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We investigate the benchmark photoionization of hydrogen atoms triggered by the third harmonic at vacuum
ultraviolet laser pulses (at 202 nm) and probe the time delay via resonant quantum states with the weak
fundamental laser pulses (at 606 nm). As a result, two different sidebands will emerge below the first above
threshold ionization peak. We show that these two sidebands can be established through resonance with the
3d and 2p states of hydrogen atoms at 202 nm, respectively. Using this scheme, we can extract the angularly
dependent time delay of electrons liberated from the 3d state with respect to those released from the 2p state by
comparing the phase differences between two sidebands. Using the attosecond beating scheme of asymmetrical
photon transition, we obtain the intrinsic time delay between the 3d and 2p excited electronic states in the
few-photon ionization regime of H atoms, which is ~103 as. This asymmetric attosecond beating metrology
provides insight into electron dynamics of the multiphoton resonant ionization via multi-intermediate states.
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I. INTRODUCTION

With the development of attosecond light pulses, it be-
comes a routine approach to probe the intra-atomic electron
dynamics in photoionization from atoms [1,2], molecules [3],
to solids [4,5]. Generally, electron dynamics can be revealed
by the attosecond streaking camera [6-8], the reconstruction
of attosecond beating by interference of two-photon tran-
sition (RABBITT) [9,10], attosecond angular streaking by
elliptically (circularly) polarized fields or bicircular fields
[11-14]. The RABBITT measurement consists of a pump
pulse of extreme ultraviolet (XUV) attosecond pulse train
from high-order harmonic generation and a probe pulse of
the weak fundamental infrared (IR) laser field [15-17]. The
measurement has high spectral resolution and thus becomes
an indispensable tool for attosecond chronoscopy [18]. The
XUV laser pulses can excite the electron to resonant states
[8,19-22] to derive the time delay near the threshold [23-26].
Very recently, the angle-dependent He and Ne resonant RAB-
BITT measurement was proposed [27]. The probing process
of RABBITT is based on the interference of two-photon
(XUV—+IR) transition channels, which are inevitably involved
with the phase of the continuum-continuum transition in the
presence of the long-range Coulomb potential [28,29], and
the Wigner scattering phase that is determined by the energy
and the angular momenta of the initial and the final states
[30-33]. The RABBITT can be used in the multiphoton ion-
ization regime [34,35]. In typical RABBITT measurement,
there is only one SB in the adjacent main peaks. The ob-
servation quantity causes difficulty disentangling them and
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obtaining the angle dependent Wigner time delay [36-38],
or continuum-continuum transition phase [39,40]. Thus, these
two phases are entangled in the observation quantity, i.e., the
oscillation phase of the sideband (SB). The improvement of
the RABBITT technique with multi-SBs will be necessary.
Very recently, the twin sidebands scheme was used for the
temporal characterization of the shaped free-electron laser
pulse [41].

In this paper, we study the interference of asymmetrical-
photon transition across the ionization threshold of hydrogen
atoms to probe the intrinsic time delay between the formations
of electron wave packets originating from different atomic
subshells. With a weak fundamental laser pulse and its third
harmonic, the twin different SBs emerge below the first above-
threshold ionization (ATI). These two SBs are formed by the
channel interference between the first ATI and 3d and 2p
bound state by using the specific wavelength at 202 nm. By
changing the relative phase between two-color laser pulses,
one can resolve the angular-dependent phase difference of two
SBs. Considering the continuum-continuum transition time
delay from the first ATI to two SBs and the short Coulomb
potential scattering time delay from direct ionization of dif-
ferent atomic subshells, we can derive the time delay between
the 3d state and 2p state by comparing the phase difference
between two SBs. Alternatively, we have also tracked the
evolution trajectories of 3d and 2p partial waves in single
VUV laser pulse to obtain the time delay between the two
different subshells. It is shown that the asymmetrical-photon
transition approach can probe the subcycle angular-dependent
multiphoton ionization dynamics in attosecond time scale.

