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Abstract

Atomic photoionization time delay is a vital component of attosecond metrology for investigating the ul-
trafast electron dynamics in atomic systems on their natural time scale. Here, we probe the factor which leads
to the nonperturbative characteristics of resonant photoionization time delay (RPTD) of atomic hydrogen
by numerically solving the time-dependent Schrodinger equation (TDSE) and the strong-field nonperturba-
tion theory (SEFNPT) with considering the population depletion and ac-Stark energy shift of ground state.
RPTD can be retrieved from the energy-resolved optical phase of a bicircular two-color field corresponding
to the maximal asymmetry of photoelectron angular distribution even in the nonperturbative regime. Our
results reveal that as laser intensity increases the RPTD shows a remarkable difference of energy-dependent
behaviors. At lower intensity, the absolute value of RPTD displays a smooth drop with increasing electron
energy, however, at higher intensity its absolute value exhibits an obvious enhancement. Given the agreement
between TDSE and SFNPT, we clearly elucidate the physical origin of nonperturbative characteristics, i.e.,
the population depletion of ground state plays a crucial role rather than ac-Stark energy shift. More specif-
ically, the population depletion severely affects the Fourier transformation of the laser envelope, which is an
important phase component of transition amplitude. Our work clarifies the physical mechanism of atomic
photoionization time delay in nonperturbative environments, advancing the comprehensive understanding

of time in attosecond science.
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1. Introduction

Photoionization—the ejection of an electron from
an atom upon photon absorption—ranks among the
(121 In the

nonresonant regime, the outgoing wave packet is com-

most fundamental quantum phenomena

monly assumed to respond to the incident field in-
stantanecously. In the 1950s 34 the possibility of a
delayed response was recognized, which is generally
called Wigner time delay % that is characterized by
a slight temporal offset in the release of the photo-
electron wave packet upon absorption of a short elec-

[6-11] " However, time

tromagnetic pulse by an atom
in the quantum world is not a physical quantity that
can be directly observed due to the lack of the corre-
sponding time operator in quantum mechanics. Nev-
ertheless, one can design various schemes with differ-
ent configurations of weak extreme ultraviolet (XUV)
pulse and infrared pulse (IR) to extract temporal infor-
mation from the energy-resolved photoionization sig-
nals, such as attosecond streaking ['2714 and RAB-
BITT %161 In addition, a two-color interferometric
method is proposed to retrieve the time delay between
one- and two-photon ionization from the asymmetry in
the photoelectron angular distributions without scan-
ning XUV-IR delay ['7'8] which can be obtained by
taking the derivative of the energy with respect to the
scattering phase shift during electron transitions in the
continuum 1920,

In the presence of a resonance, the photoelectron
propagation is naturally delayed relative to the free
space propagation. Thus the Wigner time delay ac-
quires large positive values in hundreds of attoseconds
range (1 as = 107'® s). The RABBITT technique has
also allowed for the time resolution of Fano resonances
(1], In this case, resonant photoionization time delay
(RPTD) is generally regarded as the period in which
electrons are temporarily trapped in a resonant state
(22-24]  How to retrieve the intermediate-excited-state-
assisted RPTD is an important issue in attosecond
physics [2°]. However, most current experimental and
theoretical studies on RPTD are in the perturbative
regime due to the moderate intensity and high photon
energy of XUV pulses, in which time-dependent per-
turbation theory (PT) [ can well reproduce the nu-
merical resolution of the time-dependent Schrédinger
equation (TDSE) [16:27] Up to now, isolated attosec-
ond pulses (TAPs) originated from XUV radiation with
photon energy of 20-45 eV and duration of 180 as are

28]

experimentally available ! However, for such ultra-

short duration, the intensity of the XUV pulse is lower
than 102 W/cm?. In Ref. [29], Richter et al. have
already experimentally employed XUV pulse with in-
tensity reaching 2.9 x 10 W/cm?, photon energies
around 21 eV, but pulse duration is as long as 49 fs.
The primary challenge lies in balancing the contradic-
tion between enhancement of intensity and reduction
of pulse width. With the continuous advancement of
laser technology, the aforementioned contradiction will
inevitably be resolved in the future [39.

