamiltonian
and then further propagated under the influence of the laser
field. Bj (r) are a set of B-spline functions, and Y m0

l (θ, ϕ)
are the spherical harmonics. For the PTC fields, the mag-
netic quantum number is conserved and set to m0 = 0. The

values of the radial index j and angular index l are integers
extended from zero to Nr − 1 and zero to Nl − 1, where Nr

and Nl are the numbers of B-spline functions and l partial
waves, respectively. The angular index l represents the angular
quantum number when m = 0 for the PTC fields, and the
principal quantum number n satisfies the following transform:
n(l, j) = j + l + 1.

Insertion of Eq. (3) into Eq. (1) yields the following matrix
equation by imposing the Galerkin condition:

iS dc(t )

dt
= [H0 + Wz(t )]c(t ), (4)

where S is the overlap matrix originating from the nonorthog-
onality of B-spline functions, H0 is the matrix of the field-free
atomic Hamiltonian, and Wz is the atom-field interaction ma-
trix. Detailed information about matrices S , H0, and Wz can
be found in Ref. [68].

Initially, the electron resides on the 1s state of a hydro-
gen atom. The corresponding wave function is obtained from
the time-independent Schrödinger equation by diagonalizing
the field-free Hamiltonian H0 = −∇2

2 + V (r) of the hydrogen
atom, and the wave function propagation is performed using
the Crank-Nicolson method together with the split-operator
technique [68]. At the end of the laser pulses t f , the probability
for a certain bound nl state can be obtained by

PB
nl = |〈ψnl |�(t f )〉|2, (5)

where �(r, t f ) is the final wave function and ψnl (r) are the
eigenstate states of the field-free Hamiltonian H0 with energy
Enl < 0 [69]. The summation of PB

nl with different l gives the
probability of bound states with energy En, and the summation
of PB

nl with different n gives the probability of bound states
with angular quantum number l . The total excitation proba-
bility is achieved by summing over all these populations on
these nl states except for the 1s state.

The PES can be extracted by projecting the final wave
function onto the exact scattering states of the hydrogen atom
[68–70], which can be expressed as

PI (ε) =
√

2ε

∫
|〈�−

k |�(tp)〉|2d�k, (6)

where �−
k (r) is the eigenfunction of the atomic Hamiltonian

with photoelectronic momentum k = (k,�k ), and the energy
of the liberated electron is ε = k2/2. Alternatively, the PES
can be obtained by summing over all the populations on each
l partial spectrum,

PI (ε) =
∑

l

PI
l (ε) =

√
2ε

∑
l

|Zl (
√

2ε)|2, (7)

where Zl (k) is the l partial wave projection with momentum k
[68]. The total ionization probability is achieved by integrat-
ing the PES over ε.

The TDSE is solved in a spherical box whose size is limited
to rmax = 1000 a.u. with time step 
t = 0.008 a.u. In our
numerical calculations, we get converged results using a num-
ber of Nl = 40 with 1300 B-spline functions. The simulation
box is large enough to hold all wave packets at the end of the
calculation, and thus, no absorbing boundary conditions are
needed.
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FIG. 1. The probabilities of excitation (black line) and ionization
(red line) as a function of relative phase between the two color
components. The laser intensities of the 400–800-nm fields are
I1 = 5 × 1013 W/cm2 and I2 = 5 × 1012 W/cm2.

III. RESULTS AND DISCUSSION

We first look at the probabilities of excitation and ion-
ization of a hydrogen atom in the 400–800-nm fields as a
function of the relative phase φ, as shown in Fig. 1. One
can see that both the excitation and ionization probabilities
oscillate with the relative phase periodically. When the rel-
ative phase φ = nπ/2, the probabilities of excitation and
ionization are maximum. When the relative phase φ = (2n +
1)π/4, the probabilities of excitation and ionization are min-
imum. To characterize the relative-phase sensitivity of the
excitation and ionization probabilities, we define the modu-
lation depth � as [71]

�(φ) = Pmax(φ) − Pmin(φ)

[Pmax(φ) + Pmin(φ)]/2
, (8)

where Pmax (Pmin) is the maximum (minimum) probability of
excitation (ionization). As shown in Fig. 1, the modulation
depths � of excitation and ionization are up to 90% and 42%,
respectively. For reference, we also calculate the probabilities
of excitation and ionization when only the 400-nm field is ap-
plied, in which case, the excitation and ionization probabilities
are 0.0045 and 0.0237, respectively.