©2021 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.104.063108&domain=pdf&date_stamp=2021-12-10
https://doi.org/10.1103/PhysRevA.104.063108

YU, HAN, GUO, AND LIU

PHYSICAL REVIEW A 104, 063108 (2021)

|p)+|1) - ATI

|s)+|d)+[g) . SB2
p)+|f

| >tln"es>l£)]_d ___________ I L

l 3d

2p

(@)

10
81 (© === VUV+IR
S 6
= h
£ b
\541‘ I'l
L
=2 i}
' ,'\‘
0’ . y i -
0 2 4 6 8

Energy (eV)

P'V(a.u,)

-4
-6
-8
-10
-12
-0.5 0 0.5 log(yield)
P (a.u.) (arb. units)
1
0
-1
-2
-3
-4
5
-6
-0.5 0 0.5 log(yield)
[-’_(a,u,) (arb. units)

FIG. 1. (a) The involved energy level of bound states and continuum states for hydrogen atom. The dashed line is the ionization threshold.
(b) The photoelectron momentum distribution of hydrogen atom in single VUV laser pulse at ~202 nm. (c) The corresponding energy spectrum
of photoelectron in single VUV (blue line) and two-color laser pulses (red dashed line). (d) The photoelectron momentum distribution of
hydrogen atom in two-color laser pulse with the integration of the relative phase between two-color laser pulses.

II. METHOD

We numerically solve the three-dimensional time-
dependent Schrodinger equation (TDSE), which is given
by

.0 Vv?
i—prt)=|——+VIE)+r-E)o(r,1), (1)
ot 2

where V(r) = —1/r is the Coulomb potential [atomic units
(a.u.) are used throughout this paper unless stated otherwise].
The electric field E is

E = Efundamemalfl (t) COS((,()[ )ez + EVUVfl (t) 005(3(1)[ + (p)eZs
(2)

where Evyyy is the amplitude of the vacuum ultraviolet (VUV)
laser field, and Efyngamentar 1S the amplitude of the fundamental
laser field. Both fields are polarized along the z axis. w is the
frequency of the fundamental laser field, and ¢ is the relative
phase between the fundamental laser field and the VUV laser
field. fi(¢) is the envelope of the laser field. Both the laser
pulses are sine-square envelopes with the pulse duration of ten
periods of the fundamental laser field. In the calculation, the
ionization pulse is the third harmonic with the peak intensity
of 2 x 10'* W/cm? at a wavelength of 202 nm. The intensity
of the probing field is 1 x 10'> W /cm? at the wavelength of
606 nm.

III. RESULTS AND DISCUSSION

Different from traditional RABBITT (symmetrical-
photon transition), attosecond beating of asymmetrical-
photon transition is a new scheme to probe the photoelectron
time delay, which have two SBs in adjacent ATI peaks. The
number of releasing photons from the higher ATI is different
from the number of absorbing photon from the lower ATIL
The sketch of the asymmetrical-photon transition across the
ionization threshold with related energy level of the bound
state for hydrogen atom is shown in Fig. 1(a). The ioniza-
tion threshold is marked as the dashed line. The energy gap
between the 3d state and the ls ground state is about twice
the one photon energy of the vacuum ultraviolet laser pulse.
After adding the fundamental laser pulse, the electrons can
be pumped from the 3d state to the 2p state. Therefore, two
emerging SBs are associated with the atomic bound state 3d
and 2p via the asymmetrical-photon transition, respectively.
In the third harmonic field solely, the photoelectron momen-
tum distribution is illustrated in Fig. 1(b). If introducing the
weak fundamental laser field, two SBs emerge below the first
ATT peaks, as shown in the phase-integrated photoelectron
momentum distribution [Fig. 1(d)]. The energy spectrum of
the first ATI peak (blue solid line) is formed with the three-
photon ionization from the ground state ls, as displayed in
Fig. 1(c).The yields of two SBs (red dashed line) are larger
than the first ATI.

