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We derive the analytical formula of the ratio of the ionization rates of degenerate valence 7. orbitals of
prealigned linear molecules in strong circularly polarized (CP) laser fields. Interestingly, our theory shows that
the ionization ratio for molecular orbitals with opposite azimuthal quantum numbers £|m| (e.g., 7+ ) is identical
to that for atomic orbitals with the same +|m| (e.g., p+). In general, the electron counter-rotating to the CP laser
field tunnels more easily, not only for atoms but also for linear molecules. Our theoretical predictions are then
verified by numerically solving the three-dimensional time-dependent Schrodinger equation for the ionization
of the prealigned nitric oxide (NO) molecule in strong CP laser fields. Due to the spin-orbital coupling in the
electronic ground state of NO and the sensitivity of ionization to the sense of electron rotation, the ionization
of NO in CP fields can produce spin-polarized photoelectrons with high controllability of spin polarization up

to 100%.
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I. INTRODUCTION

In the late 1960s, the theory of nonadiabatic tunnel
ionization of atoms in strong laser fields was developed. In
this theory for short-range potentials, known as PPT theory,
the analytical expressions of the ionization rates were derived
for all atomic valence orbitals in linearly polarized laser
fields as well as for nondegenerate s valence orbitals in
circularly or elliptically polarized laser fields [1-3]. A few
years ago, the theory has been extended to obtain analytical
expressions of the ionization rates for degenerate valence p
and py orbitals in strong circularly polarized (CP) laser fields
[4,5]. This theoretical result provides better understanding of
the ionization of valence atomic p orbitals of noble gas in
strong CP laser fields. While the ionization of p, orbitals
is suppressed very well due to the destructive interference
from two phase-opposite lobes, the theory predicts that
the electron counter-rotating to the CP laser field tunnels
easier than the co-rotating electron. For example, for right
CP laser fields, the ionization of the current-carrying p_
orbital is preferred over the oppositely current-carrying p.
orbital. This prediction has been partially confirmed by the
sequential double ionization experiment [6,7] and verified by
numerical calculations by solving the two-dimensional (2D)
time-dependent Schrodinger equation (TDSE) [8]. However,
for very strong and low-frequency laser fields, the ionization
preference can be changed. This effect has been explained
by using the three-level model of Floquet theory, where the
adiabatic laser-dressed orbitals play an important role [8]. It
has also been shown that nonrelativistic strong-field tunnel
ionization of the valence p shell can produce spin-polarized
photoelectrons [9]. It is due to the spin-orbit couplings in the
ionic states P3;; and Py of noble gas and the sensitivity of
ionization to the sense of initial electron rotation. However,
due to fourfold degeneracy of the ionic ground state P32, spin
polarization of photoelectrons can reach only up to 50%.
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In this work, we develop the theory of tunnel ionization
of prealigned linear molecules possessing degenerate orbitals
in strong CP laser fields. Electronic ring currents in excited
degenerate y orbitals of prealigned linear molecules can be
prepared by weak CP laser pulses; see Refs. [10,11]. Here, we
investigate ionization of current-carrying valence w4 orbitals
of nitric oxide (NO). Since NO has only one electron in the
valence 7 shell, the electronic ground state |I1.) is doubly
degenerate. Based on our experience that the counter-rotating
electron in atoms tunnels more easily, we expect that this
interpretation is also valid for degenerate molecular orbitals,
i.e., the ionization of the prealigned m_ orbital is in general
preferred over m; in strong right CP laser fields. With
some thoughts about conservation of the z component of
the electronic angular momentum, we derive the ratio of the
ionization rates of valence 7t orbitals. Furthermore, we derive
the improved formula of the ionization ratio for very strong
and low-frequency laser fields, by setting the Floquet wave
function as the initial wave function in the derivation of the
formulas of the ionization rates. To test the validity of our
theory, we perform three-dimensional (3D) TDSE for the
tunnel ionization of the prealigned NO in strong three-cycle
CP laser pulses.

In contrast to noble gas atoms where the ground state is
nondegenerate and the ionic state is degenerate, the electronic
ground state of NO is degenerate and has spin-orbit coupling. It
splits into two doubly degenerate states [I1;,,) and |I13,,) with
energy splitting of about 120cm™~"'. The ground state |IT;,,)
has two possible electron configurations nf_ and 7' . Because
we expect that ionization rates for m; and m_ molecular
orbitals are different, we predict that nonadiabatic strong-field
tunnel ionization of NO can produce photoelectrons with spin
polarization up to 100% thanks to the lower degeneracy of
molecular orbitals compared to that of atomic p3/, orbitals.