In order to understand the φ-dependent excitation probabil-
ity, we decompose the excitation probability to each nl state.
Figure 2 shows the probabilities of excitation states with a
principal quantum number n and angular quantum number l
by using different laser parameters. The contents of different
panels are described in the caption. From Figs. 2(a) and 2(b),
we find that hydrogen atoms are excited to the n = 3 state
by absorbing four 2ω photons in the 400-nm monochromatic
field, and the angular quantum number is primarily distributed
on the l = 2 state. When the 800-nm laser field is added
simultaneously, the excited atoms are mainly populated on the
n = 5 state, as shown in Figs. 2(c) and 2(e). The multiphoton
excitation channels can be deduced from the distribution of
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FIG. 2. The probabilities of hydrogen atoms on the nl excitation
states in the 400-nm monochromatic field (top row) and the 400–800-
nm fields with the relative phases φ = 0 (middle row) and φ = 0.25π

(bottom row). Left: The probability of excitation states with principal
quantum number n calculated by summing over all the populations
on each angular quantum number l . Right: The corresponding l
partial probability calculated by summing over all the populations
on each n. The laser intensities are the same as in Fig. 1.

atoms on each nl excitation state. According to the selec-
tion rule, one electron with an angular quantum number l
can absorb a photon and consequently undergoes a transition

l = ±1 [66]. Considering that the ground state of hydrogen
is 1s state, only odd partial waves are populated when the
hydrogen absorbs an odd number of photons, while the even
partial waves are populated when the hydrogen absorbs an
even number of photons [72]. For the relative phase φ = 0
[Fig. 2(d)], the excitation of hydrogen is mainly distributed
on the l = 3 state, but with an appreciable l = 2 contribution.
Hence, we can deduce that the main channel of excitation is
absorbing four 2ω photons and one ω photon. Alternatively,
the atom can be excited by absorbing three 2ω photons and
three ω photons. These two excitation channels interfere con-
structively to maximize the population of excitation states.
When the relative phase becomes φ = 0.25π [Fig. 2(f)], the
proportion of the excitation channel from absorbing three 2ω

photons and three ω photons is relatively enhanced. In this
case, the different excitation channels interfere destructively
to minimize the population of excitation states.

After discussing the excitation process, we investigate the
physical mechanism of ionization in the 400–800-nm fields.
We calculate the PES, as shown in the left column of Fig. 3.
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FIG. 3. The PES (left column) and the partial spectra for l � 6
(right column) in the 400-nm monochromatic field (top row) and the
400–800-nm fields with relative phases φ = 0 (middle row) and φ =
0.25π (bottom row). The laser intensities are the same as in Fig. 1.

Further, we decompose the total PES to the l-resolved PES,
as shown in the legend of Fig. 3. Here, only the l < 7
partial waves are counted since they contribute almost the
total ionization probability. For the multiphoton ionization
triggered by the sole 400-nm field, the ATI peaks locate at
E = nh̄(2ω) − Ip − Up [62], with the ionization energy of
hydrogen Ip = 0.5 a.u. and the ponderomotive energy Up =
I1/4(2ω)2. This is, indeed, the case, as shown in Fig. 3(a).
According to the partial spectrum of the 400-nm monochro-
matic field shown in Fig. 3(b), the first ATI peak exhibits a
dominant angular momentum of l = 3, but with an appre-
ciable l = 1 contribution since the partial wave of l = 2 is
primarily populated on the excited state and, consequently,
undergoes a transition l → l ± 1 by absorbing a 2ω photon.
The single-photon absorption is inclined to populate on the
partial spectrum with higher angular momentum l in the ion-
ization process because the dipole transition from l to l + 1 is
usually larger than the transition from l to l − 1 [73,74].

