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Characterization of the two-photon transition phase in the buildup process of Rabi oscillations
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We achieve the complete characterization of the transition phase in the resonant two-photon ionization (TPI)
of hydrogen at the high laser intensity where Rabi oscillation occurs. Different from previous studies which
focused on the transition phase of resonant TPI in the perturbation region, in our work, we reveal the effect
of Rabi oscillations on the transition phase in the high-intensity region. With bichromatic extreme-ultraviolet
light, the transition phases of the S and D partial waves are decoded. By solving the time-dependent Schrodinger
equation, we show that the transition phase depends on not only the pulse duration but also the laser intensity.
This dependence is traced back to the modification of the atomic state structure, rather than the competition
between resonant and nonresonant ionization paths at the lower laser intensity. Our work provides a way to
manipulate the two-photon transition phase through laser intensity.
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I. INTRODUCTION

Photoionization is a fundamental process in the light-
matter interaction, in which two-photon ionization (TPI) and
multiphoton ionization [1–3] enabled by the development
of high-harmonic generation and free-electron lasers [4–7]
have attracted intensive interest. Currently, various attosec-
ond techniques, such as streaking [8,9] and reconstruction of
attosecond beating by interference of two-photon transitions
(RABBIT) [10–19], have been widely applied to measure
the quantum phase of the photoelectrons, which has provided
fundamental insight into the dynamics of the photoionization.
This has led to a renewed interest in characterization of the
phase in the TPI process, especially for the resonance TPI. In
the far-off-resonance region, the ionized electron wave packet
is unstructured, and the measured phase can be divided into
the Wigner scattering phase determined by the energy and the
angular momenta of the initial and final states [20–25] and
the continuum-continuum transition phase [26,27]. However,
in the near-resonant region, the two-photon ionization process
via a resonance gives rise to an additional phase, the so-called
transition phase. This transition phase is the manifestation
of the target electronic structure and the ionization-path
competition [28,29]. Its pulse duration and energy detuning
dependence have been theoretically studied [30,31] and have
been experimentally observed with single extreme-ultraviolet
(XUV) pulses [28,29,32–34], as well as the RABBIT tech-
nique [10–12,14,15,17,18,35]. However, due to the intensity
limitations of the laser source, previous studies focused on the
lower-laser-intensity region, where the results of the transition
phase can be described with the lowest-order perturbation
theory.
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Very recently, with the seeded free-electron laser provid-
ing intense XUV laser sources, Autler-Townes (AT) doublets
[36–41] were observed in the resonant TPI of He [42]. This
splitting in the energy spectra is a manifestation of Rabi oscil-
lation during photoionization. The transition from unsplit to
split energy spectra represents the buildup of Rabi oscillations
[36–41,43]. Due to the occurrence of Rabi oscillations, the
photoelectron wave packets are structured, and their phases
are significantly affected by the phase introduced by the oscil-
lating populations of the initial state, and most importantly, the
behavior of the two-photon transition phase is very different
from that of the lower-laser-intensity region. The transition
phase is sensitive to atomic properties, which are perturbed
due to the intense laser field, and the occurrence of Rabi
oscillations. Therefore, it is worthwhile to reveal how the
buildup process of Rabi oscillations modulates the two-photon
transition phase.

