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Above-threshold ionization in molecules by intense multiple-frequency
circularly polarized laser pulses

Kai-Jun Yuan® and André D. Bandrauk'
Laboratoire de Chimie Théorique, Faculté des Sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada J1K 2R1

® (Received 3 May 2018; published 15 August 2018)

We present molecular above-threshold ionization (ATI) by multiple-frequency circularly polarized laser pulses.
Simulations are performed on aligned H,™ by numerically solving corresponding time-dependent Schrodinger
equations. Molecular ATI spectra show maximum cutoff and multiple ionization trajectories which depend on the
pulse frequency combination. We describe the laser-induced electron dynamics by multiple frequency circularly

polarized pulses in a rotating frame where the total ponderomotive energy of electrons is defined by the average
frequency of the pulses. The influence of Coriolis effects in the photoionization is also studied. The present
results illustrate the dependence of molecular photoionization on the pulse frequency combination and helicity,
thus allowing for the control of circular-polarization electron dynamics in the more complex molecular systems.
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I. INTRODUCTION

Following rapid developments in laser technology, numer-
ous novel high-order nonlinear optical phenomena in the field
of light-matter interaction have been studied widely [1,2].
Ultrashort laser pulses have led to photoimaging techniques
such as laser Coulomb explosion for nuclear motion [3,4] to
laser-induced electron diffraction (LIED) for coupled electron-
nuclear motion [5,6]. Electrons have great potential for probing
the time-resolved transient structure of molecules, materials,
and even biological systems via ultrafast electron diffraction
[7] due to their large scattering cross sections. In these schemes,
a laser-induced rescattering mechanism occurs through re-
combination with the parent ion [8,9] with linear polarization
electron wavelengths controlled by the laser intensity through
laser-induced ponderomotive energies U, = e* E} /4m o for
electric-field amplitude Ey, corresponding to an intensity
Iy = cegE2 /2 and frequency o.

Above-threshold ionization (ATT) [10] in atomic and molec-
ular systems as one of the most fundamental strong-field
phenomena has attracted considerable attention in both exper-
imental and theoretical studies. In general a cutoff of energy
2U , is produced in the ATI spectra [11]. For linear polarization,
electron rescattering trajectories also make a considerable
contribution to the ATI energy spectra [12—15]. Laser-induced
electron recollision and rescattering leads to the maximum
energy up to 10U, [16,17]. An important application of ATI
spectra in strong-field physics has been the imaging of electron
orbitals using recolliding electrons by LIED [5,6,18] and,
recently, by photoelectron holography [19,20]. For circular
polarization processes, the electron recollision dynamics was
shown to be suppressed by single circularly polarized pulses
as early as 1989 with CO, lasers [11] and confirmed by a
classical model [9] for atoms. We have shown that, in stretched
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molecules, an extension of ATI can be obtained with energies
up to 32U, due to laser-induced electron collisions with
neighboring ions [21]. The interference between the direct
liberated electrons and those scattered by neighboring ions can
also produce the phenomenon of photoelectron holography
in molecules [22]. Recently, ATI of rare-gas atoms by a
bicircular field has been theoretically investigated by means of
improved strong-field-approximation (SFA) methods [23] and
confirmed experimentally by using a velocity map imaging
photoelectron spectrometer and tomographic reconstruction
techniques [24,25]. The enhancement of electron recollision
with parent ions by intense counter-rotating bichromatic cir-
cularly polarized femtosecond pulses was predicted as early as
1995 [26-29], and is now a main source of circularly polarized
high-order harmonic generation [30-37]. As a consequence
of electron interference between the forward-scattered and
nonscattered trajectories, multiple holographic patterns are
observed in ATI momentum distributions [38], thus providing
a way to image molecular structure.

The study of laser-induced electron dynamics by multiple
frequency circularly polarized laser pulses is of great interest
in, for example, electron vortices [39—43], ultrafast magnetic
fields [44], and circular chiral dichroism [45-47]. However,
it still remains difficult to exactly describe the laser-induced
electron dynamics in photoionization processes. In the present
work we focus on molecular ATI processes by multiple-
frequency circularly polarized laser pulses. The molecular
ion Hp* is used as a benchmark system to describe the
circular polarization electron dynamics. Results are obtained
from numerical solutions of the corresponding time-dependent
Schrodinger equation (TDSE). Molecular and atomic ATI
spectra have been well established both experimentally and
theoretically, and many numerical methods have been sug-
gested, including the closed-form analytic formulas [48]. From
the numerical simulations we find that ATI spectra show
maximum cutoff energies which can be described well by the
laser-induced electron dynamics in a rotating frame [26,27].