This paper is organized as follows. In Sec. II, we derive
the analytical formula of the ratio of the ionization rates of
valence . orbitals of prealigned molecules in strong CP laser
fields. In addition, we derive the improved formula for very
strong and low-frequency laser fields, using the three-level
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model of Floquet theory. In Sec. III, we perform 3D TDSE for
ionization of NO in strong CP laser pulses with different laser
amplitudes and laser wavelengths. In Sec. IV, we discuss the
results of our theoretical and numerical calculations and show
that highly spin-polarized photoelectrons can be produced.
Section V concludes this work.

II. THEORY

As already shown in the theory of nonadiabatic tunnel
ionization of atoms for short-range potentials in strong
continuous wave (cw) laser fields (PPT theory) [1-3], the form
of the wave function in the asymptotic region is essential for
calculation of the ionization rate of the atomic valence orbital.
For short-range potentials, the wave function in spherical
coordinate representation r = (r,6,,¢,) asymptotically far
from the atomic core is [1,5]

e
Yim(6r .91, 6]

Kr

@im(r = 00) = Cyic®/?

with the constant C,;, depending on ¥ = /21, or ionization
potential /, and total angular momentum quantum number /
as well as details of the potential near the atomic core. For
atoms, the azimuthal or magnetic quantum number m is also a
good quantum number, therefore asymptotic wave functions of
valence atomic orbitals are characterized by quantum numbers
le Ngandm =—-I[,—-l+1,...,[ —1,1.

Since linear molecules prealigned along the z axis (here
propagation axis of the CP laser field) have no spherical
symmetry, the quantum number / is no longer a good quantum
number, whereas the magnetic quantum number m is still a
good quantum number, because the z component of the angular
momentum operator commutes with field-free Hamiltonian for
linear molecules. Thus, the wave functions of valence orbitals
of prealigned linear molecules are then characterized only by
the quantum number m € Z. As suggested by Tong et al.
[12], see also Ref. [13], and in case of short-range potentials,
the asymptotic wave function with given magnetic quantum
number m for linear molecules can be expressed as linear
combination of Eq. (1),

1 00
P = 00) = — @i (T — 00) )
= e_r Z CKIYZI71(97'9¢7‘)7 (3)
I=|m|

where the sum is over / ranging from |m| to infinity. The
real coefficients C,; for valence orbitals of linear molecules
are fitted such that the asymptotic wave function is similar to
the exact wave function of linear molecules in the asymptotic
regime. These coefficients for some linear molecules beyond
short-range potentials are listed in Refs. [12,13].

Using spherical harmonics,

20+1(1 —m)! .
Yim(6r.8r) = || T% P/"(cos0,)e™ . (4)
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and the relation for associated Legendre polynomials,

( —m)!

P (cosB) = (—l)mm

P/"(cos0), 5)

we obtain from Eq. (3) for m = |m|
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and for m = —|m|,
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The additional factor (—1)"™! for negative m is not important,
since it changes only the sign of the whole wave function for
odd m and it does not affect the ionization rate. In partic-
ular, the probability of the n-photon process (see Ref. [5]),
depends on the magnitude of the wave function in momentum
representation and the factor (— 1)"! then vanishes.

The only one difference between asymptotic wave functions
for positive and negative m is the exponent e/”"?r, that is already
factored out in Egs. (6) and (7), whereas the sum of terms over /
does not depend on the sign of m. We note that in the spherical
momentum representation v = (v,6,,¢,), the probability of
the n-photon process depends on |e/™#=|2 where v4(t;) is
the initial electron velocity at the complex ionization time #;
for the right (4) or left (—) CP laser field [5]. Because ¢
and thus ¢, (#;) are complex, the magnitude of this exponent
is not equal to 1. Therefore, the ionization rate is different
for positive and negative m for given circular polarization. It
has been predicted and verified by numerical calculations for
degenerate atomic orbitals in strong CP laser fields [4,5,8],
that the tunnel ionization of the counter-rotating orbital with
respect to the circular polarization of the laser field is preferred.
For example, the p_ electron tunnels more easier than the p,
electron in the strong right CP laser field.