In this work, we investigate the behavior of the two-
photon ionization transition phase during the buildup of the
Rabi oscillations by numerically solving the time-dependent
Schrödinger equation (TDSE). We employ bichromatic laser
fields to decode the transition phases for the S and D partial
waves from the total phase of the electron wave packets.
The bichromatic-electric-field method, which allows for the
complete characterization of phases, was recently utilized
in various experiments [44–50]. This method employs two
phase-locked XUV pulses with frequencies ω and 2ω and
is now available in free-electron laser facilities and has be-
come an important tool for characterizing the electron phase
in photoionization. Here, we employ these bichromatic laser
fields to reveal the transition phases of different partial waves
in resonant TPI. In the low-intensity region before the on-
set of Rabi oscillations, the transition phases of the S and
D partial waves are asymptotic towards zero from oppo-
site directions with increasing pulse duration. As the laser
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intensity increases, the transition phase smoothly varies from
0 to −0.5π for both partial waves due to the onset of Rabi
oscillation. As the laser intensity or pulse duration further
increases, the AT splitting in the photoelectron energy spec-
trum appears. We analyzed the transition phase for the lower-
and higher-energy peaks in doublets. The difference between
their transition phases moves from a nontrivial value to π .
Our analysis indicates that in the high-intensity region, the
nonresonant states affect the transition phase by modifying the
atomic state structure, rather than through direct competition
with the resonant ionization path in the low-intensity region
[28]. Additionally, the splitting of the initial state introduces
additional modifications to the atomic state structure, exerting
further impact on the transition phases. To further validate
our analysis, we employ a dressed-level model [51,52]. Our
results suggest that the two-photon transition phases can be
manipulated through laser intensity.

II. METHODS

The photoelectron momentum distributions (PEMDs) are
obtained by numerically solving the three-dimensional TDSE
[53] of the hydrogen atomic system in the velocity gauge.

The TDSE is written (in atomic units) as

i
∂ψ (r, t )

∂t
= H (r, t )ψ (r, t ), (1)

where

H (r, t ) = −1

2
∇2 − 1

r
− iA(t ) · ∇. (2)

Here, the purely time-dependent quadratic 1
2 A(t )2 term

has been removed by the gauge transformation ψ ′ =
exp[i

∫ t
−∞

1
2 A2(t )dt]. A(t ) is the vector potential of bichro-

matic laser fields in the dipole approximation, written as the
sum of the laser fields ω and 2ω:

A(t ) = Aω sin2

(
ωt

2N

)
sin (ωt )ez

+ A2ω sin2

(
ωt

2N

)
sin (2ωt + γ )ez, (3)

where Aω(2ω) is the amplitude of the vector potential of the
laser field ω (2ω) and N is the number of the optical cycles,
which characterizes the pulse duration. γ is the relative phase
between the ω and 2ω fields. g(t ) = sin2( ωt

2N ) is the pulse en-
velope. The intensity of the field 2ω is 2 orders of magnitude
smaller than that of the field ω.

The TDSE in Eq. (1) is solved in the spherical coordi-
nates, where the wave function is expanded by the spherical
harmonics |l, m〉, ψ (r, t ) = ∑

l,m
Rlm (r,t )

r |l, m〉. Here, Rlm(r, t )
is the radial part of the wave function, which is discretized
by the finite-element discrete-variable-representation method
[54]. The time propagation of the TDSE is calculated by
the split-Lanczos method [55] with a time step of �t = 0.01
a.u. In each step of the propagation, we split the wave func-
tion ψ (r, t ) into the inner part ψin(r, t ) = ψ (r, t )Fsp and
the outer part ψout (r, t ) = ψ (r, t )(1 − Fsp), where Fsp = 1 −
(1 + e(R−Rc )/d )−1 is the absorbing mask function. The inner
part ψin(r, t ) evolves as the TDSE in Eq. (1), and ψout (r, t )
is propagated by a Coulomb-Volkov propagator [56] and

then projected to the scattering state to obtain the ionization
amplitudes.

In our numerical simulations, the maximal box size Rmax

for radial coordinates is Rmax = 1000 a.u. The absorbing
boundary Rc is 800 a.u., with d = 2 a.u. The number of partial
waves is chosen to be Lmax = 10, which ensures convergence
of the calculations.