©2018 American Physical Society
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The effects of light helicity, i.e., Coriolis effects, and pulse
phases are also presented.

The paper is arranged as follows: in Sec. II, we briefly
describe the numerical and computational methods. Simulation
results obtained by time-dependent quantum electron wave-
packet calculations from the corresponding TDSE for aligned
H,* are presented and discussed in Sec. III. We analyze
such molecular ATI spectra based on laser-induced electron
dynamics in a rotating frame. Finally, we summarize our
findings in Sec. IV. Throughout this paper, atomic units (a.u.)
are used unless otherwise noted.

II. NUMERICAL AND COMPUTATIONAL METHODS

To simulate ATI spectra in molecules with multiple-
frequency circularly polarized laser fields, we numerically
solve the corresponding TDSE for the aligned molecule Hy ™
within a static nuclear (Born—Oppenheimer approximation)
frame,

ad
iEW(r, l‘):H(r,f)K[’(r,f), (1)

with the field-molecule Hamiltonian H(r,t) = Hy(r) +
H;(r,t). Hy(r) =T(r)+ V.(r), where T(r) is the kinetic
operator and V,.(r) is the molecular two-center Coulomb
potential. H;(r,t) =r - E is the field-molecule interaction
term which is described in the length gauge. The electron
dynamics is described in the polar coordinates r = (x, y) =
(p cos B, p sin0)[49]. Then the corresponding kinetic operator

T (p,0) is given by
1/19 0 1 92
T(p,0) = 2(pap"ap+p2329)' 2

We solve the TDSE in Eq. (1) by using a second-order-
accurate split-operator method with time step 67 and com-
bined with a fifth-order finite difference method and Fourier
transform technique in the spatial steps §p and 56 [50]. The
time step is taken to be §r = 0.01 a.u. = 0.24 as. The spatial
discretization is ép = 0.25 a.u. for a radial grid range 0 <
o < 1024 a.u. and the angle grid size §6 = 0.025 radian. To
prevent unphysical effects due to the reflection of the electron
wave packet from the boundary, we multiply ¥ (p, 6,t) at
each time step by a “mask function” or absorber with the
form g(t) = cos'B[7 (p — pu)/2Pabs)s Pa < p < Pmax- Forall
results reported here we set the absorber domain p, = pPyax —
Pabs = 896 a.u. with p,;; = 128 a.u.

Molecular photoelectron distributions (i.e., ATI spectra)
are calculated by a Fourier transform of the time-dependent
electronic wave function ¥ (p, 6, t) in Eq. (1), which exactly
describes the electron dynamics in the continuum [51]:

Ji6, E)l,, =f w0, 1)), dt,
1y

9y (0,
$<9,E>|pf=/ %

P

e Elds, 3)

Py

1
J©, E) ~ Re[z—ix*(e, E)ly, 7,6, E)'”f}’

where 7, is the time after the pulse turns off and py = 890 a.u.
is an asymptotic point before the wave packet is absorbed.

E = p2/2 is the kinetic energy of an ionized electron with
wave vector k = p, = 27/, and p, = (p; + p3)'/* is the
momentum of a photoelectron of wavelength A,. ATI energy
spectra are obtained by integrating over the angle,

J(E) = / 4670, E). @)

III. RESULTS AND DISCUSSIONS

The purpose of the present work is to study molecular
ATT spectra and electron dynamics by multiple-frequency
circularly polarized laser pulses. We use the hydrogen molec-
ular ion H,* as a benchmark system which can be fully
investigated in theory and experiment [52]. The molecule
H,* is aligned along the x axis and the circularly polarized
laser pulse with its field vector polarized in the (x, y) plane
propagates along the z axis. The ATI spectra obtained from
Eq. (4) reflect the laser-induced electron dynamics in the
circularly polarized pulse. We derive equations of electron
motion for circular polarization ionization in a rotating frame
to understand these ATI phenomena. For H,™ the molecular
vibrational and rotational periods on femtosecond (1075 )
and picosecond (10~!? s) timescales are larger than that of the
electron motion on attosecond (10~'8 s) timescales. Therefore,
the frozen nuclei calculation is valid for describing the ultrafast
electron dynamics by ultrashort laser pulses.