Of course, the ionization rates for atomic and molecular
orbitals are different because the atomic wave function has
only one / component [Eq. (1)] whereas the wave function of
the linear molecule has many / components [Eq. (3)]. However,
since the wave functions for positive and negative m in Egs. (6)
and (7) except for the exponent e/*% are identical not only
for atoms (with only one / component) but also for linear
molecules, we predict that the ratio of the ionization rates of
degenerate orbitals with opposite =|m| are identical for atoms
and linear molecules. It can be verified by straightforward
derivation of the ionization rates of degenerate orbitals by
using the general asymptotic wave function for short-range
potentials [Eq. (3)] in exactly the same way as the derivation in
Ref. [5]. The analytical expression of the ratio of the ionization
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rates of degenerate orbitals with m = +£1 is [4,5,8]
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where w!] is the ionization rate for right (+) or left (—)
circular polarization and for positive (m = +1) or negative
(m = —1) magnetic quantum number. In Eq. (8), y is the
Keldysh parameter,

y = V2. ©)

with the electric field amplitude £ and laser frequency @ of
the cw CP laser field and ¢y(y) > O is the solution of the
transcendental equation,

2 2 1 2 2
arctanh S0+ )/2 = S+ J/2 . (10)
I+y 1=V 1+y

We emphasize that the result [Eq. (8)] is not only for atoms
but also for linear molecules, where m = =1 is the magnetic
quantum number for atoms or linear molecules, in general for
systems having at least cylindrical symmetry. In particular,
the ionization ratio Ry depending on circular polarization
(%) for linear molecules is the same as for atoms. Thus, the
analytical expression of the ratio of the ionization rates of
m_ and m, molecular orbitals (m = £1) and the ratio of the
ionization rates of p_ and p, atomic orbitals (m = 1) is
identical for short-range potentials and cw CP laser fields.
This interpretation can be generalized for other orbitals with
|m| > 1, for example, the ionization ratios for §_ and &,
molecular orbitals and for d_ and d, atomic orbitals are
identical, and so on. We note that in this derivation as in
the PPT theory the ratio of ionization rates of orbitals with
opposite +|m| do not change if adiabatic effects of the long-
range Coulomb potential are included [3,14,15]. However, we
neglect nonadiabatic Coulomb effects, which can be ignored
for small y; for more details see Ref. [15].

Finally, for very strong laser fields and low laser frequencies
(small y), degenerate atomic and molecular orbitals modify
adiabatically prior to tunnel ionization. As already shown by
numerical calculation for atomic orbitals and explained by
the three-level model of Floquet theory [8], the preference of
tunnel ionization is changed in the regime of small y, i.e., the
co-rotating electron tunnels easier than the counter-rotating
electron. In particular, for strong and low-frequency right CP
laser fields, the field-free atomic p; and p_ orbitals modify
adiabatically to laser-dressed pj and p orbitals, where p; and
p. orbitals are aligned along and perpendicular to the rotating
electric field vector, respectively. Since the ionization of the
p orbital is preferred over p | , the ionization of the atomic p.
orbital is thus preferred in the regime of small y. We figure
out that the theoretical results for laser-dressed atomic orbitals
can be used for laser-dressed orbitals of linear molecules, since
only the value of the magnetic quantum number m (same for
atoms and linear molecules) is essential for ionization in strong
CP laser fields.

As suggested in Ref. [8], the periodic Floquet wave function
goim(r,t) for given circular polarization (£) and magnetic
quantum number m = %1 can be expressed as superposition
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of field-free nondegenerate (first excited) ¢o(r) and degenerate
valence ¢,,(r) orbitals as

gl):lllz,m(r) = bg:,m(/)O(r) + bl_’m(er(l‘)e:Fiwt —+ b;,,,,gof(r)ei""”_
(11)

To calculate the numerical values of quasienergies Ef , and
real coefficients boi’m bim and by ,,, we need values of field-
free eigenenergies Ey, E,, of these three orbitals, dipole matrix
element D = (@o|r|p;) = D(e; +ie,), laser amplitude &,
and laser frequency w. The corresponding formulas are given
in Ref. [8]. We note that the coefficient 59 ,, is negligible,
i.e., the distortion of the wave function is small, whereas
the alignment of the wave function determined by large
coefficients bim plays an important role [8]. We can neglect
by, for the derivation of the ionization rate, but the dipole
moment D from ¢, and ¢ is necessary because it determines
bi,.

