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We present above-threshold ionization (ATT) in the molecule nitric oxide, NO, by intense (10'2-10'* W /cm?)
two-color femtosecond laser pulses. Vibrationally resolved coherent interference phenomena of multiphoton
and multipathway ionization processes have been investigated by measuring experimentally and modeling
theoretically the molecular photoionization yields. We find that the ATI photoelectron distribution of NO,
initiated from degenerate electronic and vibrational states, depends on the relative phase of the two pulses,
the kinetic energy, and emission angle of the photoelectrons. This dependence codes the information of
interference effects of molecular electronic states. AC Stark effects modulate interference patterns in ATI spectra.
Moreover, the ATI spectra exhibit peak energy dependencies that illustrate interference effects from coherent
couplings between various ionization channels. These features reflect the molecular property and the multiple
channel ionization interference effects in ATI processes. The results allow to explore coherent electron-vibration

processes in ultrafast molecular photoionization.
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I. INTRODUCTION

The interactions of intense femtosecond (1 fs = 10715 )
laser pulses with atoms, molecules, and surfaces have been
attracting considerable attention and become important issues
in the fields of photophysics and photochemistry [1-3]. In
past decades, numerous interesting phenomena have been
reported, including bond softening and bond hardening [4-8],
above-threshold dissociation [8—10], high-order harmonic
generation (HHG) [11,12], quantum coherence in single
molecules [13,14], light-induced conical intersection [15-17],
coherent control of molecular reactions [18,19], etc. Above-
threshold ionization (ATI) as a fundamental strong field phe-
nomenon has been widely studied in both experiments and
theories, e.g., [20-24]. By measuring ATI spectra one can
image atomic and molecular orbitals using recolliding elec-
trons by laser-induced electron diffraction [25-27] and by
photoelectron holography [28,29]. Photoelectron destructive
interference in angular high-order ATI spectra of diatomic
molecules O, and N, involving four geometric orbits has been
found experimentally and has been well confirmed theoreti-
cally based on molecular strong field approximation simula-
tions [30]. As a consequence of electron interference between
the forward-scattered and nonscattered electron trajectories,
multiple holographic patterns are observed in ATT momentum
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distributions [31], thus providing a tool to image molecular
structure.

Nitric oxide, NO, is an very important molecule in human
physiology and has many applications in medicine. Many
efforts have been devoted to investigating its physical and
chemical molecular characteristics in the past. Femtosecond
multiphoton ionization spectroscopy has been used as an
efficient tool to study ultrafast molecular dynamics of NO,
e.g., [32-46]. The nonadiabatic coupling between the B>I1
and CT1 states of NO has been studied by multiphoton
photoelectron spectroscopy (PES) with a weak continuous
wave (cw) laser field [34]. Femtosecond time-resolved pho-
toelectron spectroscopy (TRPES) has also been used to study
2 + 1 multiphoton ionization processes of NO via the A2X+
(y-band), B?II (B-band), and C *TI (6-band) states [37]. The
dependence of the coupling between B *IT and C IT states on
the laser intensity by simulations of the femtosecond TRPES
of the molecule NO has been studied [41]. Moreover, the field
modulation of populations of NO Rydberg states has been
studied by femtosecond time-resolved photoelectron imaging
[42]. Tt has been found that the Rydberg-valence coupling
between the A2X* Rydberg state and the B *IT valence state
plays a key role in forming photoelectrons with kinetic energy
of 0.37 eV by a strong pump laser field. Dynamic Stark effects
of Rydberg states of NO have also been studied by experimen-
tal fluorescence spectra and theoretical calculations [43—45].
These studies provide the important molecular spectroscopic
parameters, allowing to control the reactions of the molecule
NO by intense laser pulses.
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Quantum coherent interference of electronic states is an
important issue in reactions of molecules [47-59], which
offers a new way to manipulate the nuclear and electronic
dynamics. In a coherent resonant excitation process, the inter-
ference of electronic states can be used to control molecular
HHG [47,48]. As aresult, measurements of HHG spectra offer
a tool to monitor the resulting attosecond (1 as = 107!85)
electron dynamics in molecules [60]. By using the high sensi-
tivity of angularly resolved electron spectroscopy, electronic
state interference in the CH3Cl molecule was investigated
[50]. By preparing a superposition state in benzene with
a laser pulse, coherent interference effects between ground
and excited electronic states lead to angular electronic fluxes
[55], which is shown to be sensitive to the polarization and
helicity of the laser pulse, and the symmetry property of the
excited electronic state [56]. Interference effects of molecular
multiple orbitals on HHG are also demonstrated experimen-
tally and theoretically [57,58]. Zero-width resonances that
result from destructive interference between two outgoing
wave components originating from vibrational states have
also been proposed in H;’ [59]. It still remains a difficulty
to characterize the property of the energetically degenerate
electronic-vibrational state interference in ultrafast molec-
ular dynamics. We have shown that with two-color fem-
tosecond laser pulses, angular-resolved photoelectron spec-
tra show dependence on the pulse phase and the emission
angle, illustrating the interference effect of electronic states
[51]. Vibrationally resolved photoionization in molecules has
been presented [52,53], which can be used to reconstruct
the associated autoionization dynamics with subfemtosecond
time resolution [54]. However, the interference effects of
electronic states on vibrationally resolved photoionization, to
the best of our knowledge, have not been studied. In this work,
we focus on vibrationally resolved molecular ATI spectra in
NO by intense phase-controlled two-color femtosecond laser
pulses. We measure experimentally and model theoretically
molecular photoionization yields to explore vibronic coherent
interference processes. The interference between degenerate
vibrational levels in different electronic states determines the
phase and energy dependence of the photoelectron angular
distributions in ATI, thus opening a route to gain insights
into the vibrational electron processes in molecules by intense
ultrafast laser pulses.

The paper is arranged as follows: In Sec. II, we briefly
describe the experimental setup and numerical simulation
methods. Our experimental measurements, numerical simula-
tions, and theoretical models are presented in Sec. II1. Interfer-
ence patterns in ATI spectra illustrate the coherent molecular
vibronic processes in intense phase-controlled two-color laser
fields. The theoretical analysis describes the experimental
observations. Finally, we summarize our findings in Sec. IV.

II. EXPERIMENTAL AND THEORETICAL METHODS
A. Experimental design

Our experiments use a velocity map imaging spectrometer
(VMIs) [61] to detect the ultrafast phase-controlled photo-
electron spectra produced from the two-color lasers inter-
acting with a supersonic NO(1% NO seeded in neon). The
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FIG. 1. (a) Schematic illustration of the experimental setup for
producing and measuring photoelectron momentum spectra by in-
tense two-color phase-controlled laser pulses. Insets display inter-
ference channels of photoelectrons in ATI. (b) Molecular potential
energy curves of NO adopted from Ref. [65] and two-color excitation
and ionization processes. Arrows indicate the possible multiphoton
excitation and ionization pathways by (blue) 800-nm (iw = 1.55eV)
and (red) 400-nm (2/iw = 3.1eV) pulses. Symbols pl, p2, and p3
denote the three lowest-order ATI peaks in photoelectron spectra.

schematic illustration of the experimental setup is presented
in Fig. 1(a) and the detail is briefly described in the following.
The laser beam with 800-nm wavelength (w), 50-fs duration,
4-mJ per pulse energy, and 1-kHz repetition rate from a
chirped pulse amplified (CPA) Ti:sapphire laser system is in-
troduced into a 8-BBO crystal to obtain its double-frequency
400-nm (2w) pulse. Then, the w 4 2w beam passes through a
calcite crystal (4.5 mm) to compensate the time delay caused
by the group velocity delay of 800-nm and 400-nm laser
beams in the whole optical path. A 800-nm /2 plate and
a dual A/2 plate are used to rotate the polarization of the
two lasers into the same direction parallel with the detector
plane, and the relative phase between the two color lasers
is controlled by accurately moving the fused silica wedges.
After that, this phase-controlled laser beam is focused into the
VMIs by a concave mirror (f = 30 cm) and interacts with the
molecular beam. The generated electrons are guided onto a
MCP-phosphor screen assembly by inhomogeneous electric
fields between three electrodes in the VMIs. The images of
the electron distribution are recorded with a CCD camera and
transfer to a computer for further data processing. We have
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recorded the images of electron momentum distribution at
different relative phases between 800- and 400-nm lasers with
a step of 0.08r, and the iterative Abel inversion method [62]
has been used to reconstruct the three-dimensional (3D) slice
and extract the energy spectra and angular distributions.