As the intensity of laser pulse increases further,
strong resonance between the ground state and the
first excited state induces the population depletion and
Stark energy shift of the ground state 31733 lead-
ing to that the standard perturbation theory is not
suitable for describing the ionization process. How-
ever, research on the nonperturbative RPTD and its
properties still remain scarce. Recently, we develop a
strong-field nonperturbation theory (SFNPT) by tak-
ing the population depletion and Stark energy shift
of the ground state into account [** which shows a
good agreement with the TDSE, to better retrieve the
RPTD in the nonperturbation regime by using a bicir-
cular two-color interferometry. For the higher inten-
sity, the two strong-field factors, i.e., the population
depletion and Stark energy shift of the ground state,
not only affect the magnitude of the transition ampli-
tude, but also significantly change its phase, thereby
influencing the derivative of the phase with respect to
energy. Hence, to figure out which strong-field fac-
tor dominates in shaping the nonperturbative features
of RPTD contributes to a comprehensive understand-
ing of the physical mechanism behind the formation of
RPTD in the nonperturbative regime.

In this work, we represent a theoretical investiga-
tion on the intensity dependence of RPTD in hydrogen
atoms by using counter-rotating w-2w circularly polar-
ized XUV laser pulses, that is, bicircular two-color in-
terferometry. The ground state resonantly couples to
the excited state by the absorption of a right-handed
circularly polarized (RCP) photon of frequency w, fol-
lowed by subsequent absorption of the same photon,
promoting this excited state to a continuum state. This
continuum state coherently interferes with the scatter-
ing state generated by absorbing one left-handed circu-
larly polarized (LCP) photon of frequency 2w from the
ground state. The time delay induced by one-photon
absorption is insensitive to the rotation direction of

the circularly polarized XUV pulse, resulting in the



RPTD being approximately treated as a time delay
between the one- and two-photon ionization pathways.
The interference between these two ionization path-
ways results in asymmetry in the angular distribution
of photoelectrons. By adjusting the relative optical
phase of the two-color field, we first retrieve the energy-
dependent RPTD as intensity increases from the rela-
tive optical phase corresponding to the maximal asym-
metry. Then, we study the physical picture underly-
ing nonperturbative features of the energy-dependent
RPTD by taking the advantages of the SFNPT model
that the roles of ground-state depletion and Stark en-
ergy shift can be disentangled. Based on the analysis
of SENPT model, we elaborate the population deple-
tion of ground state plays a dominant role in shaping
the nonperturbative features of RPTD. Our works can
spur the further experiment to explore the nonpertur-
bative characteristics of time delay and demonstrate
the physical mechanisms behind nonperturbative fea-
tures of RPTD.

2. Theoretical framework

2.1. TDSE simulations

The dynamics of a hydrogen atom interacting with
the counter-rotating two-color circularly polarized laser
fields is governed by the 3D-TDSE, which reads (atomic
units are used unless otherwise stated)

v: o1

iDwe = |- L
.

ot 9 ZA(ta ¢) Y \I/(I',t),

(1)
in the reduced-velocity gauge. The vector potential is

described as

A(t,qb):AR(t,w,O)+AL(t—T,2w,¢), (2)

AR(t) and AL(t) describe the vector potential of RCP
and LCP laser pulses, respectively, and ¢ and 7 are the
optical phase difference and time delay of two-color
field, respectively. In our calculations, both pulses
propagate along the z axis and are polarized in the
2Oy plane. The expressions of the vector potential for

the RCP and LCP laser pulses are written as

Aof (1) oL .
2 [cos(wt + ¢)€x + sin(wt + (j))e(y]),
3

where ”+” and ”—" indicate the RCP and LCP laser

pulses. Here, €4 and €, are the unit vectors along the

AR,L(t, w, ¢) =

z and y axes. Ag = &/w denotes the amplitude of the

vector potential. w is the central angular frequency

of the laser field. & = \/m is the amplitude of
the electric field. Iy is the peak laser intensity, and
Iny =~ 3.51 x 1016 W/cm? is the atomic unit of laser
intensity. In our simulations, each pulse has a tempo-
ral envelope f(t) = cos?(%t) with —T/2 < ¢ < T/2,
T is the pulse duration. Time delay of two pulses 7
is chosen as 4 fs in order to completely separate the
two pulses, guaranteeing that the two-photon ioniza-
tion occurs prior to the arrival of the second pulse. 10
optical cycles are used for respective pulse and the fre-
quency w = 10 eV, which can boost the resonance of
the initial state 1s and the excited 2p state (with m = 1
or —1) of the hydrogen atom. Hence, T' = 4.14 fs for
the first pulse and T' = 2.07 fs for the second pulse.
Iy = 1, = 1015, according to a general experimen-
tal observations that the intensity of second-harmonic
light is lower than that of the fundamental frequency
light [35].