Using the Floquet wave function [Eq. (11)] in the asymp-
totic regime (pim(r — 00) as the initial wave function for
m = =£1 prior to tunnel ionization, we derive the ionization
rates for laser-dressed valence orbitals of atoms or linear
molecules. The derivation of the ionization rates is straightfor-
ward as in Ref. [5] and we here omitted the long derivation. The
final result for the ratio of the ionization rates of adiabatically
modified orbitals with m = %1 is

oF _ wi™ (b;_ +b;,_./_Ri>2
Sowht o \bl, bl VRE)

(12)

where w}™ is the corresponding ionization rate including
the three-level model of Floquet theory. For large Keldysh
parameters y, the modified ratio Ri becomes Ry, because
bi,_ - 0,01 _ — 1, bi,+ — l,and by , — 0;see Ref. [8].

III. NUMERICAL CALCULATION

In order to verify the prediction of our theory, we choose
the NO molecule and perform ab initio calculations of the
ionization of NO in strong CP laser pulses. The linear
molecule NO is a suitable candidate for our study because the
highest occupied molecular orbitals (HOMO) are degenerate
7 orbitals and the ground state | X 2IT..) is doubly degenerate.

To date, the exact numerical solution of the 3D TDSE for
a molecule with multiple electrons in strong laser fields is
unfeasible. But, since the valence shell of the NO molecule
consists of only one electron, it is reliable to apply the single
active electron (SAE) approximation to the interaction of the
NO molecule with the laser field. In numerical calculations,
the molecule is prealigned along the z axis of the Cartesian
coordinate system and the CP laser field is propagated along
the molecular axis (see Fig. 1). The length-gauge 3D TDSE
for the single-electron wave function, ¥ (r,t) = ¥ (x,y,z,t), in
the dipole approximation is given by (atomic units are used
unless stated otherwise)

9 V2
e W(r,t) = [—7 + Ver(r) +r - E(t)]\l'(r,t), (13)
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z (a.u.)

FIG. 1. (a) Current-carrying valence 2m_ orbital of NO. The
contour surface of the degenerate orbital is color coded (grayscale
coded) by the phase of the wave function. The vertical blue line
indicates the molecular axis and the thick red arrow on the bottom the
clockwise (—) electron rotation. (b) Electric field of the right (+) CP
laser pulse (thick green curve) and its projection (thin red curve on
the bottom) with the arrow showing the anticlockwise (+) rotation of
the electric field vector.

with the effective potential of the form [16],

Z Zi(Ir =) (14)
k= 12\/ r_rk|2+ak

where k = 1 and k = 2 label the nuclei N and O at its fixed
positions r; = (0,0,—Rno/2) and r; = (0,0, Rxo/2) with the
internuclear equilibrium distance of NO, Rno = 2.173 a.u.
The position-dependent core charge with respect to the kth
nucleus Z;(|r — r¢|) is given by [17]

Vere(r) =

Zi(r) = Zyo + Zk,1€7r2/akz" + Zk,zefrz/a"z'z, (15)

where r = |r — 1| is the distance from the kth nucleus to the
valence electron in the 3D space. The parameters, a; in Eq. (14)
as well as Z; , (p =0,1,2) and 0y, (¢ = 1,2) in Eq. (15),
are chosen to adjust the energies of the ground | X *I1.) and
the first excited |A2X ™) states of NO. The values of these
parameters have been adjusted and are listed in Table I. In
our SAE model of NO, the numerically calculated energies of
the ground and the first excited states are Ejx>r,) = Eor, =
—1, =—0.340a.u. and Ej 25+, = Eg;, = —0.132a.u., that
coincide with corresponding experimental energies of NO.
The electric field of the CP laser pulse is given by

E. (1) = £ sin’ <%>[cos(a)t)ex +sin(wt)e,],  (16)

where £,w,n, and T = 277 /w are the electric field amplitude,
the laser frequency, the number of laser cycles, and the period
of one laser cycle, respectively. The sign 4 denotes the right
(+) or left (—) circular polarization.

TABLEI Values of the parameters used for the effective potential
of NO.

k ai Zio Zia V%) Ukz,l o0,
N 1 1.7575 0.543 6.867 —0.41 2.1054 2000
(0] 2 1.8758 0.457 7.943 —0.40 1.8454 2000

PHYSICAL REVIEW A 94, 043402 (2016)

The procedure to solve 3D TDSE numerically follows
generally the method introduced in Ref. [18]. However, when
applying the Crank-Nicolson method [19], we use a fourth-
order (instead of second-order) central difference method
for the space derivative of the discrete wave function [20],
whereas we use a second-order central difference method
for the time derivative. By doing this, the accuracy reaches
O((As)*) + O((At)?), which is greatly higher than the accu-
racy O((As)?) + O((A1)?) of the widely used second-order
central differencing scheme in the Crank-Nicolson method,
where As and At are space-step and time-step sizes, respec-
tively. This improvement is important for accurate numerical
calculations and useful for situations where large space-step
size has to be adopted due to limited computer capabilities.