III. NUMERICAL RESULTS AND DISCUSSION

We calculate the photoionization of hydrogen by the
bichromatic laser fields with frequencies ω = 0.375 a.u. and
2ω = 0.75 a.u. The ω field is resonant with the 1s and 2p
states of hydrogen. The hydrogen atom is ionized by absorb-
ing two ω photons or one 2ω photon. For the resonant TPI
process induced by the ω laser field, there are two outgoing
partial waves, S (|ψs〉) and D (|ψd〉). The amplitudes for the S
and D partial waves are expressed as

as =
∑

m

∫ ∫
dt

1

i
Eω(t )〈ψs|z|ψm〉ei(E f −Em )t

×
∫ t

−∞
dt ′ 1

i
Eω(t ′)〈ψm|z|ψI〉ei(Em−EI )t ′

aI (t ′),

ad =
∑

m

∫ ∫
dt

1

i
Eω(t )〈ψd |z|ψm〉ei(E f −Em )t

×
∫ t

−∞
dt ′ 1

i
Eω(t ′)〈ψm|z|ψI〉ei(Em−EI )t ′

aI (t ′), (4)

where I and m represent the initial and intermediate states,
respectively, and EI and Em are their energies. E f corre-
sponds to the energy of the final continuum state. Two-photon
continuum-continuum transitions via an intermediate state are
ignored in Eq. (4) due to their low probability [51,52]. For the
single-photon ionization from the 2ω laser field, the final state

FIG. 1. (a) and (b) PEMDs at a laser intensity of 1 ×
1013 W/cm2 and pulse duration N = 60. (c) and (d) PEMDs at a
laser intensity of 2 × 1013 W/cm2 and pulse duration N = 30. (e)
and (f) PEMDs at a laser intensity of 2 × 1013 W/cm2 and pulse
duration N = 60. The relative phase of the two fields is γ = 0 in the
left column and γ = π in the right column. θ is the angle between
the electron emission direction and the polarization direction of the
laser fields.
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FIG. 2. Normalized β3 and β1 − 2
3 β3 as a function of the rela-

tive phase γ at laser intensities of (a) and (c) 1 × 1011 W/cm2 and
(b) and (d) 2 × 1013 W/cm2. The orange circles, blue squares, and
red triangles denote the results for pulse durations N = 15, 30, and
60, respectively.

is the P partial wave |ψp〉, serving as a reference for probing
the phases of the S and D waves. The amplitudes for the P
partial waves are expressed as

ap =
∫

dt
1

i
E2ω(t )〈ψp|z|ψI〉ei(E f −EI )t aI (t ). (5)

Figure 1 displays the PEMDs at different laser intensities and
pulse durations. At the low laser intensity where Rabi oscilla-
tions have not yet begun, the PEMD presents a single-peak
structure [Figs. 1(a) and 1(b)]. At the higher laser inten-
sity of 2 × 1013 W/cm2, Rabi oscillations occur. The PEMD
still displays the single-peak structure at a pulse duration of
N = 30 [Figs. 1(c) and 1(d)]. This is because the atom suffers
approximately one Rabi period and the AT splitting has not
built up yet [42]. As the pulse duration increases, AT doublets

appear in the PEMD, as shown in Figs. 1(e) and 1(f). Further-
more, the PEMDs depend on the relative phase γ between the
two-color fields, as indicated in the left and right columns of
Fig. 1.

The relative phase γ dependence of the PEMDs can be
expressed with the partial coherence method [57],

I (θ ) = ||ap|ei(ηp−π+φI −γ )Y10(θ, ϕ) + |as|ei(ηs− π
2 +φs+φI )

× Y00(θ, ϕ) + |ad |ei(ηd − 3π
2 +φd +φI )Y20(θ, ϕ)|2, (6)

where ap, as, and ad are the amplitudes of the partial waves
and θ is the polar angle of the photoelectron with respect to
the polarization direction of the laser field. ηs,p,d represent
the Wigner phase, and the extra phase φI is introduced by
the oscillating populations of the initial state aI (t ), which
are identical for all three partial waves. φs(d ) denotes the
two-photon transition phase of S (D) partial wave. This phase
appears due to the presence of the (near-)resonant state in the
finite pulse and reflects the atomic properties in the presence
of a laser pulse. In previous studies [28,29], the angular dis-
tribution of photoelectrons in a single-color XUV pulse was
analyzed to extract the difference in transition phases between
different partial waves at a laser intensity within the perturba-
tion region. In this work, we analyze the transition phases φs

and φd in the high-intensity region where Rabi oscillations can
occur.