A. Above-threshold-ionization spectra by bichromatic
(w1, @) circularly polarized laser pulses

We first consider the cases of molecular photoionization by
bichromatic circularly polarized laser pulses. To understand
the ATI process in bichromatic circularly polarized laser fields,
we describe the laser-induced electron dynamics in a rotating
frame. Modulation of the envelope at frequency w of a single
circularly polarized pulse of frequency @ in the (x, y) plane is
represented by the radiative, laser-matter, Hamiltonian H,

Hy(t) = 2E(cos (wt)[x cos (o) + y sin (@t)]
= Eo{x cos[(w + @)t] + ysin [(w + @)t]}
+ Eof{x cos[(w — ®)t] — ysin[(w — @)t]}.  (5)

Hy(r) is a field-free static nuclei (Born—Oppenheimer) Hamil-
tonian. Equation (5) demonstrates that a single circularly
polarized pulse of frequency @ with an envelope modulated
at frequency w corresponds to two independent circularly
polarized pulses of frequencies w; =w + & and w) =w — @,
rotating in the (x, y) molecular plane. For modulation fre-
quencies @ > @ (w, > 0) one has two counter-rotating (op-
posite helicity) pulses whereas for w < @ (w2 < 0), Eq. (5)
represents two corotating (same helicity) pulses. Applying
the unitary transformation 7 = exp(i@tl;), a rotation in the
(x, ¥) molecular plane around the perpendicular z propagation
direction gives the new Hamiltonian at the rotating frequency
& = (w; — wy)/2 with the mean frequency w = (w; + w2)/2
[26,27,31,53,54],

H' = Hj+ @l, + 2xE( cos (wt). (6)
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FIG. 1. ATI energy spectra in the molecule H," aligned along
the x axis by bichromatic counter-rotating circularly polarized laser
pulses at frequencies (a) w; = wp and w; = 2wy (@ = 3wy /2) and
(b) w; =wy and wr, = 3wy (w = 2wy), where wy = 0.057 a.u.,
corresponding to Ao = 800 nm. The intensity and duration are
Iy = 2x10" W/cm? (Ey = 0.0755 a.u.) and T = 21.15 fs. Vertical
lines indicate the ATI energies at 2U,, where the ponderomo-
tive energy defines U, = (2E()?/4w?, with the average frequency
o = (w1 + w;)/2. Arbitrary units in ATI spectra are used.

Equation (6) shows generally that coplanar bichromatic cir-
cular pulses in the rotating frame & correspond to a linear
driving-field term 2x E cos(wt ) in competition with a rotation
angular-momentum term +wl/; (around the z axis) responsible
for Coriolis forces. The laser-driving term in Eq. (6) cou-
ples different angular-momentum terms, thus also pumping
energy into circular current motion. One therefore predicts
that the maximum ATI spectra appear at energies 2U,,, where
U, = (2Ey)* /4w is the ponderomotive energy.

In Fig. 1 we display simulation results of ATI spectra in
the molecule H, ™ aligned along the x axis by bichromatic
counter-rotating circularly polarized laser pulses, i.e., ® > @

in Eq. (6). The form of the driving laser pulse reads

E(t) =E|(?) + Ex(?)
= Eo f(1){ex[cos(w;1) + cos(wy1)]
+ éy[sin(wt) — sin(wy1)]}. (7)

é,/y are the laser polarization directions and w; and w, are
pulse frequencies. A trapezoid envelope f(¢) for a duration of
T = 8t = 21.15 fs, where 1t = 2w /wy, with two-cycle rise
and fall is used. Ey = 0.0755 a.u. is the maximum amplitude
of the field, corresponding to the pulse intensity Io = 2x 10
W/cm?. Two frequency combinations w; = wy and wy = 2wy
[Fig. 1(a)] and w; = wp and w, = 3wy [Fig. 1(b)], where wy =
0.057 a.u. servers as a fundamental frequency, corresponding
to A9 = 800 nm, are used to simulate molecular ATT spectra.
The H,* molecular ion is prepared initially in the ground
Iso, electronic state and its eigenfunction is obtained by
an imaginary-time-propagation method using the zero-field
TDSE in Eq. (1).