In our calculation, the time-dependent wave function is
discretized on a 3D grid which ranges both for x and y from
—100.7 to 100.7 a.u. and for z from —40.7 to 40.7 a.u. The
grid has 1008 x 1008 x408 grid points with the same space-step
size of As = 0.2 a.u. for all space coordinates. The time-step
size for the evolution of the wave function is At = 0.02a.u.
The initial stationary wave functions of the 27, and 2m_
orbitals of NO are obtained by imaginary-time propagation
and orthogonalization under symmetry conditions with respect
to the azimuthal quantum number m = +1.

In the real-time propagation, we have employed the cos!/4-
masking function to absorb the outgoing wave packet. The
time-dependent ionization yield and the depletion of the
initial state are calculated as Y (¢) = 1 — (W(r,1)|¥(r,¢)) and
D) =1— |[(¥(r,n)|¥(r,0)) %, respectively, where W(r,0) is
the initial wave function, i.e., the wave function of the 27, or
27 _ orbital. After the pulse is off, the field-free evolution of the
wave function is continued until the ionization yield and the
depletion become time independent. In order to compare final
ionization yields Y4 and depletions Dy between two initial
2m, orbitals, we calculate corresponding ratios Ry = Y_/Y,
and Rp = D_/D, numerically.

The numerical calculations have been tested for conver-
gence by decreasing time- and space-step sizes and increasing
the grid size. Thanks to the high accuracy of the improved
numerical method, the results do not change significantly for
smaller time- and space-step sizes and larger grid sizes.

IV. RESULTS AND DISCUSSION

In numerical calculations of the present work, a three-cycle
(n = 3) right CP laser pulse is used for the ionization of
the valence 2w, and 27_ orbitals of NO starting from the
degenerate electronic ground state |X 2IT1.). These initial
orbitals carry opposite stationary electron ring currents about
the molecular axis. Figure 1 presents the valence 27_ orbital
of NO and the electric field of the right CP laser pulse. For
the right CP laser field, the electron of the 2mw_ orbital is
counter-rotating with respect to the circular polarization of the
laser field, as indicated by arrows on bottoms of Fig. 1, while
the electron of the 2, orbital is co-rotating.

After solving the 3D TDSE numerically, we calculate the
ratios of the ionization yields Ry and depletions R between
two initial 21 orbitals for six different laser wavelengths
A = 400 nm, 500 nm, 600 nm, 800 nm, 1200 nm, and 1600 nm
and four different electric field amplitudes £ = 0.05a.u.,
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FIG. 2. Ionization ratios Ry = Y_ /Y, (full markers) and Rp =
D_/D, (hollow markers) between two initial 27, orbitals of
prealigned NO in a three-cycle right CP laser pulse, obtained from
3D-TDSE numerical calculations. The analytical ionization ratios
R, [Eq. (8)] based on the PPT theory (dash-dotted curves) and R i
[Eq. (12)] including the three-level model of Floquet theory (solid
curves) are also shown. The electric field amplitudes are £ = 0.05 a.u.
(a), 0.07 a.u. (b), 0.09 a.u. (c), and 0.11 a.u. (d). The markers from left
to right in each panel correspond to laser wavelengths A = 1600 nm,
1200 nm, 800 nm, 600 nm, 500 nm, and 400 nm.

0.07 a.u., 0.09 a.u., and 0.11 a.u., corresponding to laser in-
tensities / = 1.76x10'* W/cm?, 3.44x 10 W /cm?, 5.69 x
10" W/cm?, and 8.50x10'*W/cm?. Figure 2 depicts nu-
merical results of the ionization ratios Ry and Rp as a
function of the Keldysh parameter y [Eq. (9)]. It shows
that Ry and Rp agree very well except for 400 nm (the
rightmost markers in four panels of Fig. 2). We will show later
that this deviation is due to the transient resonant excitation
from the ground |X 2I1.) state to the first excited |A2X™)
state of NO.