The two-color collinear laser field is represented as

E@)=E,f(t)cos(wt) + E», f(t)cosQwt + A¢), (1)

where E,, 2, is the amplitude of the electric field, correspond-
ing to the pulse intensity 1,2, = ceOEaz) 20/ 2, Where ¢ is the
speed of light and € denotes the permittivity of free space,
and f(z) denotes the common pulse envelope. The laser pulse
propagates along the z axis with its field vector polarized
along the x axis, as illustrated in Fig. 1(a). Frequencies w
and 2w correspond to wavelengths 800 and 400 nm, and A¢
is the relative phase of the two laser pulses. The w pulse
intensity is adjusted by rotating the NDF (neutral density
filter) before the B-BBO crystal, and the intensity of the 2w
pulse is controlled by rotating the phase-matching angle of
the 8-BBO crystal, and the intensity ratio I, /I, of the two-
color laser field is controlled to 0.08 in our experiments, i.e.,
the pulse intensities /,, = 2.2 x 10 W/cm? and b, = 1.8 x
10'> W/cm?. The intensities of the two-color laser are sep-
arately calibrated by measuring the intensity-dependent AC
Stark shift of the ATI peaks of Xe, as mentioned previously
[63,64]. The pulse FWHMs are approximately 7, = 50 fs and
T, = 60 fs. Based on our experiences and the comparison
with the previous results, we estimated the uncertainty of 800
nm is less than 10% and that of 400 nm is less than 30%, due
to the exact calibration of laser intensities during experiments
still is a challenging task.

B. Theoretical simulation methods

The potential energy curves of the NO molecule and its
ion NO* are obtained from Ref. [65], as shown in Fig. 1(b).
The NO molecule is initially in the ground state X 2T, from

J

V(R) = diag(Vx, Va, Vs, Ve, Vo, Vie, Vi, Vi, Vs Vi, - -

where Vy, V4, ..

which a two-color laser pulse at wavelengths 400 and 800 nm
excites and ionizes the molecule. The ionization continuum
X '+ state of the NO* ion is numerically discretized into
a band of quasicontinuum levels in terms of the electronic
eigenstates |E,), n =0, 1,2,..., N, containing the core and
free electron [66,67]. These states are labeled according to
the kinetic energy of the ejected electron, where Ey and Ey
are the smallest and largest energies which can be transferred
to the electron, respectively. The ionic states are labeled
according to the kinetic energy of the ejected electron [66,67]

N
ViR, 0,1) =Y xia(R. 0, 1)|Ey), 2

n=1

where x;, are the nuclear wave functions of NO*, with
the emission of an electron with kinetic energy E, = Ey +
n(Ey —Ey)/N, n=0,1,2,...,N, where a maximum N =
200 is used to discretize the quasicontinuum state of NO*.
In the Born-Oppenheimer approximation, the nuclear wave
function x (R, 6,t) of each electronic state is obtained by
solving the appropriate time-dependent Schrodinger equation
(TDSE)

a N
ihgx(R,G,t):Hx(R,Q,t). 3)

The Hamiltonian of the molecular system interacting with the
electric field of the laser pulse can be written as

N PO A o
A=-—21i4 + VR + VL(R,0,1), (4

2m OR? 2mR?
where m is the reduced mass of the NO molecule, R is
internuclear distance, I the unitary matrix, J? the rotational
angular momentum operator, and 6 the angle between the
directions of the electric field and the molecular axis. The
potential energy matrix V(R) is given as

- Viv) (&)

., Vg are the corresponding potential energies of the electronic states of the NO molecule, as shown in Fig. 1(b).

Vin(R) = Vi(R) + E,, is the discretized potential, and V; is the potential energy of the X ! £ states of the ion NO™. The coupling
term of the molecule NO and its cation NO™ interacting with the two-color laser pulse can be written as

0 Vxa Vxg 0 0 0
Vxg 0 0 0 Vsp 0
0 Vac 0 0 0 Vee
0 Vb Vsp 0 0 Ve
0 0 0 Vee Ve 0
0 0 0 Ver 0 0
V.(R,O0,1)=]| O 0 0 Vew  Vou 0
0 0 0 Vew Vowr 0
Vxio Varo  Veio Vewo Voo Veno
Vxin  Vamm Ve Ve Vo Vem
Vxin' Vaiv' - Veiv' - Van Voiv' - Ve

0 0 0 Vx1o Vxin Vxin
0 0 0 Varo Vain Vav
0 0 0 Vsio VBin Vein
Ver  Vew  Vew Verno Ve Veiv
0 Vou  Vow  Vbio Vbin Vbin
0 0 0 VEro Vein Vein
0 0 0 Vrro VEin Vv
0 0 0 \Z0) Vi Vaiv | (6)
0 0 0 Varo -+ Vewm -+ Ve
Vero o Vuio Vano 0 e 0 e 0
Vern Ve Vi 0 0 0
Vein' Vaiv - Vaw 0 0 0
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with
vy = {—,u,-j(R)E(t)c.(m@ %f AA =0, ™
—wij(R)E(t)sind if AA ==%1,
and
Vi = —pir(R)E(t )cos8, (®)

where i, j =X, A, B, C, D, E, F, H, and H' denote the
electronic states of the molecule NO in Fig. 1(b), and n =
0,1,..., N, presents the discretized quasicontinuum level of
the cation NO*. AA = 0 and %1 denote parallel transitions
and perpendicular transitions, respectively. A is the absolute
value of the projection of the total electronic orbital angu-
lar momentum L along the internuclear axis. pw;;(R) is the
electronic transition dipole moment between the neutral i and
Jj states and p;;(R) is the transition dipole moment between
the neutral i state of NO and the ionic X ' X+ state of NO™.
The bound-state transition dipole moments (;;(R) are set as
0.1 a.u. (atomic units) and p; (R) = p;;(R)/20 for ionization
[66,67]. E(t) is the electric field of the two-color pulse in
Eq. (1), with Gaussian envelope

2
_ B r—1toy
ﬁ(t)_exp[ 2ln2<—T; > :|,

where ¢y denotes the central time, and 7; is the full
width at half maximum (FWHM), [ = 1 and 2 correspond-
ing to the two-color pulses. In numerical simulations, the
pulse intensities are I, = 2.2 x 10'> W/cm? and b, = 1.8 x
102 W/cm?, and FWHMs are chosen as T, = 50 fs and
T, = 60 fs.

The AC Stark shift of Rydberg states in electric fields is
added to the potential energy of all states except the ground
X 2T1 and B ’TI valence states. The shift is given by

Egiee (1) = yU, (1), )

which is proportional to the ponderomotive energy U,(t) of a
free electron in an oscillating electric field which is defined as
[43-45]

2 2E2 2
Up(t)zzew’—fl(t)’ (10)

2
= 4mewl

where w; = w and w, = 2w, corresponding to the 800- and
400-nm laser fields. The ratio y is a constant, 0 < y < 1, m,
the mass of electron, and e the elementary charge. It is found
that the AC Stark shift on Rydberg states play a important
role in the ATI spectrum. In these numerical simulations, the
potential energy surfaces of the molecular electronic states
are taken from Ref. [65]. The coupling between the B2T1
and C ’I1 states is not considered in simulations because the
effect of the two electronic state crossing is negligible in this
multiphoton process.