In the specific geometry, these two SBs mainly originate
from the interference between the asymmetrical transition
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FIG. 2. The phase-resolved and angular-resolved photoelectron momentum distribution of SB1 (a) and SB2 (b), respectively. The ampli-
tude (c) and phase (d) calculated from the Fourier transform of the phase-resolved and angular-resolved photoelectron momentum distribution

of SB1 and SB2, respectively.

paths from the first ATT and different discrete states (3d state
and 2p state). The lower SB (SB1) is formed by the inter-
ference between the channels of absorbing one fundamental
photon from the 3d bound state and releasing two fundamen-
tal photons from the first ATI. Similar to SBI1, the higher
SB (SB2) is formed by the interference between the channels
of absorbing one VUV photon from the 2p bound state and
releasing one fundamental photon from ATI. According to
the selection rule, the final state of SB1 is composed of the
quantum state with the orbital quantum number/ = lor/ =3
and the final state of SB2 is composed of the quantum states of
the orbital quantum number / = 0, [ = 2 or / = 4. Note that
there is another transition path via absorbing two fundamental
photons via the 3d state that can contribute to the SB2, as
shown in red dashed arrows in Fig. 1(a). Because the probing
laser field is very weak, this two photon transition probability
would be much weaker than that of the 2p state with one
202-nm photon involved.

In traditional RABBIT experiments, the phase shift of the
SB with respect to its nearby photoelectron peaks from the
subsequent high harmonic photon is about w. The interest-
ing question would be what the phase difference between
SB1 and SB2 is, and what we can learn from the phase
difference for the asymmetrical photon transition. We show
the phase-resolved and angular-resolved photoelectron mo-
mentum distribution of SB1 and SB2 in Figs. 2(a) and 2(b),
respectively. It is obvious that two SBs oscillate with different
phases and both of them have a strong dependence on the
electric emission angle. The oscillation of the SB yields can

be expressed as

S(t) = a(0) + B(O) cos [3wt + ¢r(6)], 3)

where « and § are the angular-dependent amplitudes which
depend on the weight of each transition channel, pg(6) is the
phase difference between the neighboring ATTs, and t is the
relative time delay between the VUV and the fundamental
laser pulses. As seen the field envelope in the Eq. (2), when
the laser pulses changes one cycle of the VUV laser pulse, the
relative phase ¢ changes from O to 2. Therefore, the yield of
SBs oscillates with the driving laser frequency 3w.

We can further obtain the normalized amplitude and the
phase of two SBs by performing the Fourier transform of the
time-resolved and angular-resolved photoelectron momentum
distribution of SB1 and SB2, as shown in Figs. 2(c) and 2(d),
respectively. According to the selection rule, one can find that
the SB1 (blue line) consists of p partial wave and f partial
wave. The SB2 (red dashed line) consists of d partial wave, s
partial wave, and g partial wave. The angular-resolved phase
of SB1 (blue curve) changes sharply when the amplitude ratio
of different partial waves changes inversely, where the emis-
sion angle is around 0.5 rad. The angular-resolved phase of
SB2 (red dashed line) is more complex because of high order
partial wave (g state) through the transition channel absorbing
two photons of fundamental laser pulse from 3d.

In order to understand the phase differences of the SBs in
this asymmetrical transition geometry, the angular-dependent
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FIG. 3. The angular-resolved of time-resolved photoelectron momentum distribution calculated on solving time dependent Schrodinger
equation with the partial wave expansion of 3d (a) and 2p (b), respectively. (c) The sketch of the source of phases in different interference
channels for SBs. (d) The angular-resolved scattering phase from two bound-continuum transition channels from 34 (blue line) and 2p (red
dashed line) state, calculated on Fourier transform of (a) and (b), respectively.

phase of two SBs in Fig. 3(c) can be decomposed as

@sB1(0) = @at1(0) + @ity sp1 — $3a(0) — M3a.581(0),

@sp2(0) = @at1(0) + Oa11 582 — ¥2p(0) — M2p.sB2(6),  (4)

where @ary is the phase for absorbing three VUV photons
from Ls, and ¢ is the laser-driven transition connecting phase
between ATT and SBs in the presence of long-range Coulomb
potential. n is the scattering phase shift of the intermediate
state and is identical to the phase of the corresponding one-
photon ionization [29]. ¢3; and ¢,, are the intrinsic phases
for the intermediate states 3d and 2p, respectively.