For comparison, the ratios of the ionization rates for right
CP laser fields R, [Eq. (8)] based on the PPT theory are
shown as dash-dotted curves in Fig. 2. It shows that the results
obtained from the PPT theory agree in general with numerical
3D-TDSE results. However, two important deviations are
observed: (i) As the Keldysh parameter y decreases, the
3D-TDSE ratios become smaller than the PPT ratios and
can be even smaller than 1 [see Fig. 2(d)], indicating that
the tunnel ionization of the co-rotating orbital for small y
becomes preferred. (ii) As the laser wavelength decreases,
the numerically calculated 3D-TDSE ratios become larger
than the PPT ratios and the deviation is most significant for
A =400nm. It is due to two assumptions in the PPT theory
that could lead to these deviations between theory and ab initio
calculations: (A1) The initial rotating orbital prior to tunnel
ionization is assumed to be field-free bound orbital and (A2)
the electronic excitation to excited states is neglected.

It has been shown that the rotating atomic 2p, orbitals
can be significantly modified by strong and low-frequency CP
laser fields and become the so-called laser-dressed orbitals
[8]. It leads to the change of the ionization preference of the
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FIG. 3. Snapshots of the electron probability densities at r =
1.5 T for the initial 27, (left column) and 27 _ (right column) orbitals.
The arrows indicate the direction of the instantaneous electric field
vector. The wavelength of the three-cycle laser pulse is A = 1600 nm
and the electric field amplitudes are £ = 0.05a.u. (top row) and
0.11 a.u. (bottom row).

atomic 2 p orbitals. In order to understand whether and how
the laser-dressed w4 orbitals of linear molecules would affect
the ionization ratio, we present in Fig. 3 four snapshots of
the electron probability densities | (r,)|? for both the initial
valence 274 orbitals of NO and for two different 1600-nm laser
pulses with £ = 0.05 a.u. and £ = 0.11 a.u. The snapshots in
Fig. 3 are taken at t = 1.5 T, where the electric field reaches
its maximum and the instantaneous electric field vector is
directed in the negative x direction. For the laser pulse with low
intensity, there is no obvious modification of the 27 orbitals
by laser fields. Thus, the PPT theory still works well within
the assumption (A1l). However, for the laser pulse with high
intensity, we can see that the 27 orbitals are strongly modified
by laser fields. The 27 orbital is adiabatically modified to the
laser-dressed 2 orbital and it is aligned along the electric
field vector [Fig. 3(c)], making the electron tunnel more easily.
In contrast, the 2w_ orbital is adiabatically modified to the
laser-dressed 2 orbital and it is aligned perpendicularly to
the electric field vector [Fig. 3(d)], leading to the ionization
suppression of the 27_ orbital. The ratios of the ionization
yields Ry and depletions R are therefore reduced for strong
and low-frequency CP laser fields, not only for atoms [8] but
also for linear molecules.

To account for the ionization ratio of laser-dressed orbitals,
we have improved our theory by including the three-level
model of Floquet theory, i.e., by setting the Floquet wave
function [Eq. (11)] as the initial wave function prior to tunnel
ionization in the derivation of the formulas of the ionization
rates in the PPT theory. The improved analytical result for the
ionization ratio for atomic or molecular orbitals with m = %1
is given in Eq. (12). For 274 orbitals of NO, this improved
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FIG. 4. Transient excitation probabilities from the valence 2w
(a) or 27_ (b) orbital to the first excited 60 orbital of NO for different
laser wavelengths. The field amplitude is £ = 0.07 a.u.

result (PPT+Floquet theory) is presented as solid curves in
Fig. 2. Comparing this improved result with the original result
(PPT without Floquet theory) presented as dash-dotted curves
in Fig. 2 clearly shows that after considering the Floquet theory
for laser-dressed orbitals, the numerical 3D-TDSE results are
very well predicted by our improved theory (PPT+Floquet
theory) for small y.

Next, we will discuss the deviation of the ionization
ratios for short laser wavelengths. One obvious tendency
shown in Fig. 2 is that, as the laser frequency increases,
the numerically calculated ratios become significantly larger
than the theoretical ratios. Though the similar phenomenon
was also observed for atomic 2p4 orbitals [8], the underlying
mechanism was not clear yet. Here, we will show that such
deviation is due to the assumption (A2) of the PPT theory.
In Fig. 4, we present the transient excitation probabilities
[(W(r,t)|We, (r))|> from the valence 2wy orbital to the first
excited 60 orbital W, (r) during the interaction of NO with
the right CP laser pulse for different laser wavelengths. It
corresponds to the excitation from the ground |X *T1..) state
to the first excited |A 2X %) state in the SAE approximation. It
shows that the magnitude of the excitation probability for the
2m, orbital decreases with decreasing the laser wavelength,
while the tendency is just opposite for the 2w_ orbital. Note
that the same wavelength-dependent excitation tendencies for
other laser intensities are also observed in our numerical
calculations. Since the electronic excitation enhances the
ionization yield (due to lower ionization potentials of excited
states), the opposite dependencies of the transient excitation
on the laser wavelength shown in Fig. 4 indicate that for
short laser wavelengths the electron of the 2m_ orbital
after transient excitation is more easily removed than that
of the 2w, orbital. Therefore, the effect of the transient
excitation on subsequent ionization, that is unfortunately not
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considered in the PPT theory, further enhances the ionization
ratio between 2wy orbitals, leading to the deviation between
numerical 3D TDSE and theoretical PPT results for short laser
wavelengths.