The TDSE for NO is numerically solved for the nuclear
wave functions with the sine discrete-variable representation
(sine-DVR) [68,69], and Legendre basis function in com-
bination of high-order split-operator propagation techniques
[70,71]. The wave function along the R coordinate is repre-
sented by sine-DVR between R; = 0.85 A and R, =3.8 A
with 256 equally spaced points. The total propagation time is

3000 fs with a time step of 0.02 fs. The initial wave function is
chosen as the ground rovibrational |v, j) = |0, 0) of the X *IT
state of the NO molecule. The photoelectron energy spectrum
is calculated by integrating the wave function y; ,(R, 6, t) of
the the cation NO™:

P,(E,,)=tl_i)n;O/sin@d@/dR|X1,n(R,0,t)|2. (11)

III. RESULTS AND DISCUSSIONS

The purpose of this work is to study coherent interference
effects of vibration-electron states in vibrationally resolved
molecular ATT spectra by two-color laser pulses. We use the
molecule NO as a benchmark model to illustrate ultrafast
molecular photoexcitation and photoionization processes. For
the NO molecular system, the excited A2+ and BT elec-
tronic state potentials are degenerate and cross [Fig. 1(b)], so
the vibronic states are quasienergy degenerate. Therefore, a
coherent superposition of the two excited electronic states is
created by a multiphoton resonant excitation from the ground
X 2T1 state with electronic configuration w#7*, to the A2X+
configuration 4o *, and the B>IT configuration 737*2. The
m* — o* orbital transition to the A2X* state produces little
change in bond length whereas the w — 7* orbital transition
to the B2IT state results in a large bond length, i.e., large-R
equilibrium. As a consequence of multiple pathway ioniza-
tion, molecular ATI spectra exhibit interference patterns of
the degenerate electronic states, which are functions of pulse
phases, and photoelectron energies and emission angles. We
measure experimentally photoionization yields and analyze
these results by modeling theoretically electronic state inter-
ference effects. In the following, we first present and describe
molecular photoelectron distributions and ATI spectra, and
then study electronic state interference effects in multiple
pathway ionization processes.

A. Molecular ATI spectra of NO

We measure molecular photoelectron momentum distribu-
tions by varying the relative phase A¢ in the presence of
the two-color femtosecond laser pulses in Eq. (1). The pulse
intensity and duration are fixed. Figure 2(a) presents the Abel
inversed photoelectron distributions summed over the images
taken from relative phase A¢ between —2x and 2. The pho-
toelectron energy spectrum obtained by integrating over the
angular part is shown in Fig. 2(b), where the experimental data
points are connected by solid lines. In order to understand the
experimental observations, we also simulate the photoelectron
energy spectrum by numerically solving TDSEs in Eq. (3), as
shown in Fig. 2(c). It is found that the theoretical simulations
are in good agreement with the experimental results. Of note
is that the experimental energy spectra are broader than the
simulated results because of the instrumental resolution and
the volume-averaging effects within the laser focus.

Figure 2(a) shows that the two-dimensional (2D) photo-
electron momentum (p,, p,) distribution is composed of three
main momentum rings. In each main ring, there are several
sub-rings. From Figs. 2(b) and 2(c) we find that three main
peaks pK, K = 1-3, in Fig. 2(b) around energies 0.65, 2.2,
and 3.75 eV with multiple subpeaks, as marked by vpk, k =
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FIG. 2. (Upper row) Experimental observations of photoionization yields. (a) 2D photoelectron momentum (py, p,) distributions in the
molecule NO by the two-color femtosecond laser pulse [Eq. (1)]. (b) Molecular ATT spectra obtained by integrating over the angular part of the
photoelectron distribution in (a). Peaks p1, p2, and p3 are the three lowest-order ATI in photoelectron spectra. (Bottom row) Numerical results
of molecular ATI spectra in NO by numerically solving TDSEs in Eq. (3). (¢) Simulations of ATT spectra including AC Stark shift effects in
Eq. (14). Subpeaks vp1, vp2, vp3, and vp4 are the four vibrationally resolved photoelectron spectra in each ATI peak. (d) ATI spectra without
considering the AC Stark shift effect are compared. The laser parameters are listed in the text.

1-4, in Fig. 2(c) are produced. The energy interval between
the neighboring main peaks is 1.55 eV, corresponding to the
800-nm photon energy /iw, thus confirming the spectra as
ATI spectra by absorption of nfiw photons from the A2X+
and/or B2I1 electronic states. As illustrated in Fig. 1(a), the
molecule NO is excited from the ground X >IT electronic
state to the excited A2X* and B>II electronic states by the
two-color laser pulses, followed by ionization of the excited
molecule via intermediate Rydberg states to the ground state
of the molecular ion NO™. As a consequence of multiphoton
ionization, ATI spectra are obtained, as illustrated in Figs. 2(b)
and 2(c).

The subpeaks vpk at energies &, k = 1-4, in each ATI
peak pK, K = 1-3, in Fig. 2 reflect the vibrationally resolved
photoelectron imaging of molecular coherent excitation pro-
cesses. We simulate the time-dependent population in the two
excited electronic states during the excitation and ionization
processes to identify the vibrational levels. Figure 3 displays
the evolution of the population in the excited A>X* and
BZTI electronic states, PA/B(¢), and their vibrational levels
v = 0-8, P22 (1), with time. The corresponding populations
are calculated from

PA/B(t):/sin@d@/dR|XA/B(R,9,t)|2 (12)

and
PUA/B(z):/sinedQ/de;*/B(R)XA/B(R,9,z)|, (13)

where 1/ff /8 (R) is the eigenfunction of the vth vibration level
in the A2X*/B2I1 electronic state, and xa,p(R, 0,1) is the
time-dependent nuclear wave function of the A2X¥/B?II
state obtained from the TDSE in Eq. (3). The corresponding
maximum values of the population Pf/ B(t) of the v vibra-
tional level in the A2 and B2I1 electronic states are listed
in Table I. In the excitation and ionization processes, the
populations in the two excited electronic states are compa-
rable, thus enhancing electronic state interference effects. It
is found that the time-dependent vibrational populations are
sensitive to the molecular electronic symmetry during the
excitation and ionization processes. For the A 2% electronic
state, the populations in the four lowest vibrational levels
v = 0-3, PUA=0_3 (¢), are dominant, whereas for the B2I1 state
the populations mainly lie in the higher v = 5-8 vibration
levels, i.e., szs_g(t) dominate due to Franck-Condon factors.
The evolution of the population with time illustrates the inter-
mediate excitation process by the two-color laser pulse. As a
result, one can conclude that the four subpeaks in ATI spectra
come from the v = 0-3 vibrational levels of the A2X™ state
and the v = 5-8 levels of the B>II state, respectively. The
quasiequal energy photoelectrons from the A2X+ and B>I1
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FIG. 3. Time-dependent population PA/2(¢) of the v = 0-8 vi-
brational level in the (a) A2E* and (b) B2II electronic states
by two-color femtosecond laser pulses in Eq. (1) (cf. Fig. 2).
The total population denotes P4/5(¢) in the A2+ /B2I1 electronic
states. The pulse intensities I, = 2.2 x 10" W/cm? and I, = 1.8 x
10> W/cm?, and the pulse FWHMs of T, = 50 fs and T3, = 60 fs
are used.

electronic states interfere with each other in the continuum,
leading to angular and kinetic energy-dependent interference
patterns in ATI spectra, as discussed in the next section.