Equation (6) can be expanded as a series of Legendre
polynomials Pl (θ ):

I (θ ) = β0P0(θ ) + β1P1(θ ) + β2P2(θ ) + β3P3(θ ) + β4P4(θ ).
(7)

The asymmetry parameters βn are determined as a function of
ap, as, and ad as follows:

β0 = 1

4π
(|ap|2 + |as|2 + |ad |2),

β1 = 1

4π

{
4

5

√
15|ad ||ap| cos

[
γ +

(
ηd − ηp + φd − π

2

)]
+ 2

√
3|ap||as| cos

(
γ +

[
ηs − ηp + φs + π

2

)]}
,

β2 = 1

4π

1

7
[10|ad |2 + 14

√
5|ad ||as| cos(ηd − ηs + φd − φs − π ) + 14|ap|2],

β3 = 1

4π

6

5

√
15|ad ||ap| cos

[
γ +

(
ηd − ηp + φd − π

2

)]
,

β4 = 1

4π

18

7
|ad |2,

(
β1 − 2

3
β3

)
= 1

4π
2
√

3|ap||as| cos
[
γ +

(
ηs − ηp + φs + π

2

)]
. (8)

We employ β3 and (β1 − 2
3β3) to determine the transition

phase φs(d ). The results of β3 and (β1 − 2
3β3) extracted from

the PEMDs as a function of the relative phase γ are shown
in Fig. 2. Figures 2(a) and 2(c) display the results obtained
at a low laser intensity of 1 × 1011 W/cm2, where Rabi os-
cillations do not occur. A small phase shift occurs in both
the β3 and (β1 − 2

3β3) curves with increasing pulse duration.

Figures 2(b) and 2(d) show the results obtained at a higher
laser intensity of 2 × 1013 W/cm2, where Rabi oscillations
do occur. For the short pulse durations, the AT splitting has
not shown up in the PEMDs (the corresponding results are
marked with orange circles and blue squares). As the pulse
duration increases, there is also a small phase shift in both
the β3 and (β1 − 2

3β3) curves. Additionally, both the β3 and
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FIG. 3. (a) Phase difference δ = (φs + ηs ) − (φd + ηd ) (yellow
diamonds) as a function of pulse duration. For comparison, the re-
sults calculated by the method in [28,29] are plotted as open orange
triangles (δ′). The dashed horizontal lines denote the Wigner phase
difference ηs − ηd . (b) The transition phases φs (red squares) and φd

(blue circles) as a function of pulse duration. The laser intensity is
1 × 1011 W/cm2.

(β1 − 2
3β3) curves show a phase shift compared to the low-

intensity case [shown in Figs. 2(a) and 2(c)]. As the pulse
duration increases to N = 60, the AT doublets appear in the
PEMDs (the corresponding results are marked with red tri-
angles). We extract both β3 and (β1 − 2

3β3) from the higher-
and lower-energy peaks in the doublets. The curves for the
higher- and lower-energy peaks in the doublets (labeled H
and L, respectively) display distinct and opposite phase shift
compared to the low-intensity case [shown in Figs. 2(a) and
2(c)].