Switching on the ω field simultaneously, the ATI peaks are
affected markedly. For the 400–800-nm fields with relative
phase φ = 0, the first ATI peak corresponds to the ioniza-
tion from the n = 5 state by absorbing an ω photon, and
the energy difference between these equidistant ATI peaks
becomes 
E = h̄ω, as shown in Figs. 3(c) and 3(d). As al-
ready described in Figs. 2(c) and 2(d), the excited hydrogen
is primarily populated on the n = 5 state with partial waves
l = 3 and l = 2. Interacting with the 400–800-nm fields, the
hydrogen can absorb an ω photon or 2ω photon in the contin-
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FIG. 4. The probabilities of excitation (black line) and ionization
(red line) as a function of relative phase between the two color
components. The laser intensities of the 400–800-nm fields are I1 =
5 × 1013 W/cm2 and I2 = 1 × 1013 W/cm2.

uum states. For relative phase φ = 0, the hydrogen atom on
the n = 5 state with partial wave l = 3 is primarily ionized by
absorbing an ω photon, and this state with partial wave l = 2
is mainly ionized by absorbing a 2ω photon. It can be deduced
from Fig. 3(d) that the angular momentum composition of the
first ATI peak contains 9% of the l = 2 character and 56% of
the l = 4 character, and the second ATI peak contains 11% of
the l = 1 character and 46% of the l = 3 character, which is
very consistent with the propensity rule [75,76]. For relative
phase φ = 0.25π , shown in Figs. 3(e) and 3(f), the second
ATI peak drops dramatically, and the main contribution of
the partial spectrum l = 3 is replaced by the composition
of l = 5. That is because the interference of the excitation
channels gives rise to the wide range of the l distribution, and
the population on partial wave l = 3 declines; the ionization
of the 2ω photon absorption is mainly from partial wave l = 4.

When the laser intensity of the 800-nm field increases,
the dynamic processes of excitation and ionization change
dramatically, which leads to the variation of the modulation
depths of excitation and ionization. Figure 4 displays the
probabilities of excitation and ionization as a function of
relative phase when the laser intensity of the 800-nm field
increases to I2 = 1 × 1013 W/cm2. Compared with the case
of using laser intensity I2 = 5 × 1012 W/cm2, the variation of
the dissociation and ionization probabilities with the relative
phase is no longer synchronized. The maximum excitation ap-
pears at relative phase φ = n × π

2 + 0.4π , and the minimum
appears at φ = n × π

2 + 0.1π , while the maximum ionization
appears at relative phase φ = n × π

2 + 0.1π and the minimum
appears at φ = n × π

2 + 0.3π . Tuning the relative phase of the
400–800-nm fields, the modulation depths � of excitation and
ionization change to 76% and 24%, respectively. Because the
contribution of the excitation channel caused by absorbing
three 2ω photons and three ω photons is enhanced with the
increase of the 800-nm laser intensity, it can influence the
interference of different channels, leading to the variation of
φ-dependent excitation and ionization. More importantly, the
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FIG. 5. The probabilities of hydrogen atoms on the nl excitation
states in the 400–800-nm fields with relative phases φ = 0.1π (top
row), φ = 0.3π (middle row), and φ = 0.9π (bottom row). Left:
The probability of excitation states with principal quantum number
n calculated by summing over all the populations on each angular
quantum number l . Right: The corresponding l partial probability
calculated by summing over all the populations on each n. The laser
intensities are the same as in Fig. 4.

ponderomotive energy Up contributed by the 800-nm field is
enhanced with the increasing 800-nm laser intensity. In this
case, the energy levels of the excitation states are shifted
by the 800-nm field, and then the distribution of these nl
states changes, which may affect the subsequent ionization.
In the following, we will discuss φ-dependent excitation and
ionization at laser intensity I2 = 1 × 1013 W/cm2 in detail.