In Fig. 2(a) we see that the photoelectron momentum
(px, py) distribution is mainly localized along the laser x po-
larization direction, noted as angl. Moreover, a small part of
the photoelectron distribution lies at the angle of about +m /4
with respect to the laser polarization, ang2. The photoelectron
angular distribution illustrates the shape of the ionizing or-

TABLE L. The maximum values of the population P4/5(¢) of the
v = 1-8 vibrational level in the A2% " and B I1 electronic states by
two-color femtosecond laser pulses. The pulse intensities 7, = 2.2 x
10" W/cm? and I, = 1.8 x 10'> W/cm?, and the pulse FWHMs
of T,, = 50 fs and T5,, = 60 fs are used (cf. Fig. 3).

v A2DT (x1073) B2IT (x107%)
0 3.115 6.108 x 1073
1 6.650 2.595 x 1072
2 5.577 9.753 x 102
3 2.244 2214 x 10!
4 6.433 x 107! 5.169 x 10!
5 1.298 x 107! 1.075
6 3.076 x 107! 2.075
7 2.819 x 10! 2.329
8 1.979 x 107! 2.857

bitals [72], i.e., the molecular orbitals of the natural electronic
states, thus allowing to image electronic excitation [73]. For
the A2X+ w*o0* configuration and B *T1 37 *? configuration,
the maxima of the photoelectron angular distributions appear
at 0 (angl) and 4+ /4 (ang2), corresponding to the ionization
of the o* (angl) and 7* (ang2) due to the geometry of
these orbitals [74]. The ground X 211 electronic state is a
m4m* configuration. In the nonoriented molecule, both paral-
lel (X 2T1-BIT) and perpendicular (X 2TT-A>X ") transitions
occur with linearly polarized laser pulses. As a result, the
resonant excitation leads to a coherent superposition of the
A%X* and BT states due to 7* — o* and w — 7* excitation,
resulting in photoelectron distributions localized at angles O
and 7 /4.

Previous studies have shown that AC Stark shift effects of
Rydberg states of NO can influence molecular photoelectron
and fluorescence spectra [39,42-45]. We next present the
molecular ATI process under the effects of AC Stark shift in
the presence of the two-color laser pulse. At such pulse inten-
sities, I, = 2.2 x 10" W/cm? and b, = 1.8 x 10'> W/cm?,
the corresponding ponderomotive energies of the electron is
Uy(w) = (eE,)? /4m,w* = 1.32eV at 800 nm and U,Qw) =
(eEry)? /4m.(2w)* = 0.03 eV at 400 nm, resulting in a maxi-
mum Stark shift in an oscillating electric field [44,75]. Of note
is that in the two-color laser field, U,(2w)/U,(w) = 0.023,
indicating that the ponderomotive energy U,(2w) induced by
the 400-nm pulse is negligible. The shift of the photoelectron
energy spectra is mainly caused by the 800-nm pulse. In
order to exactly reproduce the photoelectron spectrum, a ratio
of the AC Stark shift of the Rydberg resonant states to the
ponderomotive energy U,(w) is introduced in the numerical
simulations. The observed kinetic energy of the photoelectron
is represented as [76]

& = qhw — (I, — Eyy) — (1 = y)Up(@), (14)

where E,;, is the eigenenergy of the v/v’ vibrational level
in the A>X*/B?II excited state, and the ratio y is set as
0.75. By the 800-nm and 2.2 x 103 W/cm? pulse a red-shift
with energy 0.33 eV is induced. With such shift parameters
in Eq. (14), the numerical simulations in Fig. 2(c) are in
good agreement with the experimental results in Fig. 2(b),
confirming the importance of the AC Stark shift effect in ATI
processes.

The AC Stark effect can also influence the subpeaks in
ATT spectra during molecular photoionization. In Fig. 2(d)
we also present the simulation results of the photoelectron
energy spectrum where the effect of the AC Stark shift is not
considered. Comparing to the experimental observations in
Fig. 2(b), one sees that the AC Stark effect strongly modifies
the vibrationally resolved ATI spectra. A shift of 0.33 eV
of the photoelectron spectrum occurs caused by the 800-nm
pulse. The three main peaks, pK, K = 1-3, are localized at en-
ergies 0.98, 2.53, and 4.8 eV. The energy difference confirms
the AC Stark shift effect. Of interest is that in each main ATI
peak pK, the modulation of the amplitude of the subpeaks,
vpk, k = 1-4, induced by the AC Stark effects is shown to be
dependent on the photoelectron energy &, i.e., the vibrational
level in the excited A2X* and B2II states. For example, in
Fig. 2(d), for the first main peak, pl, the amplitude of the
subpeak vpl at &) = 0.66¢eV is large whereas the subpeak
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FIG. 4. Time-dependent population P*/2(¢) in the NO excited
A%X* and BII electronic states by (a) a single 800-nm () pulse
and (b) a 400-nm (2w) laser pulse, respectively. The pulse intensities
I, =2.2 x 108 W/cm? and I, = 1.8 x 10'2 W/cm?, and the pulse
FWHMs of T,, = 50 fs and 7>, = 60 fs are used.

vp4 at g4 = 1.6eV is very weak. By considering the AC
Stark shift effect, the subpeak vpl is dramatically suppressed
but the subpeak vp4 is enhanced in intensity, as shown in
Fig. 2(c). Similar phenomena are obtained for the second (p2)
and the third (p3) ATI peaks. The AC Stark shift of Rydberg
states switches multiphoton ionization character of different
vibrational levels of the A2X* and B2II electronic states
from resonant to nonresonant or vice versa [39], therefore
leading to enhancement and suppression of the photoelectron
subpeaks in ATT spectra for different vibrational states.

B. Interference effects of electronic states in molecular ATI

We next present the coherent interference effect of elec-
tronic states in the ATI spectra of the molecule NO by the
phase-controlled two-color femtosecond laser pulse in Eq. (1).
In order to describe the excitation channel, we simulate
two multiphoton excitation processes by a 800-nm and a
400-nm pulse, separately. Figure 4 displays the evolutions
of the population P4/B(¢) obtained from Eq. (12) in the two
excited (black lines) A>S* and (red lines) B2II electronic
states with time. The laser pulses at (a) 800 and (b) 400 nm
are used, and the other parameters are the same as in Fig. 2.
Comparisons of these results in Fig. 4 show that the transition
populations induced by the 400-nm pulse [Fig. 4(b)] are much
weaker than those by the 800-nm pulse [Fig. 4(a)], with a
factor of approximately 1—10. Therefore, we can conclude that

the multiple channel excitation effects by the 800- and 400-nm
pulses together or the 400-nm pulse solely are negligible. The
population transition from the ground X *IT state to the two
excited A2X* and B2I1 electronic states mainly arises from
a four w (800-nm) photon resonant excitation. As a result, a
superposition state of the A2X " and B 211 electronic states is
created. The corresponding wave function v.(R) reads as

VeR, 1) = YaR, 1) + ¥R, 1), 15)

where the two molecular wave functions define as
YaR, =3, Cojm(OYu(R)Y (0, p)e™Fom!/h s for
the A’X* electronic state and YR, 1))=Y, it
v jm Oy (R (0, @)™ Evim/M s for the BT state.
Yo/ (R) and Yy (0, @) are the wave functions of the
vibrational v/v’ and rotational jm/j'm’ stationary states
with total eigenenergies E, /v jiw, respectively. ¢, j,(t) and
¢y jruy (t) are the occupation coefficients of the v /v’ vibrational
levels in the two electronic states determined by the intensity
of the driving laser pulse. Moreover, the two A2X* and
BT states are coupled weakly by negligible nonadiabatic
rotational coupling with a crossing of their electronic
potentials at R = 1.2 A corresponding to equilibrium of the
ground state. We therefore focus on the coherent superposition
created by the four w resonant excitations.