From Fig. 1 we see that the maxima of ATI spectra occur
at energies 1.56 a.u. at w; = wp and w, = 2wy [Fig. 1(a)] and
0.9 a.u. at w; = wg and w, = 3wy [Fig. 1(b)], corresponding
to 2U, with the average frequency w = (w1 + w,)/2 predicted
in Eq. (6) (vertical green lines in Fig. 1). This cutoff energy
results from the direct ionization process. We confirm these
results from a quasiclassical laser-induced ionization model of
an electron moving in the rotating frame by a linear driving
laser field 2 E cos(wt) in Eq. (6). The corresponding induced
electron velocity reads

) 2Ey . .
x(t) = ———[sin(wt) — sin(wty)], (8)
w

where 1, is the ionization (birth) time of the liberated electron.
From Eq. (8) one then obtains that the cutoff energy 2U,, oc-
cursatty = 0andt = (n 4+ 1/2)7/w,n =0, £1, £2, £3, ...,
where x(#yp = 0) = 0. The corresponding rotation angle &t =
7 /6 indicates that, during the ionization process, the electron
lies mainly along the linear x polarization direction and the
Coriolis effect is negligible. After the energies 2U,, ATI
spectra decrease in amplitude. From Eq. (8) the maximum
kinetic energy x*(r)/2 = 8U,, should be predicted at wt —
wty = (2n + 1)m, which however cannot occur for laser pulses
because the electron is ionized via tunneling since the electric
field at the initial phase wfy = 7 /2 is zero and the tunneling
probability is zero as well.

In Fig. 2 we display angle- and energy-resolved ATI spectra
by bichromatic circularly polarized laser pulses with the two
frequency combinations w; = wy and w; = 2wy (0 = 3wy /2)
[Fig. 2(a)] and w; = wp and w; = 3wy (0 = 2wy) [Fig. 2(b)].
It is found that various ionization trajectories are produced. At
w) = wp and wy = 2wy (w = 3wy /2) three ionization trajecto-
ries appear at about angles 45°, 155°, and 285° whereas at w; =
wp and w, = 3w, four ionization trajectories are produced at
about angles 30°, 120°, 210°, and 300°. The ATI spectra show
K ionization trajectories with angle intervals 27/K, where
K =ki + ky and w;/w> = ki /k,. The ionization trajectories
illustrate the symmetry of the net laser fields. The electric field
in Eq. (7) is 2wk, /w; time periodic and exhibits a K-fold
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FIG. 2. Angle- and energy-resolved ATI spectra in the molecule
H," aligned along the x axis by bichromatic counter-rotating circu-
larly polarized laser pulses at frequencies (a) w; = wp and @, = 2wy
(w = 3wp/2) and (b) w; = wp and w; = 3wy (w = 2wy), wy = 0.057
a.u. corresponding to Ao = 800 nm. The intensity and duration
are Iy = 2x 10" W/cm? and T = 21.15 fs. Arbitrary units in ATI
distributions are used.

symmetry,
E(t+nB®/w) =QnO)E(), 9)

where ® = 2k /K and Q2(n®) is the rotation matrix around
the z axis with angle n®. That leads to three- and fourfold
symmetries for the w;/w; =1/2 and w;/w, = 1/3 fields.
The total molecule-field Hamiltonian also presents K -fold
symmetry. The ionization repeats itself over time, following a
similar symmetry as the fields in Eq. (9). Therefore, the angular
nodes of the ionization trajectories illustrate the symmetry fold
of the net laser fields.