We extract the phases φs + ηs − ηp and φd + ηd − ηp by
fitting (β1 − 2

3β3) and β3 with cosine functions. Figure 3
illustrates the obtained phases in the low-intensity region
(1 × 1011 W/cm2), where Rabi oscillations do not occur.
Figure 3(a) displays the phase differences δ = (φs + ηs) −
(φd + ηd ) as a function of pulse duration (yellow diamonds).
As the pulse duration increases, the phase difference δ grad-
ually approaches the Wigner phase difference ηs − ηd . This
indicates that the value of φs − φd approaches zero with in-
creasing pulse duration. For comparison, we also obtain this
phase difference by analyzing the angular distribution of the
photoelectrons in the single-color XUV pulses. The excellent
agreement between the two methods confirms that the phase
perturbations introduced by probing laser pulse 2ω in the pro-
posed method are negligible. We then retrieve the transition
phase of each partial wave φs(d ) by subtracting the Wigner
phases ηs − ηp and ηd − ηp [58–60]. The results as a function
of the pulse duration are shown in Fig. 3(b). The signs of
the transition phases φs (red squares) and φd (blue circles)
are opposite; both vary gradually with the pulse duration and
approach zero in the long-limit pulse. In this low-intensity
region, without rapid population exchange between the initial
and resonant states, the lowest-order perturbation theory is
applicable [17]. The expression for the final-state amplitude

in the resonant TPI is given by

ã f = 1

i

∫ +∞

−∞
dωẼω(ωmI )Ẽω(ω f I − ωmI )

×
∑

m

∫ 〈ψ f |z|ψm〉〈ψm|z|ψI〉
EI − Em + ω + iΓ

, (9)

where ωmI and ω f I are transition frequencies connecting the
initial (|ψI〉) and intermediate (|ψm〉) states and the initial and
final (|ψ f 〉) states, respectively. The term Γ originates from
the finite pulse duration and is proportional to the spectral
width of the ω pulse [12,13,30]. The transition phase φs(d ) can
be expressed as the sum of the contributions from the resonant
state (|ψR〉) and the nonresonant states (|ψn〉),

φs(d ) = Arg

[
i

μs(d )RμRI

EI − ER + ω + iΓ

+
∑

n

∫
i

μs(d )nμnI

EI − En + ω + iΓ

]
, (10)

where μs(d )R = 〈ψs(d )|z|ψR〉, μRI = 〈ψR|z|ψI〉, μs(d )n =
〈ψs(d )|z|ψn〉, and μnI = 〈ψn|z|ψI〉 are the transition dipole
matrix elements between the continuum and resonant states,
the resonant and initial states, the continuum and nonresonant
states, and the nonresonant and initial states, respectively.
The energy detuning from the resonance EI − ER + ω is zero.
As indicated by Eq. (10), in the low-intensity case without
Rabi oscillations, the transition phase from the resonant state
(the first term) is zero for both S and D waves. Therefore,
the opposite signs of the S and D transition phases are
attributed to the different contributions of the nonresonant
states contained in the ionization paths for the S and D
waves (the second term). Moreover, the dependence of the
transition phase on the pulse duration is related to the term
Γ , which is proportional to the spectral width of the ω pulse.
As the pulse duration increases, the relative contribution
of the nonresonant states to the transition phase gradually
decreases [28]. Thus, the transition phases φs and φd are
asymptotic towards zero, and the phase-shift difference δ is
approximately the Wigner phase difference ηs − ηd .

As the laser intensity increases, Rabi oscillations occur.
Figures 4 and 5 display the pulse duration and intensity de-
pendence of the transition phase φs(d ) in this high-intensity
region. Figure 4 shows the pulse-duration dependence of the
transition phases φs (red squares) and φd (blue circles) at
a laser intensity of 2 × 1013 W/cm2. Figure 4(a) shows the
transition phases at short pulse durations where the AT split-
ting has not yet shown up in the PEMDs. The phases φs and
φd vary from 0 to −0.5π as the pulse duration increases
from N = 15 to N = 45. When the pulse duration exceeds
N = 60, AT splitting appears in the PEMDs, and then we
separately extract the transition phases for the higher- and
lower-energy peaks in the doublets, as shown in Fig. 4(b)
(labeled H and L, respectively). It is shown that the transi-
tion phase of the higher-energy peak gradually increases to
0.5π with increasing pulse duration and decreases to −0.5π