Figure 5 presents the probabilities of hydrogen atoms on
the nl excitation states in the 400–800-nm fields with laser
intensities I1 = 5 × 1013 W/cm2 and I2 = 1 × 1013 W/cm2.
With the increase of the 800-nm laser intensity, the pondero-
motive energy Up contributed by the 800-nm field is up to
0.02 a.u., which is comparable to the photon energy and thus
cannot be neglected. At φ = 0.1π , the excitation probability
is primarily contributed by the n = 4 state [see Fig. 5(a)]. The
main channel of excitation is still absorbing four 2ω photons
plus one ω photon; however, the channel from absorbing three
2ω photons and three ω photons is more pronounced. This
results in the wide distribution of the angular quantum num-
ber, as confirmed in Fig. 5(b). Shifted by the ponderomotive
energy in these 400–800-nm fields, single ω-photon ionization
is possible only when the hydrogen atom populates on the
n � 4 states according to the energy conservation. For relative
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FIG. 6. The PES (left column) and the partial spectra for l � 6
(right column) in the 400–800-nm fields with relative phases φ =
0.1π (top row) and φ = 0.3π (bottom row). The laser intensities are
the same as in Fig. 4.

phase φ = 0.1π , the atoms are mostly distributed on the n � 4
states. Since hydrogen atoms on these states are easily ionized
by absorbing an ω photon, the excitation probability is the
minimum while the ionization is the maximum at φ = 0.1π .
For φ = 0.3π and 0.9π , as shown in Figs. 5(c) and 5(e), the ac
Stark effect shifts the n = 2 and n = 3 states into resonance.
Compared with the case for φ = 0.1π , many more atoms are
distributed on the n � 3 states, which are difficult to ionize by
absorbing an ω photon. Therefore, the excitation probability
is the maximum at φ = 0.9π .

In the plots in Fig. 6, we display the PES and corre-
sponding partial spectra for l � 6 at laser intensities I1 = 5 ×
1013 W/cm2 and I2 = 1 × 1013 W/cm2. For relative phase
φ = 0.1π , as shown in Figs. 6(a) and 6(b), the first ATI peak
contains an extensive contribution in the partial spectrum l �
5. It can be deduced that hydrogen atoms on excitation states
with partial waves l � 4 can be easily ionized by absorbing
an ω photon. While the second ATI peak exhibits a dominant
partial spectrum of l = 5, as we discussed above, it is mainly
derived from the ionization of the 2ω photon absorption on
excitation state n = 4 with partial wave l = 4, which corre-
sponds to the excitation channel caused by absorbing three
2ω photons and three ω photons. The superposition of these
ionization channels gives rise to the enhancement of ioniza-
tion. At φ = 0.3π , as shown in Figs. 6(c) and 6(d), the first
and second ATI peaks exhibit a dominant partial spectrum of
l = 5. They mainly come from the ionization of the excitation
states with partial wave l = 4. The ionization from other par-
tial waves is suppressed, leading to the minimum ionization
probability at φ = 0.3π .

According to Figs. 3 and 6, the φ-dependent ATI peaks
also change with the laser intensity of the 800-nm field.
As the laser intensities of the 400–800-nm fields are
I1 = 5 × 1013 W/cm2 and I2 = 5 × 1012 W/cm2, as shown
in the Fig. 7(a), the maximum of the first ATI peak appears
at relative phase φ = n × π/2 + 0.1π . This is caused by the
interference between the following two pathways. The first
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FIG. 7. The φ-dependent PES for hydrogen. The laser intensity
of the 400-nm field is fixed at I1 = 5 × 1013 W/cm2, and the 800-nm
fields are (a) I2 = 5 × 1012 W/cm2 and (b) I2 = 1 × 1013 W/cm2.