Furthermore, Fig. 4(b) shows the anomalous transient
excitation of the 60 orbital for the interaction of the 2mw_
orbital with the 400 nm right CP laser pulse. The corresponding
transient excitation probability is significantly larger than
others. This enhancement could arise from the resonant
excitation from the 27 _ orbital to the excited 60 orbital of NO.
Although the corresponding orbital energies are separated by
about 220 nm and maybe modified by Stark effect, the broad
bandwidth of the few-cycle strong laser pulse could make this
resonant excitation possible; cf. Ref. [21]. After the laser pulse
is off, a part of the wave function for the initial 2;7_ orbital and
for 400-nm laser pulses remains in the excited orbital 6o, that
leads to the obvious deviation between the numerical ratios
of the ionization yields and depletions between initial 271
orbitals, as shown in Fig. 2.

So far, we have shown that the ionization in CP laser
fields is sensitive to the sense of electron rotation not only for
atoms but also for prealigned linear molecules. Such sensitivity
indeed offers the opportunity to produce highly spin-polarized
photoelectrons and ions; cf. Ref. [9]. In the presence of
spin-orbit coupling, the electronic ground state |X 2IT1.) of
the NO molecule is split into two doubly degenerate states, the
energetically lowest | X *I1;,) and excited |X *I13),) states,
separated by about 120cm™' (0.015 eV). The |X *I1;,,)
state has two possible valence electron configurations 27!
(mj =—1/2) and 271}_ (m; = 1/2), whereas the |X21'I3/2)
state has two other possible valence electron configurations
27t (m; = —3/2) and 2711 (m; = 3/2). According to results
shown in Fig. 2, the electron from the 277 _ orbital tunnels more
easily for moderately strong right CP laser fields. Starting from
the electronic ground state | X 217, ,2), the electron from the

valence 277" spin orbital is therefore more easily removed than

that from the 2ni spin orbital. It results in the generation of
the large amount of spin-up photoelectrons. Similarly, starting
from the | X *I15 /2) state, the electron from the valence 2t
spin orbital is more easily removed and it yields the large
amount of spin-down photoelectrons. Compared to the spin
polarization up to 50% produced from fourfold degenerate
lowest ionic states |X 2P3/2) of noble gas atoms [9], lower
degeneracy in linear molecules can cause effective control of
spin polarization of photoelectrons and molecular ions up to
100%. Figures 5(a) and 5(b) depict the spin polarizations of
the photoelectrons as a function of Keldysh parameter y for
the initial |X T1y/2) and |X ?I15,) states driven by right CP
laser pulses, calculated as

1—R

Pip = “Trr 17
1—R

P3p = +1+—R’ (18)

where R is the ionization ratio (R, R f ,Ry,Rp), respectively.
The numerical results agree well with theoretical results. It
shows that the spin polarization can be manipulated by varying
the laser frequency and the laser intensity. In principle, up to
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Spin polarization

Spin polarization

Keldysh parameter

FIG. 5. Spin polarization of the photoelectron induced by strong-
field tunnel ionization of the electronic | X 2I1;») (a) and | X *I15,2) (b)
states of NO. The positive and negative values of the spin polarization
indicate dominant amounts of spin-up and spin-down photoelectrons,
respectively. The different curves and markers are the same as used
in Fig. 2.

100% spin polarization can be achieved in the experiment via
energy separation of the electronic |X 21;,,) and |X 2T15)
states of NO.