for the lower-energy peak. Correspondingly, with increasing
pulse duration, the phase differences between the AT doublets
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FIG. 4. Transition phases φs (red squares) and φd (blue circles)
as a function of the pulse duration. In (a), the AT doublets have not
shown up in the photoelectron energy spectrum. In (b), the AT dou-
blets have shown up, and the results for the higher- and lower-energy
peaks in the doublets are separately displayed (labeled by H and L,
respectively). The inset in (a) shows the phase difference between φs

and φd . The inset in (b) illustrates the phase difference between the
AT doublets. The laser intensities in all panels are 2 × 1013 W/cm2.
The dashed horizontal lines located at −0.5π , 0.5π , and π are added
to guide the eye.

(labeled H-L) increase to π [shown in the inset of Fig. 4(b)],
as expected for an infinite pulse duration. Additionally, Fig. 4
shows that the phase difference between φs and φd is smaller
compared to that in the low-intensity case.

Figure 5 displays the intensity dependence of the transition
phases φs (red squares) and φd (blue circles) for a pulse du-
ration of N = 60. Figure 5(a) shows the transition phases for
intensities lower than 1.3 × 1013 W/cm2; in this regime, the
AT splitting has not yet shown up in the PEMDs. The phases
φs and φd gradually decrease to −0.5π as the laser intensity
increases. When the laser intensity exceeds 2 × 1013 W/cm2,
AT splitting appears in the PEMDs. The corresponding transi-
tion phases of the higher- and lower-energy peaks in doublets
are shown in Fig. 5(b) (labeled H and L, respectively), and
their differences are shown in the inset of Fig. 5(b) (denoted
by H-L). It is shown that, as the laser intensity increases,
the transition phase of the higher-energy peak gradually in-
creases to 0.5π and decreases to −0.5π for the lower-energy
peak. Correspondingly, with increasing laser intensity, the
transition-phase differences between the AT doublets (H-L)
increase from 0.85π to π . Additionally, Fig. 5 shows that φs

and φd are almost the same in this region.
Figures 4 and 5 reveal distinct differences in transition

phases between intensity regions where Rabi oscillations
occur and do not occur. The transition phases are influ-
enced not only by the pulse duration but also by the laser
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FIG. 5. Transition phases φs (red squares) and φd (blue circles)
as a function of laser intensity. In (a), the AT doublets have not shown
up in the photoelectron energy spectrum. In (b), the AT doublets
have shown up, and the results for the higher- and lower-energy
peaks in the doublets are separately displayed (labeled by H and L,
respectively). The inset in (b) illustrates the phase difference between
the AT doublets. The pulse duration is N = 60 for all panels. The
dashed horizontal lines are added to guide the eye.

intensity. The observed phenomena arise from modifications
introduced to the atomic state structures by the intense laser
field. In the case depicted in Figs. 4(a) and 5(a) where the
AT splitting has not built up, the strong coupling to nonreso-
nant states in this higher-intensity region leads to significant
ac Stark shifts in the states |ψI〉 and |ψR〉 and the final
state |ψ f 〉 and subsequently modifies the transition phase
[in Eq. (10)] to

φs(d ) = Arg

[
i

μs(d )RμRI

ẼI − S f − ER + ω + iΓ

+
∑

n

∫
i

μs(d )nμnI

ẼI − S f − En + ω + iΓ

]
. (11)