The wave function ¥(r, t) of the 3D-TDSE in Eq. (1)
is expanded by spherical harmonics ¥, (6, ¢) with po-
lar angle 6 and azimuthal angle ¢, where [ and m are
the angular momentum quantum number and the mag-
netic quantum number, respectively. The radial part of
the wave function is treated with the finite-element dis-
crete variable representation (FE-DVR) method [36],
The initial wave function is prepared by the imaginary-
time propagation. The time propagation of the elec-
tron wave function ¥(r,¢) is implemented by the split-
Lanczos method 37, which greatly improves the effi-
ciency of the traditional Lanczos propagator by split-
ting out the centrifugal potential from the Hamilto-
nian. To avoid the use of very large radial box, the

wave-splitting technique [3!

is adopted. According to
the wave-splitting technology, at the end time ¢ of the
propagation, we obtain the final ionization amplitude
p(k,ts) by adding all the amplitudes at time t;. In
the polarization plane, the differential ionization prob-
ability P(E,0 = Z,¢) = k|p(k,0 = Z,¢,tf)]>. The
asymmetry in the photoelectron angular distributions
is defined as

ST P(E,p)dp — [27 P(B,p)dp
ST P(E,p)de + [27 P(B,p)dp

which gives the difference of electron yield emitted into

a(E) =

(4)

opposite sides of the plane parallel to the light polariza-
tion. As shown below, we can extract the RPTD from
maximal asymmetry in photoelectron angular distribu-
tions .

In our calculations, a time step At = 0.01 a.u.

for the time propagation of the electron wave func-



tion, the maximal box size for radial coordinates is set
to Rmax = 400 a.u., and the absorbing boundary is
R. = 240 a.u., the number of finite-element is 400 and
8 basis functions is set for each finite-element. In addi-
tion, the maximal numbers of the angular momentum
quantum (ﬁmax) and the magnetic quantum (mmax) are
both set to be 12. The convergence of our calculations

is confirmed by changing these parameters.

2.2. Strong-field non-perturbative theory
(SFNPT)

If the resonance between ground state and excited
state occurs, the nonperturbative effects such as the
population depletion and ac-Stark energy shift of initial
state should be considered. The transition amplitude

of one-photon ionization is given by

Ay(k) = —i / (Wl £ T F so(t)dt,  (5)

to
where |Py) is the final scattering state with asymptotic
momentum k, photoelectron energy E = k2?/2, and
|¥;) is the initial ground state with energy F; = —13.6
eV. tg = —T/2 and ty = 7+ T/2. The electric field
E) %f(t)[sin(wt + ¢)€x F cos(wt + ¢)€y], where
&y = Apw is the peak intensity of electric field. sg(t) is

the amplitude of the initial state at t. The occupation
amplitude so(t) includes the depletion of population as
well as the Stark energy shift of the initial state,

t
—1i EitJr/
-T2

with ¢(¢) the modulus of so(t) and E;(7’) the instan-
taneous energy shift induced by the XUV pulse.

so(t) = g(t) exp

5Ei(7'/)d7'/)] (6)

The interaction operator r - & (t) in the rotating

wave approximation (RWA) can be written as

ZEO —iwt T Z
f{f() (z +1iy)

+ f(t - T)€7i2w(t77—)67

—

r-&(t) =
P@xiy)},  (7)

where ”+” and ”

rotating pulse configurations, respectively. The two

—” indicate the co-rotating and counter-

terms in Eq. (7) denote the absorption process of one w-
photon and one 2w-photon, respectively. Substituting
Eq. (7) into Eq. (5), the amplitude A; can be rewritten
as

Ai (k) (Wilo + iy ;) F(E - w)

- 2("))}7

_ %o
fQﬂ{

+ (Up|z Fiy| V) e F(E (8)

where the Fourier transform of the product of pulse

envelope and the occupation amplitude of initial state

T/2

e EmnOt (s (H)dt, n=1,2.

9)

It can be easily seen from Eq. (8) that the one-photon

F(E - nw) :/

—T/2

transition amplitude phase is contributed by the radial
dipole matrix element and the Fourier transform of the
pulse envelope. Obviously, the transition phase from
the radial dipole matrix element is independent of laser
intensity.

