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Spin-polarized photoelectrons produced by strong-field ionization of randomly
aligned nitric oxide
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ABSTRACT
We investigate the effect of the molecular alignment of nitric oxide (NO) on nonadiabatic tunnel
ionization of degenerate valence π± orbitals in strong circularly polarized laser fields and on spin
polarization of photoelectrons. Our numerical study shows that not only for the alignment parallel
to the laser propagation axis [Liu, K.; Barth, I. Phys. Rev. A 2016, 94, 043402] but also for arbitrary
alignment angles except for perpendicular alignment, the counter-rotating molecular orbital with
respect to the circular polarization of the laser field projected on the plane perpendicular to the
molecular axis is ionized more easily. Due to the nonadiabatic effect and the nodal structure of the
valence 2π± orbitals of NO, the ionization maxima for the 2π− and 2π+ orbitals in right circularly
polarized laser fields are obtained for the molecular orientations at the polar angles of around
60◦ and 120◦, respectively. Considering the spin-orbital entanglement in the doubly degenerate
electronic ground state of NO, the spin-polarization of photoelectrons is high for parallel alignment,
decreases upon increasing the polar angle and vanishes for perpendicular alignment. Averaging
over all alignment angles, non-zero spin-polarization of photoelectrons for randomly aligned NO is
preserved.
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1. Introduction

In attosecond physics, strong-field ionization of atoms
and molecules has been studied extensively for
decades (1). The studies exploring electronic dynamics
after ionization have stimulated many interesting topics
such as high harmonic generation (2–5), tomographic
imaging (6), attosecond angular streaking (7 , 8), laser-
induced electron diffraction (9–12), photoelectron
holography (13, 14), and electron-nuclear energy shar-
ing (15–17). Currently, there is broad interest to play
with the electron spin in the realm of attoscience to
reveal the spin-resolveddynamics in atomsandmolecules
using ultrashort spin-polarized electron beams. To
achieve this goal, one has to think about production of
perfectly spin-polarized electrons on the attosecond time
scale. For example, it has been shown theoretically that a
bichromatic circularly polarized laser field can produce
spin-polarized electrons (18), whereas the production of
spin-polarized photoelectrons by ionization of noble gas
in strong monochromatic circularly polarized laser fields
has been very recently performed in the experiment (19).
This effect is based on the theory of nonadiabatic ioniza-
tion of degenerate valence p atomic orbitals in strong cir-
cularly polarized laser fields (20, 21). This theory has also
been verified by numerical calculations for broad range
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of laser parameters (22, 23) and shows that in general
the initial counter-rotating electron with respect to the
circular polarization of the laser field is removed more
easily, i.e. for right circular polarization the ionization
of the p− orbital is preferred over the ionization of the
p+ orbital. This theoretical prediction has been partially
confirmed by the sequential double ionization experi-
ment (24, 25). Finally, due to the existence of spin-orbit
couplings in ionic states of noble gas that causes spin-
orbit entanglement, it has been shown in both theory (26)
and experiment (19) that the strong-field ionization of
noble gas by circularly polarized laser pulses can produce
spin-polarized photoelectrons.

Very recently, we have developed the theory of
nonadiabatic ionization of the pre-aligned linear nitric
oxide (NO) molecule possessing degenerate valence
π± orbitals in strong circularly polarized laser fields (27).
By numerically solving the three-dimensional
time-dependent Schrödinger equation (3D-TDSE) for a
single valence electron of NO and for different laser pa-
rameters, we have verified our theory successfully, also
with consideration of laser-dressed orbitals for slowly
rotating and very strong circularly polarized laser fields
(27). Similar to atoms, we have predicted that in general
the counter-rotating molecular π orbital is ionized more
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easily, i.e. the ionization of the π− orbital of the pre-
aligned linear molecule in right circularly polarized laser
fields is preferred. Since the doubly degenerate electronic
ground state |X 2�1/2〉 of NO has two possible electron
configurationsπ↓

+ andπ↑
−, the preferred ionization of the

counter-rotating molecular orbital leads to the produc-
tion of photoelectronswith controllable spin polarization
up to 100% (27).

In this work, we perform numerical simulations for
nonadiabatic tunnel ionization of degenerate valence
2π± orbitals of NO for different molecular alignments
with respect to the strong circularly polarized laser field.
The details of numerical calculations are described in
Section 2. To obtain the analytical expression for the spin
polarization of photoelectrons for arbitrary alignment
angles, we develop the theory of the spin polarization
in Section 3. The results of our calculations are presented
and discussed in Section 4 and the conclusions of this
work are summarized in Section 5.

2. Numerical calculation

We consider an arbitrarily aligned NO molecule in the
electronic ground state |X 2�±〉 ionized by a three-cycle
strong right circularly polarized laser pulse, see Figure 1.
Since the |X 2�±〉 state is doubly degenerate and contains
only one valence electron in the degenerate molecular
2π± orbital, we solve the length-gauge 3D-TDSE within
the single active electron (SAE) approximation for dif-
ferent alignment angles of NO, here for polar angles
α = 0◦, 10◦, 20◦, . . . , 170◦ and azimuthal angles β =
0◦, 90◦, 180◦, 270◦. For the detailed study of the weak
β-dependence due to the asymmetry of the few-cycle
laser pulse, we also perform numerical simulations for
α = 10◦ and β = 0◦, 30◦, 60◦, . . . , 330◦. We note that
α = 0◦ and α = 90◦ correspond to the parallel and
perpendicular alignments of NO with respect to the laser
propagation axis, respectively. In particular, we solve the
3D-TDSE for twopossible initial electronic states |X 2�−〉
and |X 2�+〉, corresponding to the initial 2π− and 2π+
orbitals in the SAE approximation, respectively, and for
the laser wavelength λ = 800 nm and the electric field
amplitude E = 0.05 a.u., corresponding to the laser in-
tensity 1.76 × 1014 W/cm2. We define the initial 2π−
and 2π+ orbitals in themolecular frame so that the initial
electron rotates clockwise and counterclockwise around
the molecular z′-axis, respectively, cf. Figure 1. Thus for
α = 0◦, the 2π− orbital with respect to the right circular
polarizationof the laser field is counter-rotating,while for
α = 180◦, the same 2π− orbital is co-rotating. In general,
for alignment angles α = [0◦, 90◦) and α = (90◦, 180◦],
the 2π− orbital is counter-rotating and co-rotating with