Here, ẼI = EI + SI , where SI is the ac Stark shift of the
initial state. S f refers to the energy shift of the final state
and is approximately equal to Up. The transition phase from
the resonant state (the first term) is no longer zero. The di-
rect contribution from the nonresonant states to the transition
phase (the second term) is negligible compared to that of
the resonant state. Therefore, in the high-intensity region,
the nonresonant states primarily affect the transition phase
by modifying the atomic state structure rather than directly
contributing to it (i.e., through direct competition with the
resonant ionization path as observed in the low-intensity re-
gion). This results in the smaller phase difference between the
S and D waves, as shown in Figs. 4 and 5, as well as the shift
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of the S-wave transition phase from positive to negative, in
contrast to the low-intensity case (shown in Fig. 3). The value
of Γ decreases with increasing pulse duration. Additionally,
the absolute value of ẼI − S f − ER + ω increases with in-
creasing laser intensity. Consequently, the transition phase
φs(d ) ≈ Arg[i μs(d )RμRI

ẼI −S f −ER+ω+iΓ
] decreases as the pulse duration

or laser intensity increases, as shown in Figs. 4(a) and 5(a).
AT splitting appears in the PEMDs upon further increasing

the pulse duration or laser intensity, as illustrated in Figs. 4(b)
and 5(b). The strong coupling between the initial state |ψI〉
and the resonant state |ψR〉 causes the initial state to split into
two quasieigenstates,

ãI (t ) = Δω̃ + Ω̃

2Ω̃
ei( 1

2 Δω̃− 1
2 Ω̃)t + −Δω̃ + Ω̃

2Ω̃
ei( 1

2 Δω̃+ 1
2 Ω̃)t .

(12)

Here,

Ω̃ (t ) ∼=
√

[μRI E0g(t )]2 + [Δω̃(t ) ]2 (13)

is the effective Rabi frequency. E0 and g(t ) are the amplitude
and the envelope of the electric field, and Δω̃ = ω − ωR̃I
denotes the photon energy detuning between the shifted ini-
tial and resonant states (where ωĩ j = Ẽi − Ẽ j and Ẽi = Ei +
Si). The amplitudes of the final states for the higher- and
lower- energy doublets are expressed as

ã f± = 1

2i

(±Δω̃ + Ω̃

2Ω̃

) ∫ +∞

−∞
dωẼω

(
ωmĨ+

1

2
Δω̃ ∓ 1

2
Ω̃

)
Ẽω

× (ω f̃ I − ωmĨ )
∑

m

∫ 〈ψ f |z|ψm〉〈ψm|z|ψI〉
ẼI− 1

2Δω̃± 1
2Ω̃−S f −Em+ω+iΓ

.

(14)

Compared to Eq. (11), it is shown that the splitting of
the initial state (due to the strong coupling with reso-
nant state) introduces additional modifications − 1

2Δω̃ ±
1
2 Ω̃ to the atomic state structure, which exerts further
impact on the transition phases. The transition phases
for the higher- and lower-energy peaks in doublets are
expressed as φs(d )+ ≈ Arg[i μs(d )RμRI

ẼI − 1
2 Δω̃+ 1

2 Ω̃−S f −ER+ω+iΓ
] and

φs(d )− ≈ Arg[i μs(d )RμRI

ẼI − 1
2 Δω̃− 1

2 Ω̃−S f −ER+ω+iΓ
], respectively. Hence,

the opposite signs of the transition phases for the AT dou-
blets are due to the ± 1

2Ω̃ terms. The value of Γ decreases
with increasing pulse duration. Additionally, the absolute
value of ẼI − 1

2Δω̃ ± 1
2Ω̃ − S f − ER + ω (primarily deter-

mined by the 1
2Ω̃ term) increases with increasing laser

intensity. As a result, the transition phases φs(d ) approach ±π
2

with increasing pulse duration or laser intensity, as shown
in Figs. 4(b) and 5(b). Furthermore, the phase difference
between the AT doublets [shown in the insets of Figs. 4(b)
and 5(b)] is not precisely equal to a unit of π . This is the
result of the combined effects of the pulse width and the
shifting and splitting of energy states induced by the Rabi
oscillations.