The bichromatic circularly polarized laser pulses with
counter-rotating components can also lead to electron

recollision with the parent ions. When a recolliding electron
is backscattered by the parent ions in the field in Eq. (6), its
velocity becomes

2F
% (1) = 22 [sin(wt — wty,) + sin(wt,. + wty) + sin(wto)],
w

(10)

for t > t,.. t. is the recollision time of electrons with the
parent ion, and the corresponding maximum kinetic energy
is x%(t.0)/2 = 3.17U,. From Eq. (10) the corresponding
asymptotic energy of the ionized electron is x2(¢)/2 = 10.2U »
[16,17]. Of note is that, due to Coriolis effects, these electron
recollision and rescattering trajectories rotate far from the
laser polarization x direction. As a result, the ionization is
suppressed by molecular Coulomb effects and the ATI spectral
intensity with high energies is very weak.

In the counter-rotating cases in Figs. 1 and 2 the rotating
frequency @ = (w, — w1)/2 is smaller than the average fre-
quency w = (w1 + wy)/2. We next compare the results of ATI
processes by a bichromatic corotating circularly polarized laser
pulse,i.e.,® > winEq. (6). The form of the laser pulse is given
by

E(t) = Ei(t) + Ex(2)
= Eo f(1){ex[cos(wit) + cos(wat)]
+ &, [sin(w ) + sin(wat)]}. (11)

Figure 3 displays the corresponding ATI spectra in the
molecule H,™ aligned along the x axis. The laser parameters
are the same as in Fig. 1, except with corotating components.
For the case in Eq. (11), the rotating frequency in Eq. (6) is® =
(w1 + @7)/2 and the mean frequency of the linearly polarized
driving fieldis w = (w, — w1)/2. Atfrequencies w|/w, = 1/2
and 1/3, the corresponding cutoff energies should be predicted
at2U, = 14.05a.u. and 3.5 a.u., where U, = (2Ey)* /4w?, by
Eq. (6). However, as shown in Fig. 3 the corresponding results
obtained from numerical simulations are respectively 3.4 a.u.
and 1.75 a.u., smaller than those predictions in Eq. (6). The
difference indicates the importance of the Coriolis effects.

In the corotating component cases in Fig. 3, the rotating
frequency is lager than the mean frequency, @ > w. The
Coriolis force leads to the electron far from the polarization
direction of the linearly driving field in Eq. (6). As a result,
the ATI spectra are suppressed. The ATI energy spectra in
Fig. 3 mainly arise from the liberated electron along the
x polarization direction. During the ionization, the electron
is driven by the field 2E(cos(wt). The maximum kinetic
energy should occur at t+ = 7 /2@, where the rotation angle
ot = /2, perpendicular to the laser x polarization direction.
As predicted by Eq. (8), the corresponding maximum energy
gives x2(1)/2 = 2E} sin®(wt)/w?. For the cases at frequencies
w1 /wy = 1/2, the corresponding maximum energy is U, /2 =
3.5au.and U, = 1.75 a.u. at frequencies w;/w> = 1/3. The
simulations from numerical calculations agree with very well
the theoretical predictions in Eq. (8) from the classical model
in arotating frame. The suppression of ionization in Fig. 3 with
the corotating components reflects essentially the effects of the
Coriolis force, i.e., @l, in the ATI processes.
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FIG. 3. ATI energy spectra in the molecule H,* aligned along the
x axis by bichromatic corotating circularly polarized laser pulses at
frequencies (2) w; = wp and w, = 2wy (w = 3wy/2) and (b) w; = wp
and w; = 3w, (0w = 2wy), with wy = 0.057 a.u. corresponding to 800
nm. The intensity and duration are Iy = 2x10'* W/cm? and T =
21.15 fs. The insets show the field vectors. Arbitrary units in ATI
spectra are used.

For comparison, we also present the ATI process of the
atom H. Figure 4 shows ATI energy spectra produced by
bichromatic w; = wp and w; = 2wy circularly polarized pulses
with counter-rotating [Fig. 4(a)] and corotating [Fig. 4(b)]
components. The other laser parameters are the same as those
used in Figs. 1-3. It is found that similar results are produced
for both counter-rotating and corotating processes, as for Hy™
in Figs. 1(a) and 3(a). The ATI energy spectra of Hy™ and H
show the maxima with the same kinetic energies, which reflects
the similar circular polarization electron trajectories by the
laser fields. After tunneling ionization, the liberated electron
does not significantly interact with the parention. Of note is that
we focus here on the low-order ATI spectra, i.e., the electron
is released directly from the atomic and molecular centers.
However, the liberated electron can also be driven back to the