To explicitly show the intensity dependence of tran-
sition amplitude phase, the Fourier transform of the

pulse envelope can be rewritten as

R T/2
F(E —nw) = /T/2{cos[h(t)] +asin[h(t)]} f(t)g(t)dt
(10)
where
h(t) = (E — E; — nw)t — /T/2 SE;(thdr'.  (11)

If the depletion of population and Stark shift of ini-
tial state are ignored, i.e., g(t) = 1 and 0E;(7') = 0,
then the conventional transition amplitude in lowest-
order PT would be recovered, and the time integration
over (—T/2,T/2) of the imaginary part of Eq. (10) is
zero due to sin[(E — E; — nw)t]f(t) is an odd func-
tion. Thus, Eq. (10) can be rewritten as ffé% cos[(E—
E; —nw)t] f(t)dt, which is a positive real and intensity-
independent number. Hence, in perturbative regime,
the one-photon transition amplitude phase can be re-
gard as intensity-independent number. However, in
deep nonperturbative regime, intensity dependence of
g(t) and 0 E;(7") results in the imaginary part of Eq. (10)
not zero, leading to the intensity dependence of tran-
sition amplitude phases.

The second-order transition amplitude in SENPT

is given by

Z/ (Wl - £ el BB

qF#i

t
x / (W, o - EW) W) Pt so () dt,  (12)
to

where |¥,) with energy E, is the intermediate state,
and the index ¢ denotes all intermediate states includ-
Note that in this

work the two-photon ionization does not involve the

ing bound and continuum states.

absorption of 2w photon, i.e. the second term in Eq. (7)

can be omitted. Therefore, Eq. (12) can be rewritten



as

As0) = 05T W i) (W o+ i) T ()

q#i
(13)
where
T/2
,(E) = / e E=Ba=w)t ¢ (1)t
-T/2
t
« / B f( s ()t (14)
—T/2

I1,(E) indicates the Fourier transform of the laser pulse
envelope f(t) with the correction of initial state, which
is a complex number. If the depletion of population
and Stark shift of initial state are ignored, i.e., so(t') =
e_iE'it/, the conventional transition amplitude in 2nd-

order PT would be recovered. If we only consider

the depletion of population, then so(t') = g(t’)e’iEit/.
Note that the time-dependent g(¢) and 0E;(t) can be
obtained directly from TDSE simulations.

In our SFNPT calculations, the wave functions of
initial state and each intermediate eigenstate are ob-
tained by the diagonalization of free-field Hamiltonian,
which is discretized using the FE-DVR representation
method. In the calculation of two-photon amplitude,
the radial box size of Ry, = 50 a.u., the first 100 inter-
mediate eigenstates (including bound and continuum
states) are chosen within the total 300 intermediate
eigenstates, which already make sure the convergence
of calculation. The numbers of finite element and basis

functions are 50 and 7, respectively.

2.3. Retrieving RPTD from the asymme-
try in photoelectron angular distri-
butions

According the electric dipole selection rules and
RWA, the ground state 1s with m = 0 [denoted by
(s,0)] by absorbing one LCP photon creates a contin-
uum wave (p, —1) at the energy Ej, = 2w+ E; with an-
gular distribution ~ Y7_1(6,¢). The same energy can
be reached via a two-photon absorption from the RCP
pulse, the angular dependence of the continuum wave
(d, 2) populated by the two-photon path is Yas (6, ¢).

The angle-resolved ionization probability can be

written as
P(E, ) = kIMp 1(k) + Maa(k)]?,  (15)

where the transition amplitude of each partial wave can

be expressed by [18]

Mpﬁ—l(k) :a1’_16i81’71ei(EiEi)Teiid)Yl_l,

Mo (k) =az2€"522Yay,

(16)
(17)

where a1 and ag o are the real-value partial wave
amplitudes, 51,1 and s2 5 are the corresponding argu-
ments. M,, _1 and Mg o are calculated by Eq. (8) and
Eq. (13), respectively. Therefore, the energy-resolved
asymmetry a(FE) defined by Eq. (4) in the polarization

plane (6 = 7/2) can be rewritten as
a(E) = —@sin[¢ — (s1,-1 — s2.2) — (E — E;)7], (18)

where the parameters § = \/5/(471’2@)@1,,1&2_’2, Q =
(a1,1Y1-1])?+(a2.2|Y22])?. In the counter-rotating case,
we have checked that a1,_1, az,2, s1,—1 and sy 2 are in-

dependent of ¢. ¢, (the relative phase corresponding

to the maximal asymmetry) yields
T
Om — (51,21 — $2.2) — (£ — Ej)T = —3 +n-2m, (19)

where n is an integer number. As a result, the phase
difference between one- and two-photon ionization am-
plitudes