Without considering the spin-orbit splitting, the degenerate
ground |X 2IT.) state of NO consists of 50%|X 2I1..) state
(2m, orbital) and 50% |X>I1_) state (27— orbital). To
investigate the dependence of the tunnel ionization of NO
on the initial current-carrying 2m, and 27_ orbitals in the
experiment, we propose one possible scheme to select the
2w, or 2m_ orbital of prealigned NO. Here, we focus
on the detail for the selection of the 27, orbital, i.e., the
selection of the |X >TT,) state. A relatively weak and long
right CP laser pulse with the photon energy equal to the
energy gap between the ground | X *I1.) and the first excited
|A2X+) states propagates along the axis of the NO molecule.
By electric dipole transition, the 2w_ orbital is resonantly
excited to the excited 60 orbital by absorbing one photon.
This 60 orbital is subsequently ionized by absorbing a second
photon. In contrast, due to the weakness of the electric field
and the selection rules for electric dipole transitions, the other
2m, orbital cannot be excited and ionized. It indicates that the
degenerate | X 21'14_) (or | X 2T1_)) state can be selected and the
initial direction of the electron rotation of the selected 277, (or
2m_) orbital is known.

V. CONCLUSIONS AND OUTLOOK

In the present paper, we have derived the analytical formula
of the ionization ratio between degenerate valence molecular
s+ orbitals of prealigned linear molecules in strong CP laser
fields. It was derived based on the PPT theory and then
improved by using the three-level model of Floquet theory to
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account for the correct description of the nonadiabatic tunnel
ionization of laser-dressed orbitals in strong and low-frequency
laser fields. In particular, we have shown that the analytical
expressions for the ionization ratio for atomic and molecular
orbitals with opposite magnetic (azimuthal) quantum numbers
m = %1 are equal, i.e., the ratio of the ionization rates of
atomic py and molecular 7. orbitals depending on Keldysh
parameter y are equal.

We have also verified our theoretical predication by
performing numerical 3D-TDSE calculations within the SAE
approximation for ionization of the valence molecular 21
orbitals of the prealigned NO molecule. In fact, the numerical
results agree very well with theoretical PPT results. Two
observed deviations between these results for relatively strong
and low-frequency laser fields and for high-frequency laser
fields were also discussed in this paper. In particular, for
strong and low-frequency laser fields, the deviation is due
to adiabatically modified (laser-dressed) orbitals prior to
tunnel ionization that can cause the change of the ionization
preference of degenerate atomic and molecular orbitals. Using
PPT+Floquet theory, the numerical results for strong and
low-frequency laser fields agree well with theoretical results
for ionization of laser-dressed orbitals. For high-frequency
laser fields, we have analyzed the excitation probabilities of
the excited 60 orbital of NO and shown that the deviation
between numerical and theoretical results comes from the
transient resonant excitation from 2z_ (in case of right circular
polarization) to 60 orbitals and subsequent ionization of the
60 orbital.

Finally, due to spin-orbit coupling of the electronic ground
state | X 2T1.) of NO, that splits into two doubly degenerate
|X 2T1y ) and |X 2TI3,,) states, and due to ionization prefer-
ence of the counter-rotating orbital with respect to the circular
polarization of the laser field, highly spin-polarized (up to
100%) photoelectrons can be produced by nonadiabatic tunnel
ionization of the |X 2I1;/2) or |X ?T15,) state. Furthermore,
the spin polarization depends sensitively on the electric field
amplitude and the frequency of the CP laser field.

In the near future, we will analyze 3D photoelectron
momentum distributions (PMD) for electrons removed from
valence 27y orbitals of NO in strong CP laser pulses. We
expect that the angular shifts in PMDs are different for
oppositely current-carrying molecular 1 orbitals (see Ref.
[22] for atomic py orbitals) and the direction of the initial
electronic ring currents of the molecular 77 orbitals could be
detected in attoclock experiments; cf. Refs. [23,24]. Note that
the strong-field tunnel ionization imaging of photoexcitation of
NO has been already demonstrated in the experiment [25]. In
addition, we will also analyze momentum- and angle-resolved
spin polarization of photoelectrons from NO. Very recently,
spin-polarized photoelectrons produced by tunnel ionization
of noble gas in strong bichromatic or monochromatic CP laser
pulses have been found in the theory and in the experiment
(see Refs. [26] and [27]), respectively. We also expect nonzero
spin polarization of photoelectrons from degenerate orbitals
of nonaligned linear molecules. The effect of nonalignment on
spin polarization will be analyzed in detail soon. Finally, our
next goal is to investigate nonadiabatic tunnel ionization of
degenerate e, orbitals of ring-shaped molecules (for example,
benzene) in strong CP laser fields.
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