To monitor the coherent electronic-vibrational coupling of
the molecule NO in Eq. (15), we theoretically model and
analyze photoionization yields measured experimentally in
the presence of the two-color laser femtosecond pulse. As
illustrated in Fig. 1(b), after absorption of four @ photons,
the excited molecule NO is ionized simultaneously via mul-
tiphoton resonance with Rydberg states from the coherent
state ¥.(R, t) shown in Eq. (15) to the ionic X I's+ state of
NO™, by the two-color laser pulse, thus giving rise to ATI
spectra in Fig. 2. The two excited A2X+ and B’II states
are degenerate with quasiequal vibrational energies. Conse-
quently, the ionized electron wave packets in the continuum
from the two electronic states by multiphoton transitions have
the same kinetic energies, resulting in the interference effects
in produced ATT spectra. In order to identify the interference
effects of electronic states, we compare theoretically two pho-
toionization processes by the two-color femtosecond pulses
where the excited A2X* and B2I1 electronic states are not
included, respectively. Figure 5 displays the corresponding
results of molecular ATI spectra obtained by numerically
solving TDSEs in Eq. (3). In these two cases, the excitation
and ionization processes can be regarded as two pathways:
(green dashed line) X '+ <~ A2X* « X 2T and (red dot
line) X 'Y+ <« B2I1 < X *I1. The two ionization processes
are independent. For comparison, we also plot (blue solid line)
the results of ATI spectra in which both the two-electron states
are involved, as presented in Fig. 2. Since we here only con-
sider the effects of interference patterns on the photoelectron
kinetic energy, the results are obtained by integrating over the
variables of the relative phase A¢ and the emission angle.

From Fig. 5 one sees that the total ATI spectral ampli-
tudes are not simply the sum of those of the photoionization
yields separately arising from the A2X* and B *I1 states. For
examples, for the vp2 peak, the total spectral amplitude is
larger than the sum of the cases without the A2%* and B*I1
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FIG. 5. Molecular ATT spectra of NO simulated by numerically
solving TDSEs in Eq. (3) by intense two-color pulses at intensities
I, =22 x 10® W/cm? and b, = 1.8 x 10> W/cm?, and the pulse
FWHMs of T,, = 50 fs and T5,, = 60 fs. To illustrate the interference
effects of electronic states, the results obtained without the (green
dashed line) excited B2IT or (red dot line) A2X* states are also
compared. Total (blue solid line) denotes the result in which both
the A2X* and B I electronic states are involved.

electronic states, whereas for the vp4 peak a reverse process
occurs. The difference indicates the constructive and destruc-
tive interference effects of the two electronic states. The
coupling of the two ionization channels, X =+ « A2x+
and X !X+ « BZII, leads to interference effects. Moreover,
each ionization channel from the excited A2%* and B’II
electronic state by the two-color laser pulse is composed of
multiple pathways. For example, the first ATI peak pl arises
from four ionization pathways by absorbing three w + w + @
photons and two w + 2w photons from the two electronic
states, respectively. The coherent electron wave packets in the
continuum with the same kinetic energies interfere with each
other. We analyze the electronic state interference model in
multipathway ATI processes based on the perturbation theory
[77-79]. As derived in the Appendix, the total transition prob-
ability P! (g;) is the square of the two amplitudes P3“(g;)
and P?“*“(g;) with an interference term via the cross products
of the three- and two-photon ionization amplitudes P! (&)
from, respectively, the A2X* and B2I1 electronic states, i.e.,

Py = Y [P(er) + P27 (e)] + Phy(er).  (16)

i=A,B

The interference term of the photoelectron spectrum is pro-
portional to the transition coefficient a(g;) of the three- and
two-photon processes, as predicted in Eq. (A9), i.e.,

Pl (e0) ~ ap + a5, (17)

where «;, i =0, 1, and 2, are coefficients of ionization pro-
cesses which are determined by the driving pulse. Therefore,
at different kinetic energies &, the photoelectron spectra
exhibit different interference patterns, as displayed in Fig. 5.
The theoretical model in Eq. (17) describes qualitatively the
numerical simulations.

As shown in Fig. 5, for the subpeaks vpl and vp2 at
energies &) = 0.33eV and ¢, = 0.64eV, constructive inter-
ference occurs. The amplitudes of the total ATI spectra are

approximately the sum of those of the cases without the A2 X+
or BII states. However, for the subpeaks vp3 and vp4 at
energies €3 = 0.95eV and ¢4 = 1.27 eV, the photoionization
from the A2X* and B I1 electronic states exhibits destructive
interference patterns where the total ATI spectral amplitudes
are nearly the difference between the two single excited
state processes. The energy ¢; (subpeak) dependence of ATI
spectral amplitudes illustrates the vibrationally resolved inter-
ference effects. The Rydberg states induce different resonance
and nonresonance multiphoton ionizations from various vi-
brational levels of the A>X* and B’II electronic states. The
coefficients «;, i.e., the transition matrix elements TZ%B (in the
Appendix), are different. As a result, interference effects are
shown to be sensitive to the photoelectron energy ¢, (subpeak)
in ATT spectra. Similar phenomena of the &;-dependent inter-
ference are also obtained in higher-order ATI peaks p2 and
p3, which can be described based on the multiple pathway
ionization interference model derived in the Appendix.

The vibrationally resolved interference of electronic states,
the A2X+ and B?II states, is also dependent on the relative
phase A¢ by the two-color laser pulses. Figure 6(a) shows
the experimental measurements of the dependence of the
ATT spectra on the relative phase A¢ for the three subpeaks
vpl-3 at photoelectron kinetic energies ¢;_3 = 0.33, 0.64,
and 0.95 eV. We vary the relative phase A¢ from —27 to
27 and integrate the angular part of photoelectron momentum
distributions in Fig. 2(a). The phase dependence at the three
subpeaks vpls are also displayed separately in Fig. 6(b).
Results show periodical oscillations with the relative phase
A¢ for the three subpeaks. The maxima and minima occur at
A¢ ~ (2n=+ 1) and 2nm, n =0, £1,£2,.... In Fig. 6(c)
we also display numerical simulations obtained from TDSEs.
Similar results are reproduced, confirming the dependence of
the electron interference on the relative phase A¢ and the
photoelectron energy.

In Fig. 7 we show the dependence of the vibrationally
resolved ATT spectra on the emission angle of photoelectron.
We consider again the cases for the three lowest subpeaks
vpl-3 at energies ¢,_3 = 0.33, 0.64, and 0.95 eV, as in
Fig. 6. Figures 7(a)-7(d) present experimental measurements.
We also plot the numerical results in Fig. 7(e) which is in
agreement with the experimental observation in Fig. 7(d) for
both emission angles. From Fig. 7, one sees that the depen-
dence is sensitive to the emission angles of photoelectron. As
shown in experimental measurements in Fig. 7(d), at the angle
45° £ 15° (30°-60°, ang2), varying the relative phase A¢
leads to a slight variance, around A¢ = —1.057 £+ 0.057.
However, at the angle 0 % 20° (0°-20°, angl), the result
shows a dramatic oscillation. For the first subpeak vpl, the
maximum appears at A¢ ~ —1.057. As the photoelectron
energy increases, the relative phase A¢ increases and then
decreases. For the subpeaks vp2 and vp3, one obtains the
maxima at A¢ = —0.87 and —1.117.