A(b - ¢m - (E - Ei)T + g +n- 27?'7 (20)

where A® = 51 _; — 535 denotes the phase difference
between one- and two-photon ionization pathways. ¢,
can be extracted from the energy-resolved asymmetry
in photoelectron angular distributions. Therefore, the

time delay between one- and two-photon ionizations

R = dAD/dE = dép/dE — T, (21)

which indicates that the RPTD equals to the energy
derivative of the ¢,, subtracts the delay between the

two pulses.

3. Results and discussions

Figure 1 shows the time delay between one- and
two-photon ionization pathways 7 obtained by the re-
trieval procedure as illustrated above, i.e., the time dif-
ference forming p- and d- partial waves. Since the ion-
ization probability of above-threshold-ionization peaks
is too small, we will only discuss the features around
electron energy E = 2w + E; = 6.4 eV where the
ionization signals are strongest. It can be seen that
all time delays are negative, indicating that the pho-
toelectrons ionized through the single-photon ioniza-

tion pathway arrive at the scattering state earlier than
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Fig. 1. Time delay between one- and two-photon ioniza-
tions calculated by TDSE as a function of electron energy
at four different laser peak intensities: 1, 10, 50, and 100
TW/cm?.

those of the same energy, but are ionized via the two-
photon ionization pathway. This time difference in cur-
rent laser parameters 7 can be regarded as RPTD, as
demonstrated in our previous work 4. The magni-
tude of RPTD is on the order of hundreds of attosec-
onds, which is consistent with Ref. [39]. Furthermore,
the absolute values of time delays at low-intensity pulse
are larger than those at high-intensity pulse, which in-
dicates that the bound excited states are more easily
ionized by higher-intensity pulses.

As shown by Fig. 1, at lower intensities (such as 1
and 10 TW/cm?), the absolute value of time delay dis-
plays a decrease trend (perturbative regime). However,
at higher intensities (such as 50 and 100 TW /cm?), the
absolute value of time delay consistently increases with
increasing energy (nonperturbative regime), which rep-
resents the most pronounced distinguishing character-
istic of time delays in perturbative and nonperturba-
tive regimes. As the intensity increases, the resonance
between the ground state and the 2p excited state be-
comes stronger. This resonance has a more pronounced
effect on low-energy electrons.

To figure out the physical mechanism underlying
this difference of RPTD induced by the laser intensity,
we separately examine the amplitude phase of single-
and two-photon ionization, i.e., s1,_1 and s22, as well
as their respective derivatives with respect to energy
due to the relation 7g = d(s1,-1 — s2,2)/dE, as shown
by Fig. 2. It can be seen that the single-photon ioniza-
tion phase s1,_; is not very sensitive to the electron en-

ergy, which shows a slow and smooth rise with increas-
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Fig. 2. One-photon amplitude phase s1,—1 (a) and two-
photon amplitude phase s2.2 (b) as a function of electron
energy obtained by TDSE calculations and their derivative
with respect to the energy dsi1,—1/dE (c) and ds2,2/dE (d).

ing energy [Fig. 2(a)], however, the two-photon ion-
ization phase s o displays a rapidly growth [Fig. 2(b)].
For the intensity dependence of phase, as laser intensity
increases, s1,—1 increases significantly overall, but the
increment is roughly the same for each energy, which
leads to its derivative with respect to energy being in-
sensitive to the variation of intensity, as depicted in
Fig. 2(c).

shows an overall increase, but it is less pronounced

For two-photon ionization phase, sz 2 also

compared to s;,_1, and the increment is more signif-
icant at low energies. Therefore, this characteristic
strongly affects the dependence of its energy derivative
on intensity. As shown by Fig. 2(d), at lower intensi-
ties dsa,2/dE shows an overall drop while at higher in-
tensities it presents an obvious increase for low-energy
electrons. Of course, this intensity-induced difference
is more pronounced for low-energy electrons, which is
consistent with the phenomenon in Fig. 1. By com-
paring Fig. 1 and Fig. 2(d), it can be concluded that
the modulation of energy-dependent RPTD mainly de-
pends on two-photon ionization phase sj 2, rather than
on single-photon ionization phase s; ;.