The ¢, in Eq. (4) can be analytically derived. ¢,
corresponds to the one-photon free-free transition of the pho-
toelectron in the vicinity of the parent ion, which can be
expressed [29] as

>, 4)

o, = arg (

where « is the momentum of the initial state in the continuum,
k is the momentum of the final state after the exchange of
one fundamental photon, and Z is the remaining charge on
the parent ion. Here, based on the asymptotic approximation,
one can see that the continuum-continuum transition is inde-
pendent of the short-range behavior of the atomic potential
and therefore universal. Based on Eq. (5), we obtain that
the continuum-continuum transition time delay from ATI to
SB2 is ¢y s, = 0.78 rad. The two-photon transition can be

Qi) T2 +iZ(1/k — 1/k)]
(Zk)iZ/k (K _ k)iZ(l/K—l/k)

divided into two steps. The first step is to release one photon
from the ATI to the immediate state. The second step is to
release another photon from the immediate state to SB1. The
phase shift of two transition steps is obtained from Eq. (5).
The continuum-continuum transition time delay from ATI to
SB1is ¢ty gy = 2-38 rad.

The single photon scattering phase n for a hydrogenic
system cannot be analytically expressed in the multiphoton
ionization regime. Therefore, we obtain the single photon
scattering phase by numerically solving the time-dependent
Schrodinger equation with partial wave expansion. In our
simulation, the wave function is expanded to the basis vector
with different partial waves, which correspond to different
discrete states. The maximum orbital quantum number is set
as 15 to ensure the accuracy of calculation. The total wave
function can be expressed as @(?) = Zn,lanl(t)gonl(t) =
Zn L o ()R (1, )Py (0), where ¢y is the wave function of
the bound state with a certain main quantum number n and
orbital quantum number / and oy is the weight of the wave
function. Ry (r, t) and P(0) are the radial and angular wave
function, respectively. We define the absorbing boundary
R =100 a.u. as the criterion of ionization and collecting
the wave function out of the absorbing boundary. The
ionized wave function ¢; = @ F5, where F's is the boundary
absorption function. The remaining part of the wave function
can be expressed as @ = Qo1 — @i = (I — F5)@iora- TO
obtain the photoelectron momentum distribution, the ionized
wave function ¢; is projected onto the momentum space. The

063108-4



INTRINSIC RESONANT PHOTOIONIZATION TIME ...

PHYSICAL REVIEW A 104, 063108 (2021)

800

600

2z

_’>" 400 -

'g 200 = = 7 At + Aty

E | ee—— Tsp2 — TsB1
0 - T3d — T2p

r'_'\"-~\-_'~~—_/-\.

-200
0 0.5 1 1.5

emission angle (rad)

time (as)

500

400 ¢

300 ¢

200 |

100 |

i

10 15 20 25 30
R (a.u.)

FIG. 4. (a) The angular-resolved time delay between two SBs (red dashed line), the angular-resolved time delay between 3d and 2p state
(purple dot dashed line), the angular-resolved time delay from one-photon continuum-continuum transition and one-photon bound-continuum
transition (blue line). (b) The trajectories of wave packet of 3d (red line) and 2p (blue dashed line) state in single VUV laser pulse.

wave function of continuum states in momentum space can
also be expanded to the basis vector with different partial wave
Pmomentum ([): Zs,] IBSI (t )‘psl(t): Zg,l IBSI (t )Bel (t)Yel(e )elml
where ¢, is the wave function of the continuum state with a
certain energy ¢ and orbital quantum number / and S, is the
weight of wave function. Y(6) is the spherical harmonics
and 7 is the transition phase. B is the transition amplitude and
we define the equivalent transition amplitude A = 8B in the
calculation.