(a) counter-rotating
9 T T T T T T T T T T T T
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0 T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
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FIG. 4. ATI energy spectra in the atom H by bichromatic w; =
wo and w, = 2wy circularly polarized laser pulses with (a) counter-
rotating component, ® = (w; — w;)/2 and w = (w; + w,)/2, and (b)
corotating component, @ = (w; + @;)/2 and and w = (v, — w1)/2.
The intensity and duration are Iy = 2x10'* W/cm? (E; = 0.0755
a.u)and 7 = 21.15 fs. Arbitrary units in ATI spectra are used.

parent ion, leading to high kinetic energies, as predicted by
Eq. (10). The rescattering electron that encodes the structural
information of the parent ions [55] therefore provides insight
into the coherent electron dynamics [56,57].

B. Four-frequency circular polarization
above-threshold-ionization processes

We present ATI processes in four-color circularly polarized
laser fields at different frequencies with the form

E(7) = Ei(t) + E2(t) + E3(¢) + E4 (1)
= Eo f(t){ex[cos(wit + ¢1) + cos(wat + ¢2)
+ cos(wst + ¢3) + cos(wat + ¢4)]
+ ¢,[sin(wit + ¢1) — sin(wat + ¢)
+ sin(wst + ¢3) — sin(wat + ¢pa)l}. (12)
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FIG. 5. (top) ATI energy spectra in the molecule H,* aligned
along the x axis by four-color circularly polarized laser pulses at fre-
quencies w; = wy, Wy = 3wy, w3 = 2wy, and wy = 4wy, where wy =
0.057 a.u. corresponding to Ay = 800 nm. The intensity and duration
are Iy = 2x10" W/cm? (Eg = 0.0755 a.u.) and T = 21.15 fs. The
CEPs are ¢, = 0, n = 1, 4. Vertical lines indicate the ATI energies
at 2Up1 and ZU],Z with Upl = (2E0)2/4a)2, w = (0)1 +a)2)/2, and
Up = 2Ep)? /40”, ' = (w3 + w4)/2. (bottom) The corresponding
angular and energy resolved ATI spectra. Arbitrary units are used.

In Fig. 5 we show the numerical result of ATI spectra for
the molecular ion H,™ aligned along the x axis by four-color
circularly polarized laser pulses. The pulse frequencies are
chosen as w; = wy (wavelength A; = 800 nm), w, = 3wy
(Ap = 266.7 nm), w3 = 2wy (A3 = 400 nm), and w4 = 4wy
(A4 =200 nm), where wy = 0.057 a.u. (Ap = 800 nm) is
the fundamental frequency. The pulse intensity Io = 2x 10
W/crn2 (Ey = 0.0755 a.u.) and duration T = 21.15 fs are
fixed. The carrier envelope phases (CEPs) ¢,, n = 1,4 are
always set as zero. Results show that two maximum peaks
are generated at energies 0.5 a.u. and 0.9 au. It is also
found that the ionization trajectories are strongly asym-

metric. The photoelectron is mainly localized around the
angles 270° £ 20°.

The multiple frequency circular polarization ATI spectra
in Fig. 5 are composed of double bichromatic circular po-
larization ionization processes. We next describe the four-
color laser-induced electron dynamics in a rotating frame.
In the presence of intense circularly polarized laser pulses
with different frequency-modulated envelopes f(#)cos(wt)
and f(¢) cos(w't), the field-molecule interaction Hamiltonian
is given, in the length gauge, by

Hp(t) = Hpi(t) + Hp2 (1)
= 2Ey f(t) cos(wt)[x cos(wt) + y sin(wt)]
+2Eq f(t) cos(o't)[x cos(@'t) + y sin(@'t)], (13)
where the two Hamiltonian terms are, respectively,
Hp (1) =1 - [Ei (1) + Ex(1)]
= Eof(t){x cos[(w+ ®)t] + ysin[(w + ®)t]}
+ Eo f (t){x cos[(w — @)t] — y sin[(w — @)1},
(14)
and