As shown by Fig. 3(a), the population of ground
state has dropped to 0.97, 0.75, 0.21, and 0.16 after
the first pulse ends for 1, 10, 50, and 100 TW /cm?, re-
spectively, indicating that the ionization process enters
into the nonperturbative regime when the laser inten-
sity is larger than 50 TW /cm?. Similarly, as shown by
Fig. 3(b), at higher intensities (50 and 100 TW /cm?),
ac-Stark energy shift of ground state 6 E;(t) becomes
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Fig. 3. Time-dependent population g(t) (a) and ac-Stark
energy shift 0F;(t) (b) at four different laser intensities.

more pronounced. Hence, the two strong-field effects
that the population depletion of the ground-state and
its ac-Stark energy shift cannot be ignored in the non-
perturbative regime.

In the following part, we employ the SENPT model
to analyze which the strong-field factor dominates in
shaping the intensity dependence of s3 5. As shown by
Fig. 4(a), if the population depletion is only considered,
the value of phase s3 2 is much smaller than that ob-
tained by the complete TDSE calculations, but its in-
tensity dependence of energy-resolved s3 o is similar to
the TDSE-calculated results [see Fig. 2(b)]. Therefore,
the energy dependence of dss 2/dE shown in Fig. 4(c)
mimics the behaviors of TDSE results as the inten-
sity increases, demonstrating that the nonperturbative
characteristic of RPTD at higher intensity can be well
reproduced when only taking the population depletion
into account. In contrast, as shown by Fig. 4(b), if we
only consider the Stark energy shift, the value of phase
522 becomes smaller than the case of only considering
population, but as the intensity increases, the modu-
lation of each curve is very similar, which leads to its
energy derivative being less sensitive to intensity [see
Fig. 4(d)]. Therefore, it can be clearly concluded that
the population depletion plays a more critical role in
shaping the nonperturbative features of RPTD, while
the Stark energy shift, although it changes the mag-
nitude of the phase, has little effect on the its energy
derivative with the increasing intensity.

It is natural to wonder: which part of the physical
process is influenced by the ground state population,
such that the derivative of the phase with respect to en-
ergy exhibits so pronounced nonperturbative features?
From the Egs. (13) and (14), we know that the two-
photon ionization phase s, o originates from the phase
of II,(E), which denotes the Fourier transform of the
laser pulse envelope. In Fig. 5(a) and 5(b), we plot the
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Fig. 4. Two-photon amplitude phase s22 (top row) and
its energy derivative ds22/dE (bottom row) obtained by
SFNPT with only considering the population depletion (left
column) or only considering the Stark energy shift (right

column) of ground state.

energy-dependent phase © and its energy derivative
dO©/dE at different intensities, respectively. It can be
clearly seen that in the SENPT model the intensity de-
pendence of phase © and its energy derivative d©/dE
can well reproduce the nonperturbative features as il-
lustrated by TDSE calculations. When excluding the
effect of pulse envelope, i.e, assume that f(t) = 1, as
shown by Fig. 5(c), the sensitivity of phase O to the in-
tensity is significantly suppressed. At lower intensities,
© in Fig. 5(c) shows an overall increase trend as simi-
lar as the results in Fig. 5(a), however, as the intensity
increases, the energy dependence of © hardly changes.
This can also be seen from its energy derivative, as
shown by Fig. 5(d), as the intensity increases, although
the oscillation of the dO/dE becomes stronger, there
is no qualitative change.

Note that the population depletion does more than
merely reshape the effective temporal envelope. While
g(t) indeed acts as a time-dependent amplitude mod-
ulation, its crucial effect is to introduce an “additional
complex phase” into II,(E) beyond a simple envelope
rescaling. This arises because g(t) is not a static, sym-
metric window function: depletion builds up asym-
metrically during the pulse (stronger in the trailing
edge), thereby breaking the time-reversal symmetry
of the integrand in the Fourier transform. A short
analytic argument is as follows. In the perturbative
limit (g(¢') = 1) with a symmetric envelope f(t'), the

Fourier transform is real at resonance, so Im[II;] = 0.