The relative phase A¢ dependence reflects the interference
of the multiple pathway ionization induced by the two-color
pulse, and the emission angle dependence corresponds to
the two channels of molecules ionized from the A>%" and
B2I1 electronic states with 7#0* and 737*? configurations.
These ionization channels interfere with each other as well.
As shown in he Appendix, the combination of the two
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FIG. 6. Dependence of ATI spectra for the first ATI peak, pl,
on the relative pulse phase A¢ and the subpeak energies &, by two-
color pulses. (a), (b) Experimental measurements and (c) numerical
simulations.

multipathway ionization leads to ATI distributions as func-
tions of the pulse relative phase and the photoelectron energy
and emission angle. According to the electronic state inter-
ference model in multipathway photoionization processes, the
photoelectron distribution for the first ATI peak p1 is given by

Pr(ex, 0, A) = azy(er) cos(O — Ag), (18)

where a3, = oy + o e~¢ are the coefficients of the two- and
three-photon processes, the same as in Eq. (17) and 8 denotes
the angle between the directions of the emitted photoelectron
and the laser polarization aixs.

From Eq. (18) we see that the interference term
Pl (e, 0, Ap) of the photoelectron angular distribution is a
cosine triangular function of the relative phase with the form
cos(6 — A¢). Therefore, the interference patterns in Fig. 6

show 2m periodic oscillation with the relative phase A¢.
Due to the effects of the electronic coherent interference,
the interference is modulated by the energy differences &,
with a function of ale‘“zsf. The variation of g; results in a
modulation of the multiple pathway ionization interference.
Consequently, increasing the photoelectron kinetic energy
varies the relative phase A¢-dependent interference patterns.

As predicted in Eq. (18), at different photoelectron emis-
sion angles, the relative phase A¢-dependent interference pat-
terns shift with an angle 8. The prediction, however, slightly
differs from our measurements in Fig. 7. For example, for the
subpeak vp2 in Fig. 7(b), the maximum of the dependence
predicted from the theoretical model occurs at 0 — A¢ = nrw,
whereas the measured results exhibit a nonlinear process. The
difference corresponds to the different ionization angle of the
A2X " and B 11 states. In the interference model of electronic
states in the Appendix, the same initial molecular orbitals are
assumed. However, in the molecular NO ionization processes,
the angular distribution corresponds to the perpendicular and
parallel ionization processes from the A2X+ and B2IT elec-
tronic states with different orbital symmetries o * and 7*. Due
to the effects of the intermediate Rydberg states, the ionization
coefficients «; depend on both the photoelectron emission
angle and kinetic energies, i.e., «;(&, ). The relative phase
A¢ dependence at different photoelectron kinetic energies &,
is modulated by the photoelectron emission angle. Photoelec-
tron spectra at various photoelectron energies ¢; and emission
angles therefore show different dependencies on the relative
phase A¢ of pulses. One then has the modified interference
model

Piin(sk, 0, Ap) ~ az(ex, 0)cos(f — Ag). (19)

As shown in Fig. 7, the photoelectron distribution at the angle
45° (ang2) results from the 7 * orbital transitions. Their inter-
ference effects lead to a strong modulation of the phase A¢
dependence. At the angle O (angl), the perpendicular process
becomes weak and the parallel (o *) transition dominates. As
a result, the interference effect of electronic states suppresses
and the dependence varies slightly with the relative phase A¢.
Similar phenomena of electronic state interference effects
can be obtained in higher-order ATI spectra. For the second
ATT peak, p2, the molecule is ionized via six pathways, i.e.,
four w + w + w + w, three w + w + 2w, and two 2w + 2w
photon absorptions, started respectively from the A2+ and
B?TI electronic states. The multiple pathway ionization is
composed of the contributions from the six channels and their
interference terms. According to the interference model in the
Appendix, the interference term then can be given by

Pll(er, 0, Ap) = [a3(ex, 0) + asa(er, 0)] cos(6 — Ag)
+ s (er, 0) cos* (6 — Ag). (20)

One also sees that the third ATI peak, p3, arises from six
pathway transitions after direct absorptions of five @ pho-
tons w + w + w + w + w, and three @ and one 2w photons,
w~+ o+ o+ 2w, and one w and two 2w photons, w + 2w +
2w, initiated from the A2E+ and BZ2II electronic states.
The interference term of photoelectron distributions can be

023404-9



YONG LIU et al.

PHYSICAL REVIEW A 100, 023404 (2019)

(a) sub-peak vpl

(b) sub-peak vp2

(c) sub-peak vp3
3 TR 150

100

50

—~ O
O N
o =
&
= 8
2 —
z
< 3
2-101 2
(d) experimental observation
0-20° @
vp3: W 30-60° @
A LT
< \ RN
2 .
L'vp2: . e
= I -
n L
vpl- oo’ :

12 -1.1-1.0 -0.9 0.8 -0.7
Relative phase A¢ (units of 1)

2-10 1 2
Relative phase A¢ (units of 1)

(e) numerical simulation

' ' ' " 020° o
vp3t 30-60° @
vp2t
vplt

1.2 -1.1-1.0 0.9 -0.8 -0.7-0.6
Relative phase A¢ (units of )

FIG. 7. (Upper row) Experimental measurements of emission angle and relative phase A¢-dependent photoelectron distributions at
energies (a) &y = 0.33 eV, subpeak vpl, (b) &, = 0.64eV, subpeak vp2, and (c) &3 = 0.95eV, subpeak vp3. (Bottom row) The maxima in
(a)—(c) at angles 0° &£ 20° (black dots, 0°-20°, angl) and 45° &£ 15° (red dots, 30°-60°, ang2) vs the relative phase A¢ are obtained by
(d) experimental observations extracted from (a)—(c) and (e) numerical simulations calculated from TDSE:s.

expressed as

Pl (er, 0, Ag) = [asa(er, 0) + aus(ex, )] cos(® — Ag)
+as3(er, 0) cos’ (6 — Ag). (1)

The interference patterns in Egs. (20) and (21) contain both
cos?(6 — A¢) and cos(0 — A¢) terms.

To verify the multiple pathway ionization interference of
electronic states for molecular ATT in Egs. (20) and (21), we
show experimental measurements and numerical simulations
in Fig. 8 for the two higher-order ATI peaks p2 and p3 marked
in Fig. 2. The results show similar dependence on the relative
phase A¢ and photoelectron kinetic energy ¢, as those for
the first ATI peak pl in Fig. 6. The maxima appear around
the phase A¢ ~ £+ which depend on the photoelectron
kinetic energies. The distributions oscillate periodically for
each subpeak vpk at energy e, k = 1, 2, and 3. However,
for the subpeaks at higher energies, the dependence is also
modulated. As shown in Fig. 8 for the numerical simulations
(right column), around the relative phases 0 and 27w, humps
with small amplitudes are produced (red and blue lines). The
modulation mainly results from the cos?( — A¢) interfer-
ence term in Egs. (20) and (21).

In Fig. 8, one notes that in the experimental measure-
ments, the ATI spectra show dominant distributions around
the relative phase A¢ ~ . The small humps around A¢ ~

2nm predicted by our numerical simulations, however, can
not be observed experimentally. As discussed in Fig. 4, the
population transition by absorbing two 2w + 2w photons is
very weak. In the two-color laser fields, the multiple @ pho-
ton excitation and ionization dominates. In the six-pathway
ionization processes, the coefficients a4y (¢x, 6) and a3y (&g, 6)
in Eq. (20) and as3(ex, ) and oy3(er, 0) in Eq. (21) are very
small and difficult to measure in experiments. Therefore, the
interference patterns then can be reduced simply to

Pill (26, 0, Ad) = a3 (ex, 0) cos(6 — Agp) (22)
for the second ATI peak p2, and
Po (6. 0, Ag) = asy(er, ) cos(6 — Ap)  (23)

for the third ATI peak p3. The three ATI peaks have similar
interference patterns, following the form of a (g, 6) cos(6 —
A¢) in Egs. (18), (22), and (23). Consequently, in Figs. 6
and 8, we measure experimentally similar dependence of the
electronic state interference on the relative phase A¢ and
photoelectron kinetic energy in molecular ATT spectra.