pathway is direct ionization of the absorption of five 2ω

photons, and the other one is the excitation into excitation
state n = 5 from the absorption of four 2ω photons and an
ω photon, followed by the ionization of further absorbing
another ω photon. However, the maximum of the second ATI
peak appears at φ = n × π/2. The reason is that the inter-
ference of the second ATI peak is mainly from the pathway
caused by absorbing five 2ω photons and an ω photon, as
well as the ionization from excitation state n = 5 caused
by absorbing a 2ω photon. When the laser intensity of the
800-nm field increases to I2 = 1 × 1013 W/cm2, as shown
in the Fig. 7(b), the first ATI peak is enhanced greatly at
φ = n × π/2, while the maximum of the second ATI peak
changes to φ = n × π/2 + 0.1π . The reason is that the ex-
citation channel caused by absorbing three 2ω photons and
three ω photons is more pronounced at this intensity. The
subsequent ionization introduced by this excitation channel
leads to an additional ionization pathway. The interference
between these ionization pathways gives rise to the variation
of the φ-dependent ATI peaks at different intensities of the
800-nm field.

As the 800-nm laser intensity continues to increase, the
contribution of the 800-nm field following excitation and
ionization becomes more significant. Figure 8 presents the
probabilities of excitation and ionization as a function of
relative phase when the laser intensity of the 800-nm field
increases to I2 = 1.5 × 1013 W/cm2. In this case, the prob-
ability of ionization is enhanced dramatically by the 800-nm
field, and the competition between the excitation and ion-
ization is remarkable. Changing the relative phase of the
400–800-nm fields, the modulation depths � of excitation and
ionization are 74% and 19%, respectively. We can see that
compared with the case with the weaker 800-nm field shown
in Figs. 1 and 4, the probabilities’ modulation of excitation
and ionization with a period of π/2 is no longer clear at
laser intensity I2 = 1.5 × 1013 W/cm2. At this point, the pon-
deromotive energy changes with the variation of the relative
phase φ. Besides the constructive or destructive interference
of different channels, the ponderomotive shift may change the
resonant excitation to nonresonant excitation or vice versa.
Such a multiphoton (non)resonant transition will certainly
change the excitation probability and subsequent ionization,
leading to the more complex line structures shown in Fig. 8.
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FIG. 8. The probabilities of excitation (black line) and ionization
(red line) as a function of relative phase between the two color
components. The laser intensities of the 400–800-nm fields are I1 =
5 × 1013 W/cm2 and I2 = 1.5 × 1013 W/cm2.

IV. CONCLUSION AND OUTLOOK

We theoretically demonstrated the relative-phase-
controlled excitation and ionization of hydrogen atoms
using ω-2ω fields. By manipulating the relative phase of the
400–800-nm laser fields, the probabilities of excitation and
ionization are controlled by the interference of the different
channels. The modulation depth of excitation and ionization is
different if we change the laser intensity of the 800-nm field.
For laser intensity I2 = 5 × 1012 W/cm2, the variations of the
excitation and ionization probabilities are almost synchronous
with the changing relative phase, and the modulation depths
of excitation and ionization are 90% and 42%, respectively.
The interference of two excitation channels, i.e., absorbing
four 2ω photons and one ω photon and absorbing three 2ω

photons and three ω photons, leads to φ-dependent excitation
and ionization probabilities.

As the laser intensity of the 800-nm laser increases, the
contribution from the excitation channel caused by absorbing
three 2ω photons and three ω photons is enhanced. The in-
terference produced by the different excitation channels gives
rise to the enhancement or suppression of the excitation prob-
ability, which can be controlled by tuning the relative phase.
In addition, the energy levels of excitation states are shifted by
the 800-nm field. It can affect the distribution of nl states and
the subsequent ionization, leading to the modulation depths of
excitation and ionization changing to 76% and 24% at laser in-
tensity I2 = 1 × 1013 W/cm2. When the laser intensity of the
800-nm field increases to I2 = 1.5 × 1013 W/cm2, the energy
shift from the ac Stark effect is prominent, and more quantum
states are involved in the excitation and subsequent ioniza-
tion. The interference of multiple channels and enhanced
ionization make the excitation and ionization processes more
complicated. One may expect such a two-color controlled
excitation process to be universal and occur in other
atoms.
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