Hpy(t) =1 - [E3(t) + E4(2)]
= Eo f(t){x cos[(o' + & )t] + y sin[(w' + &")1]}
+ Eo f(t){x cos[(w" — &')t] — y sin[(w" — &')t]}.
(15)

Equation (13) demonstrates that two single circularly po-
larized pulses of frequencies @ and &' with envelopes
f(t)cos(wt) and f(t)cos(w't) modulated at frequencies
o and ®' correspond to four independent circularly po-
larized pulses of frequencies (w; =w — ®, W) = w + @)
and (w3 =o' — @', wy = + @) rotating in the (x,y)
molecular plane. Applying the unitary transformation 7 =
expli(® + @')tl, /2], a rotation in the (x, y) molecular plane
around the perpendicular z propagation direction gives the
Hamiltonian

H; (1) = 2Eq f(t) cos(wt){x cos[(@ — @)t /2]
+ ysin[(@ — @)1 /2]} + 2Eo f (1) cos(w't)
x {x cos[(@ — @)t /2] — ysinl(@ — @)t /21}. (16)

Equation (16) corresponds to two pulses of opposite helicity at
the frequency @ — @' and different modulations at frequencies
o and «o'. We consider the case with the same rotating
frequencies of the two counter-rotating pulses at frequency
combinations (w;, w;) and (w3, wy4), i.e., @ = @'. Then the
radiative Hamiltonian in Eq. (16) reduces to two linearly
polarized pulses,

H; =2xEyf(t)[cos(wt) + cos(w't)]. 17

Equation (17) shows generally that coplanar four-color w,,
n = 1,4, circularly polarized pulses in the rotating frame
correspond to two linearly polarized driving-field terms
2xEo f (t) cos(wt) and 2x Eg f () cos(w't ), in competition with
a rotation angular momentum term @/, or @'l (around the z
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axis) responsible for Coriolis forces, which do not commute
with each other because [, = —i[xd/dy — yd/dx].

From Egs. (13)—(17) we note that the total pulse is composed
of two counter-rotating circularly polarized pulse combina-
tions, in Egs. (14) and (15), i.e., a 800 nm and 266.7 nm
combination with a fourfold symmetry and a 400 and 200 nm
combination with a threefold symmetry. In the rotating frame,
the two linearly polarized driving fields 2E, f(#)cos(wt)
and 2E, f(t) cos(w't) give rise to cutoffs of ATI spectra at
energies 2U,; = 0.88 a.u.and 2U,; = 0.39 a.u., where U, =
(2Ep)*/40?, @ = (w1 + @n)/2and U,p = (2E)* /40, &' =
(w3 4+ w4)/2. These values correspond to the two ATI peaks
(green lines) in Fig. 5. Of note is that around the energy
2.2 a.u., a plateau of ATI spectra is produced as well. From
Eq. (17), the corresponding laser-induced electron velocity is
given by

sin(wt) — sin(wf,
(1) ( 0)+

) = —2E0|: sin(w't) — sin(w/to)]‘

w w’

(18)

The ionization processes induced by the linearly x polar-
ized field 2E, f(¢t)cos(wt) are modulated by the second
2Eo f(t)cos(w't) field. As predicted in Eq. (18), the two-
color direction ionization gives rise to a maximum cutoff
energy of x%(t)/2 =2.2 a.u., where fp =0 and t = 2n £
0.2)7 /wy. Therefore, the extension of the ATI cutoff spectrum
is produced, as shown in Fig. 5 (blue line). Moreover, the
two linearly x polarized driving fields 2E f(¢) cos(wt) and
2Eof(t)cos(w't) in Eq. (17) lead to a asymmetric net field.
Consequently, the total field-molecule Hamiltonian is not
periodic. Since ionization trajectories follow the total field
vector, asymmetric angular distributions of ATI are produced
in Fig. 5(b).