Of note is that in this work we present phase-controlled
two-color ATI processes with strong intensity of 800-nm
and weak intensity of 400-nm pulses, b,/I, ~ 1/10. The
weak 400-nm pulse serves as a control field to modulate the
multiphoton ionization from the A2X* and B2II electronic
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FIG. 8. Dependence of the electronic state interference on the relative phase A¢ between the two-color pulses for [top row: (a), (b)] the
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[Left column: (a), (c)] Experimental measurements and [right column: (b), (d)] numerical simulations.

states, thus giving rise to multiple channel photoionization
interference effects in ATI spectra in Figs. 6-8. For the
converse scheme with strong 400- and weak 800-nm pulses
which has been used to study for example strong field RABBITT
[80-82], similar interference phenomena should be produced,
as we predict in Egs. (A8), (A16), and (A23).

IV. CONCLUSIONS

In summary, vibrationally resolved ATI spectra in the
molecule NO by intense phase-controlled two-color femtosec-
ond laser pulses have been studied. We measure experimen-
tally and model theoretically molecular photoionization yields
to explore coherent interference effects between quasiequal
energy electronic-vibrational states. It is found that the pho-
toelectron distribution in the ATT of NO is a function of the
relative phase between the two-color pulses, the photoelectron
kinetic energy and emission angle. Two excited electronic
states are coherently combined by ultrafast pulses, from which
multiple pathway ionization leads to interference patterns in
ATT. Numerical simulations from molecular TDSEs and theo-
retical analysis of the multiple pathway ionization interference
model confirm the experimental observations.

We find that ATI spectral peaks exhibit multiple subpeaks
arising from various vibrational levels of the two coherent
electronic A2X* and B2II states, which are strongly influ-
enced by the AC Stark effect. The interference effects between
the two electronic states can also modulate the ATI spectra.
Different constructive and destructive interference patterns are
obtained in these subpeaks. The phenomenon results from

intermediate Rydberg states which cause resonant and nonres-
onant multiphoton ionization. The vibrational resolved inter-
ference patterns in ATI spectra are dependent on the emission
angle of photoelectron, reflecting the initial molecular or-
bitals. By the two-color laser pulse, multiple channel ioniza-
tion processes give rise to relative phase-dependent interfer-
ence patterns in ATT spectra. It is also found that in the first
ATI peak, pl, the interference pattern approximately follows
the form a (e, 6)cos(6 — A¢) [Eq. (19) and Fig. 7]. For
higher-order ATI peaks, it becomes more complex. The inter-
ference patterns contain both cos?(6 — A¢) and cos(d — A¢)
terms, as shown in Eqs. (20) and (21) and Fig. 8, for peaks p2
and p3. Of note is that the two 2w transitions are very weak,
thus leading to the small amplitudes of the interference term
cos?(6 — A¢). As a result, the corresponding interference
hump can not be observed in experimental measurements, as
shown in Fig. 8.

Our results show that electronic-vibrational state coherence
can be monitored from photoelectron interference patterns in
molecular ATT spectra produced by intense phase-controlled
two-color femtosecond laser pulses. The photoelectron dis-
tribution results from the interference effects between the
two coherently prepared electronic states in combination with
multiple multiphoton ionization processes. The ATI spectra
encode the information of the vibrational level and the orbital
symmetry of electronic states and the pulse relative phase. The
modification of photoelectron patterns illustrates the electron
coherence via electronic-vibrational state interference. This
work presents a scheme to monitor electronic-vibrational
state interference with various orbital symmetries, and thus
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provides a way to explore and reconstruct coherent electron
excitation processes in molecules by ultrashort laser pulses.
The sensitivity of the interference patterns to the phase makes
them a possible means of characterizing these pulses. The
developments of ultrafast laser technology [83,84] allow to
extend the method for exploring intramolecular coherent elec-
tronic dynamics on its natural timescale in molecular reactions
[85,86], which therefore demonstrate a great potential for
ultrafast photoelectron imaging in more complex molecular
systems.
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APPENDIX: MOLECULAR ELECTRONIC STATE
INTERFERENCE MODELS IN MULTIPLE PATHWAY
ABOVE-THRESHOLD IONIZATION PROCESSES

We present the interference of electronic states in multi-
ple pathway photoionization processes based on perturbation
theory [77-79]. The ionization initiates from two coherent
electronic A2X+ and B2I1 states of molecules by two-color
w1 = w and w; = 2w pulses. Such bichromatic laser pulse
can produce photoelectron wave packets with the same kinetic
energies by combination of multiple multiphoton transitions
and steer them through different pathways in the continuum,
thus creating the interference effects in the photoelectron
spectra. The interference model depends on the ATT peaks.

For the first peak in ATI spectra, two ionization pathways
occur from the A 2% F (A) and B *T1 (B) states after absorptions
of three w; photons and two photons (i.e., w + 2w). The first-
order amplitude Pj“’é (er) for 3w; photon ionization from the
A/B state of the molecule NO by the electric field E,(7) is
defined by [4,87]

plon (el paBEo(O1Y2) (Yol pasEo(O1Y1) (Y1l a/sEw ()| Vas8)
A/B(gks t) - .
(Ea/p — E2 + 20)(Egjp — B + w)

(AD)

Y4B is the initial state of the molecule NO with energy Ey4,p, in Eq. (15) and v; is the final state, i.e, the continuum in NO™. Y12
denotes the intermediate state with energy Ej/,, and & is the photoelectron kinetic energy. (14, presents the transition dipole
moment of the target. The field-molecule interaction is given by

pasEo(t) = papEof e e,

6 is the angle between the electric field and the transition dipole direction (the molecular axis). The amplitude P/jf’/‘; “2 (g, 1) for
the w; + w, photoionization from the A/B state of the molecule NO by the electric fields E,,(¢) and E5, () is defined by

(Wi(e)ma/BEre OV (Wil ka/BEa (O Vas) | (Yile)haBEw(O1V2) (ValitapEr0m | ¥ass)
EA/B—E1+CU EA/B—E2+2L()

(A2)

P (e, 1) =

+

’

(A3)

with the interaction term

1a/BE2(t) = pia/pEasy f(t)e ¥ TAD =il (A4)
/ /

since the unit vector poeq = e’ . The total transition probability is the square of these amplitudes, which is insensitive to the angle
6, the phase difference A¢, and time 7, and an interference term P/ (g, 1) via the cross products of the three- and two-photon
ionization amplitudes. The interference term can be simply written as

P 1) = [P (exs 1) + P (ea, O] [P T (exs 1) + PR (er, )] + cec. (AS5)
Submitting Eqgs. (A1)- (A4) into Eq. (A5) one then obtains the interference term
Pl (e, 0, Mg, 1) = EsEr [PO[(THTS + TPTP) cos(0 — Ag)
+ T T cos(ext + 0 — A@) + TP T cos(ext — 0 + Ag)], (A6)

where TZA/ B and T3A/ B are two-photon and three-photon transition matrix elements. Of note is that the transition probabilities do
not depend on the angular distribution of the initial electronic state, i.e., TZ%B is 6 independent.

Assuming the same transition matrix elements of the multiphoton ionization, i.e., T = Tz%B, Eq. (A6) then can be
rewritten as

Pl (61,0, Ap,t) = 2ELEy,f>(t)T[cos(d — Ag) + cos(ext) cos(d — Ap)]. (A7)

By integrating over time ¢ with a Gaussian envelope f(t) = e™# * T, where 7 is the FWHM (full width at half maximum), the
interference term can be expressed as

Pl (er,0, Ap) = aza(er) cos(@ — Ag), (A8)
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where
an(er) = ap + aje . (A9)

The coefficients are given by

o0
ay = 2EXE,, T f e dr = 2EXEy, T /7 /5B,

—0Q

o) =2E}E,,T\/mt/58,
and
o = 1/208.