Then, the ¢34 and ¢, can be separated artificially from
the total wave function. We propagate the individual wave
function to infinity and probe by the virtual detector. We
record the time-resolved and the angular-resolved photoelec-
tron momentum distribution by projecting the ionized wave
functions a3q@; 3¢ and azp@; 2p Onto the momentum space, as
shown in Figs. 3(a) and 3(b), respectively. The equivalent
transition amplitude A and transition phase 7 can be obtained
by Fourier transform of the time-resolved momentum distri-
bution of Pmomentum -

To decode the origin of angular-dependent phase differ-
ence, the ionized wave functions ¢; 3q and ¢; 2, are projected
onto different wave function ¢,; in the momentum space.
For SB1, it is dominated by the f and p partial wave, and
the orbital angular momentum quantum numbers are [ = 1
and [ = 3, respectively. The bound-free transition phase is
given by m3ssp1 = arg[A,Y,e" + A;Yre]. We can obtain
the amplitude ratio of the f partial wave and p partial wave
Ay A, =2.69 : 1, which represents the yield ratio of two
transition channels. And we obtain the phase difference be-
tween the f partial wave and p partial wave is ny —n, =
2.92rad. Similar to SB1, SB2 can be decomposed by s, d,
and g partial waves. The bound-free transition phase of SB2
is given by o) sp2 = arg[A, Y + A Y e + A YqeMs]. We
obtain the amplitude ratio of s, d, and g partial waves as
As i Agi A, =1.45:3.4: 1 and the phase of s, d, and g partial
waves i8S 1, ng4, N = 2.63, 5.08, 3.83 rad. The equivalent
angular-resolved scattering phases of two bound-continuum
transition channels from the 3d (blue line) and 2p (red dashed
line) states are displayed in Fig. 3(d).

With the above analysis, one can obtain the time de-
lay between two SBs, the continuum-continuum transition
time delay from ATI to SBs, and the scattering time delay
by bound-continuum transition from the 3d and 2p states,
separately. Note that the phase differences are converted to
the corresponding time delays by a finite difference formula
At = Ag¢/3w. From Eq. (4), the time delay between 3d and
2p can be expressed as

AT3g2p = T3¢ — T2p = (TsB2 — TsB1) — ATee — ATy, (6)

where tsgy — Tsp is the time delay from the phase difference
between two SBs, A1, is the continuum-continuum transition
time delay difference of two SBs, and Ar, is the scattering
time delay difference of two SBs via the bound-continuum
transition from 3d and 2p states. These three components are
shown in Fig. 4(a) (blue line, red dashed line, and purple dot
dashed line). The time delay between 3d and 2p states At3g 2,
is less angular dependent and the average angular-dependent
time delay is about —103 as.

Alternatively, one can directly obtain the time delay be-
tween the 3d and 2p states by tracing the wave function in
real space. The trajectories of wave functions of 3d and 2p
states are shown in Fig. 4(b) by tracing the maximum position
of radial wave function of 3d and 2p during wave packet
evolution. The maximum position of radial wave function
Ryi(r) can be regarded as the center of the wave packets. At
t =0, the wave packets from 3d and 2p are located both
around the atomic core. The wave packets’ release from 3d
and 2p subshells become spatially separated during the wave-
function propagating. It is obvious that the 3d wave packet
appears earlier than the 2p wave packet for a given radius
(R = 25 a.u.). Then the time delay of wave packets from those
two states is almost unchanged. We obtain the time delay
between the 3d wave packet and the 2p wave packet at about
—95 as, as shown in Fig. 4(b). This is in good agreement with
the angular-dependent average time delay between 3d and 2p
states from the asymmetrical RABBITT geometry.
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IV. CONCLUSION

In conclusion, we have studied the probing resonant
photoionization delay between 3d and 2p states of the
hydrogen atom via a different interference geometry of
asymmetrical-photon transitions of using a fundamental laser
pulse combined with its third harmonic to ionize the hydrogen
atom. We obtain two SBs below the first ATI peak. These two
SBs are the interference between the continuum-continuum
transition from the first ATI and the direct ionization from
the 3d and 2p bound states, respectively. By extracting the
phase difference of two SBs, one is able to access to the
intrinsic resonant time delay between 3d and 2p bound state,
which is ~103 as. By analyzing the wave function evolution,

one can determine that it is valid to extract the time delay
of atomic subshell in low-energy ATIs and SBs, which have
strong coupling with the Coulomb potential and intermediate
resonance states. The asymmetrical-photon transition interfer-
ence method can be an alternative way to extract the intrinsic
time delay of atomic subshells in the ultrafast dynamic process
of the multiphoton ionization regime.
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