1F 3f b !
(a) ®)
E or = 1 AN
@ o ooF/ T
o 1F T 13 4 5
& —1 Twen? | T —1 TWiem?
£ Ll -~ -10 TWem? | © 2 - - -10 TW/cm?{
i 50 TW/cm? sl 50 TW/cm? ]
----- 100 TW/cm? ! -===- 100 TW/cm?
3 . : A 4 . . .
4 5 6 7 8 4 5 6 7 8
8 . : :
2r(c) (d) 1 TWiem?
= o} —~ 6t fL= = -10 TWiem? |
E £ 50 TW/cm? /'
® Ll ] ; Weeees 100 TW/Em?™)
o D 4 N Al
(72}
© 4} —1 TW/cm? | %
S 2
o - —=-10 TW/cm’
Y 50 TW/cm?
----- 100 TW/cm?
8 . : . 0 . . .
4 5 6 7 8 4 5 6 7 8
Electron energy (eV) Electron energy (eV)
Fig. 5. Energy-dependent the argument of II,(FE), i.e.,

the phase © (left column) and its energy derivative dO/dFE
(right column) at different intensities for two cases: com-
plete pulse envelope f(t) (top row) and excluding the pulse

envelope, i.e., f(t) =1 (bottom row).

When depletion is included, g(¢') builds up asymmet-
rically during the pulse (stronger in the trailing edge),
breaking the time-reversal symmetry of the integrand.
Consequently, the sine-transform no longer vanishes:
Im[TT,] ~ [ dt [*dt’' f(£) f(t')g(¢') sin[AB(t — )] # 0,
where AF denotes the energy difference. Because g(t')
is intensity-dependent, this non-zero imaginary com-
ponent acquires an intensity-dependent energy disper-
sion, directly altering d[arg(Il,)]/dE and thus produc-
ing the nonperturbative behavior of ds; o /dE shown in
Figs. 4 and 5 .

4. Conclusions

In summary, we have presented a theoretical in-
vestigation of the intensity-dependent resonant pho-
toionization time delay (RPTD) in atomic hydrogen
driven by counter-rotating bicircular two-color XUV
laser pulses. By numerically solving the 3D-TDSE and
employing SFNPT, we retrieved the energy-resolved
RPTD from the relative optical phase corresponding
to the maximal asymmetry in photoelectron angular
distributions, across a broad intensity range spanning
from the perturbative to the nonperturbative regime.
Our results reveal a pronounced transition in the energy-
dependent behavior of RPTD as the laser intensity in-
creases. In the perturbative regime, the absolute value
of RPTD exhibits a smooth monotonic decrease with

increasing electron energy. Upon entering the nonper-

turbative regime, however, this trend is qualitatively
altered, and the absolute value of RPTD displays a
distinct enhancement as a function of electron energy.
By systematically disentangling the roles of strong-field
effects within the SFNPT framework, we unambigu-
ously identify the population depletion of the ground
state as the dominant mechanism responsible for shap-
ing these nonperturbative characteristics. In contrast,
the ac-Stark energy shift of the initial state, while mod-
ifying the overall magnitude of the ionization phase,
exerts only a minor influence on its energy derivative.
Physically, the time-dependent ground-state depletion
severely distorts the Fourier transform of the laser pulse
envelope, introducing an intensity-dependent imaginary
component to the transition amplitude that fundamen-
tally alters the energy derivative of the two-photon ion-
ization phase. These findings clarify the microscopic
physical mechanism underlying photoionization time
delays in strong-field environments and contribute to a
comprehensive understanding of temporal dynamics in
attosecond metrology beyond the perturbative limit.
Note that the relative insignificance of the ac-Stark
shift on the energy derivative of the two-photon phase
is specific to the parameters chosen in this work: rel-
atively short XUV pulses (a few femtoseconds) and
near-resonant excitation. Under these conditions, the
time-integrated Stark shift remains modest compared
to the photon energy, and its effect is largely aver-
aged out when taking the energy derivative. In con-
trast, for significantly longer pulses or larger detunings
from resonance, the ac-Stark shift could accumulate
over time and introduce a more pronounced intensity-
dependent phase modulation, potentially altering the
energy derivative of the transition amplitude. There-
fore, our conclusion applies to the short-pulse, near-
resonant regime investigated here, and that the dom-
inance of population depletion over Stark shift may

weaken for longer pulse durations or larger detunings.
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