These coefficients are determined by the laser pulses, i.e., the pulse intensity E,,/>, and duration 7. As shown in Eq. (A8), the
simple dependence on the pulse relative phase A¢ and photoelectron energy &; occurs in the multiple way interference for 3w,
and w; + w; ionization processes. The interference pattern is sensitive to the photoelectron angle, which is determined by the
molecular orbital symmetry. Therefore, the dependence occurs by averaging over molecular orientations.

For the second ATI peak, the molecule is ionized from the A 2¥+ and B2IT states via three pathways, four w;, three w; +
| + wy, and two w; + w, photons. The four w; photon transition process is given by

oo, (Vi) lpa/sEo@)1Y3) (Y3l ia/BEo(O1Y2) (Yol pasEw ) 1Y1) (Y1l 1ka/BEw ()| Yas8)
Pyp(en.t) = . (A10)
(Eajp — E3 +3w)(Ea/p — E2 + 20)(Ea/p — E1 + @)

The three 2w; + w, ionization is composed of three possible channels which read as
(Yie) a/BEre (O2) (V2| a/BEw (1) (W1 1ka/Ew () Ya/B)

(Ea/p — E2 +20)(Egp — E) + 0)
+ (Yi(e) a/BEs @) V2) (Waltea/BEse (O 1) (V1 | 1ka/sEw ()| Wa/B)

(Easp — E3 +3w)(Eg/p — E1 + o)

(Yie) | ma/BEw (O 2) (Yl wassEe Y1) (Y1 | 1a/BE20 ()| Va,B)

2
PA7é+w2 (er, 1) =

+ (A11)
(Ea/p — E3 +3w)(Eg/p — B> + 2w)
And the two w, photon process is
P22 (o0 1) = (Vi(e) | wa/BEae(ONY1) (W1 1ka/BE20 ()W a)B)
A/BRTE EA/B—E2+2C()
(A12)
These multiphoton ionization processes interfere with each other. We then obtain
o (exs 1) = [Py (exs 1) + Py (er O] [PF” T (e, 1) + P T (e, )] +c.c. (A13)
for the four-photon P:;"l‘; (&x, 1) and three-photon ijé+w2 (&, 1) interference and
Pi(en, 1) = [P (k. 1) + P (e O] [PR” 7 (e, 1) + P T (er, 1)] +c.c. (Al4)

for the two-photon Pf;"g (&x, t) and three-photon PZ;"&*“’Z (¢x, t) interference. For both P11 (e, t) and P2 (g, 1), the interference

terms contain ~ cos(6 — A¢). The four-photon Pﬁ;‘}; (&x, t) and two-photon Pj;"é (ex, t) interference is expressed as
PIB(eg, 1) = [P{ (er, 1) + Py (er O] [PR (ero 1) + P3 (ex, 1)] + coc, (A15)

which is a function of cos?(8 — A¢).
For this multiple pathway ionization, the interference term is simply the sum of the contributions from all channels, i.e.,
Pl (er) = PHl(gy) + PH2(g) + PIB3(g;). The interference term then can be given by

Pll(ex, 0, Ag) = [aaz(er) + a32(ex)] cos(0 — Ag) + aua(ex) cos* (0 — Agp). (A16)

The coefficients «;;(ey) for the i and j photon ionizations are obtained by integrating over time ¢ with a Gaussian envelope pulse.

The results for the photoelectron distribution of the third ATI peak arise from three pathway transitions after direct absorptions
of five w| photons, three w; and one w; photons, and one w; and two w; photons. The transition from the A 23+ and B 211 states
is given by

(Vier) | a/BEw (1Y) (Yaltba/BEoONV3) - - - (Y2l tta/BEoOIY1) (V1| 1ea/BEw () [Ya/8)

(A17)
(Ea/p — E4 +4w)(Egp — E3 + 3w)(Ea/p — Ex + 20)(Egp — B + 0)

Pya(er, 1) =
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for the five-photon w; transition process,

(Yi(e) ta/BEre(W3) (W3l ka B Ew (O1V2) (V2 kasEe (O 1) (W1 1 1ka/BEw () Wa/B)

P3w1 +wz(

A/B &, t) =

(Ea/p — E3 +3w)(Ea/p — E» + 2w)(Ea/p — E1 + @)
(Yi(e) pa/BEw (O Ya) (Yalka/pErw () V2) (V2| a sEw (Y1) (Y1 | ka sEw ()| asB)

+

(Ea/p — Es +4w)(Egjp — By + 20w)(Ep/p — E1 + @)
Yi(e) a/BEw (O Wa) (WalkapEw O 3) (Y3l apEre OV 1) (Y1 | asEw ()| YasB)

K

(Ea/p — Es +4w)(Egp — E3 + 3w)(Ea/p — E1 + )

n (Yri(e)ma/BEL ) Wra) (Wala/BEw ) |¥3) (W3l wa/BEw ) |¥2) (W2l a/BEsew ()| Va/B)

(A18)

(Ea/p — E4 +4w)(Egjp — E3 + 3w)(Ea/p — E> + 20)

for the four-photon 3w; + w, ionization, and

(ri(e) aBEre O3 ) (W3l tia/sE2w (O1W1) (V1| a/sEw (@) |Ya,B)

2
PX/'; “(ex, 1) =

(Easp — E3 + 3w)(Easp — E1 + ©)

(Yri(e) ta/BEre (OW3) (W3l ka B Ew(O)1W2) (Y2l 1ka 8 Ere (t) | Wa,8)

+

(Ea/p — E3 +3w)(Ex/p — E» + 2w)

(Ve na/BE (O Wa) (Yalpea Bz (OV2) (Y2l kassEaw ()| WasB)

(A19)

+

(Ea/p — E4 +4w)(Exp — B2 + 20)

1111 1112 1113

for the three-photon w; + 2w, process. Similarly, the interference term gives P (ey) = PI! (ep) + PII2(g) + PII3 (g4 ), where

int

for the five-photon Pj;"b‘, (&x, t) and four-photon P:;”é’sz

int

P (e 1) = [BR”" (er 1) + Py (e D] [P T (60, 1) + Py T (er )] + coc.

Pl (e 1) = [P (er 1) + Pp” T (e, D] [P (e 1) + PR (e 1)] + cec

(A20)

(&g, t) interference,

(A21)

for the four-photon P17 (g, 1) and three-photon P;“’/'; 222, t) interference, and

A/B

int

for the five-photon Pj;"é(ek, t) and three-photon P;{’/‘; 20

Po (e 1) = [PR” (e 1) + Py (eie D] [P (e, 1) + PR 27 (er )] + coc.

(A22)

(&x, 1) interference, where P11 (g, t) and PHM2(g,, t) are a function of

int int

cos(® — A¢) and P13 (g, 1) ~ cos’(8 — Ag). As a result, the three-pathway ionization interference term of the third ATI peak

int
can be written as, by integrating over time ¢,

Pl (e, 0, Ap) = [asa(er) + a3 (ex)] cos(@ — Ag) + as3(ex) cos* (6 — Ag).

int

(A23)

From Egs. (A16) and (A23) one sees that the second and the third ATI photoelectron distributions have the similar interference
forms. Both odd and even powers of cos(6 — A¢) are obtained in the interference terms, that is, an even number of transition
cos?(6 — A¢) terms occur for odd-odd or even-even parity interferences, whereas the term cos(6 — A¢) corresponds to odd-even

transition interferences.
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