In Fig. 6 we display ATI spectra at different relative phases
¢ by four-color circularly polarized laser pulses. The CEPs
¢1 = ¢ = 0 are fixed and ¢3 = ¢4 are set at /2 [Fig. 6(a)]
and & [Fig. 6(b)], i.e., their relative phases are respectively
¢ = /2 and . From Fig. 6 one sees that the ATI spectra
are modulated by varying the relative phase ¢ between the
two field components in Egs. (14) and (15). At ¢ = /2
the ATI spectra around energies 1.5 a.u. are enhanced in
amplitude, and at ¢ = 7 an extension of ATI spectra is
obtained with energies 2.5 a.u. However, around the 2U
and 2U; cutoff energies, varying CEPs only gives rise to a
slight variance of ATI spectral amplitudes. The enhancement
of ATI spectra at high-energy regions illustrate the laser-
induced electron dynamics. In the rotating frame, for the two
linearly polarized fields, their relative phases will influence
the ionization processes by steering tunneling electrons. The
maximum energy of the electron wave packet is dependent on
the CEP of the driving pulses, leading to a modulation of ATI
spectra. Similar phenomena have been obtained in high-order
harmonic spectra by multiple-color laser pulses; see, e.g.,
Refs. [58,59].

In the present work we simulate ATI spectra by solving
TDSEs. Comparison of the results for the molecule H, ™ and the
atom H shows that Coulomb potentials play a minor role in the
low-energy (<2U,) ionization process. The low-energy ATI
spectra mainly result from direct ionization by the bichro-

singal intensity

singal intensity

T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

energy (a.u.)

FIG. 6. ATI energy spectra in the molecule H,* aligned along the
x axis by four-color circularly polarized laser pulses at frequencies
w; = wy, wy = 3wy, w3 = 2wy, and wy = 4wy, where wy = 0.057 a.u.
corresponding to Ag = 800 nm. The CEPs of pulses are (a) ¢ = /2,
e, =¢,=0and¢ps = ¢, =7/2,and (b) p = 7,i.e, ¢ =P =
0 and ¢35 = ¢4 = 7. The intensity and duration of pulses are Iy =
2x 10" W/cm? (Ey = 0.0755a.u.) and T = 21.15 fs. Arbitrary units
in ATI energy spectra are used.

matic circularly polarized laser pulses. The electron-ion
rescattering process is therefore negligible. Such processes
can also be reproduced by carrying out classical trajectory
Monte Carlo (CTMC) numerical simulations [25] with and
without Coulomb potentials. The ATI energy spectra reflect the
classical trajectories of the liberated electron by the linearly
polarized driving laser fields in the rotating frame. Of note
is that, during the ionization processes, the subcycle interfer-
ence effects of electron wave packets [19,20] can also lead
to more complex structure in the photoelectron momentum
distributions, as illustrated in Fig. 2. Such interference effects,
however, are absence in the results of CTMC [25]. The
interference patterns are shown to depend on the molecular
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geometry and orientation [60], which allows us to retrieve the
molecular orbital.

IV. CONCLUSIONS

We have studied molecular ATI processes in aligned Hy™
by using multiple-frequency circularly polarized laser fields.
Photoionization obtained from numerical solutions of corre-
sponding TDSEs shows that ATI spectra exhibit maximum
cutoff energies which depend on the frequency combinations of
pulses. We first consider bichromatic w; and w; circular polar-
ization processes with co- and counter-rotating components. It
is found that, for counter-rotating cases, the maximum 2U , cut-
off occurs, where the ponderomotive energy U, = (2Eg)? /4w?
with the average frequency w = (w; + w;)/2. However, for
corotating cases, the cutoff of ATI spectra is suppressed, which
is attributed to the strong effects of the Coriolis force in a
rotating frame with frequency @ = (w1 — w,)/2, larger than
w. The angular ATT spectra correspond to the photoionization
trajectories, illustrating the symmetry of the net laser field. We
also present four-color ATI processes. In the rotating frame,

the field-molecule Hamiltonian corresponds to a bichromatic
linear polarization process. The pulse modulation thus leads to
an extension of ATI spectra.

The present demonstration in principle paves the way
to control ultrafast electron dynamics by multiple-frequency
circularly polarized laser pulses. The dependence of the
photoelectron trajectories on the frequency combination and
helicity of ionizing laser pulses allows us to characterize the
property of laser pulses and probe atomic and molecular struc-
ture by photoelectron holography [19,20]. Although a simple
single-electron molecular ion H,™ is used, similar electron
dynamics phenomena should be predicted in more complex
molecules [36,45,61,62], thus opening an opportunity for
structure determination of molecules from the measurements
of ATI processes.
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