Finally, we numerically solve the dressed-level model
derived from Eq. (14), containing the 1s, 2p, 3p, and 4p
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FIG. 6. Transition phases φs (light red squares) and φd (light blue
circles) obtained from the dressed-level model [Eq. (15)]. The laser
parameters are the same as those in Fig. 5. The open green triangles
represent the results where only the resonant state 2p is considered.
In this case, the transition phases for the S and D partial waves are
exactly the same.

states:

ã f =
∑

m=2p,3p,4p

1

2i

(±Δω̃ + Ω̃

2Ω̃

) ∫ +∞

−∞
dωẼω

×
(

ωm1̃s + 1

2
Δω̃ ∓ 1

2
Ω̃

)
Ẽω(ω ˜f 1s − ωm1̃s)

× 〈ψ f |z|ψm〉〈ψm|z|ψ1s〉
Ẽ1s − 1

2Δω̃ ± 1
2Ω̃ − S f − Em + ω + iΓ

. (15)

The ac Stark shifts of |ψI〉 and |ψR〉 and the final
state |ψ f 〉 are SI = ∑

n

∫
[μin

1
2 E0g(t )]

2 2ωin

ω2
in−ω2 ≈ −0.7E2

0 , SR =∑
n

∫
[μRn

1
2 E0g(t )]

2 2ωRn

ω2
Rn−ω2 ≈ 2.6E2

0 , and S f = Up ≈ E2
0

4ω2 , re-
spectively [52]. The simulated results φs (light red squares)
and φd (light blue circles) as a function of laser intensity
are displayed in Fig. 6. These results successfully reproduce
the dependence of the transition phase on laser intensity (as
demonstrated in Fig. 5). Furthermore, we calculate the tran-
sition phase φR (open green triangles) by including only the
resonant state 2p for comparison. Their agreement reaffirms
that the direct contribution from nonresonant states to the
transition phase is negligible. In the high-intensity region,
the behavior of the transition phase is primarily attributed
to modifications to the atomic state structure, rather than
the competition between resonant and nonresonant paths, as
observed in the low-intensity region [28]. Moreover, all modi-
fications to the atomic structure, that is, the terms SI,R, f , ± 1

2Ω̃ ,
and Δω̃, exhibit a direct dependence on the laser intensity.
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This dependence suggests the possibility of modulation of the
two-photon transition phase through the manipulation of laser
intensity.

IV. CONCLUSIONS

We theoretically studied the behaviors of the transition
phases in the resonant TPI process during the buildup of the
Rabi oscillations. Bichromatic laser fields were applied to
access the transition phases for the S and D partial waves,
respectively.

In the low-intensity region before the onset of Rabi os-
cillations, the transition phases φs and φd are asymptotic
towards zero from opposite directions as the pulse duration
increases. This behavior arises from the different contribu-
tions of nonresonant states to the transition phases of S and
D partial waves and becomes negligible in the long-pulse
region. As the laser intensity increases, the Rabi oscillations
occur, and the behaviors of transition phases are distinctly
different from those in the low-intensity region. The tran-
sition phases are influenced not only by the pulse duration
but also by the laser intensity. This is due to the modifi-
cation introduced in atomic state structures by the intense
laser field. Consequently, the nonresonant states primarily
affect the transition phase by modifying the atomic state

structure (via the resultant ac Stark shifts), rather than through
direct competition with the resonant ionization path, as ob-
served in the low-intensity region. Furthermore, the splitting
of the initial state introduces additional modifications to
the atomic state structure, exerting further impact on the
transition phases. Our work provides the possibility of manip-
ulating transition phases in resonant TPI processes through
laser intensity. Although precisely controlling the laser in-
tensity is difficult in experiment due to the unavoidable
focal-intensity volume average effect, the dependence of the
transition phase on laser intensity should still be observable,
where the intensity can be considered the effective intensity
due to the average of the atom ensemble in the focal vol-
ume.
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