Figure 1. Schematic illustration of the ionization of the NO
molecule with its molecular axis (blue thick line) in a three-cycle
strong right circularly polarized laser pulse (red thin curve on the
x/y-plane with its arrow indicating anticlockwise rotation of the
electric field vector) propagating along the z-axis of the laboratory
xyz-frame. The molecular alignment of NO is determined by the
polar angle α and the azimuthal angle β , where the O atom
lies on the positive molecular z′-axis. Two green thick curves
around the NO molecule indicate the counter-rotating valence
2π− orbital. The positive and negative z-axes of the laboratory
frame are chosen as reference axes for spin-up and spin-down
polarizations, respectively.

respect to the right circular polarization of the laser field
projected on the plane perpendicular to the molecular
axis, respectively, see also Figure 2(b). For the 2π+ orbital,
these counter- and co-rotating properties are reversed.
The solutions of the 3D-TDSE are the single electron
wave functions ψ−(α,β , r, t) and ψ+(α,β , r, t) for the
initial molecular 2π− and 2π+ orbitals, respectively. Us-
ing the masking function to absorb the outgoing wave
packet, we calculate the corresponding time-independent
ionization yields depending on the alignment angles at
the end of propagation time sufficiently long after the
end of the laser pulse, i.e.

Y±(α,β) = 1 − lim
t→∞〈ψ±(α,β , t)|ψ±(α,β , t)〉V , (1)

where the integration is over the finite volume V . The
details of the numerical 3D-TDSE calculations for the
valence electron of NO on a Cartesian 3D grid are found
in Ref. (27).
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3. Spin polarization

In the presence of spin-orbit coupling, the electronic
ground state |X 2�±〉 of the NO molecule is split into
two doubly degenerate states |X 2�1/2〉 and |X 2�3/2〉,
separated by about 120 cm−1 (0.015 eV). In this work,
we only consider the energetically lowest state |X 2�1/2〉
containing two possible valence electron configurations
2π↑

− (mj = −1/2) and 2π↓
+ (mj = 1/2) in the molecular

frame, i.e. the spin-up and spin-down electrons of the
valence 2π± orbitals are directed to the positive and
negative molecular z′-axes described by spin wave func-
tions χ↑

z′ and χ↓
z′ , respectively. Since the effect of the

non-relativistic laser field with intensity well below
1016 W/cm2 on the electron spin is negligible, we assume
that the spin of the electron does not change during
interactionwith the laser pulse; for spin-flip of the photo-
electron in relativistic laser fields see Refs. (28, 29). Then,
starting from the electronic ground state |X 2�1/2〉 of ar-
bitrarily aligned NO, the time-dependent single electron
wave functions including spin in the molecular frame are
given by

	−(α,β , r, t) = ψ−(α,β , r, t)χ↑
z′ , (2)

	+(α,β , r, t) = ψ+(α,β , r, t)χ↓
z′ (3)

for the electron starting from the 2π↑
− and 2π↓

+ spin-
orbital, respectively.

To obtain the expressions for the probabilities of de-
tecting the spin-up and spin-down photoelectrons in the
laboratory frame, we start to deal with the Cartesian
components of the spin operator in the molecular frame
given by

Ŝx′ = �

2
σ̂x′ , Ŝy′ = �

2
σ̂y′ , Ŝz′ = �

2
σ̂z′ , (4)

with the corresponding Pauli matrices for the electron

σ̂x′ =
(
0 1
1 0

)
, σ̂y′ =

(
0 −i
i 0

)
,

σ̂z′ =
(
1 0
0 −1

)
. (5)

For the arbitrary unit vector 
v = (vx′ , vy′ , vz′) with its
Cartesian components vx′ , vy′ , vz′ in the molecular coor-
dinate system, the electron spin operator with respect to
the direction of this vector is simply defined as:

Ŝv = �

2
σ̂v = vx′ Ŝx′ + vy′ Ŝy′ + vz′ Ŝz′

= �

2
(vx′ σ̂x′ + vy′ σ̂y′ + vz′ σ̂z′). (6)

The normalized eigenvectors of σ̂v in Equation (6) can be
derived straightforwardly and we obtain

χ↑
v =

⎧⎪⎪⎨
⎪⎪⎩

(
0
1

)
for vz′ = −1,

(
2 + 2vz′

)−1/2
(

1 + vz′
vx′ + ivy′

)
for vz′ �= −1,

(7)

χ↓
v =

⎧⎪⎪⎨
⎪⎪⎩

(
0
1

)
for vz′ = 1,

(
2 − 2vz′

)−1/2
( −1 + vz′
vx′ + ivy′

)
for vz′ �= 1

(8)

with corresponding eigenvalues 1 and −1, respectively.
Thus, the spin eigenvectors χ↑

v and χ↓
v correspond to

spin-up and spin-down electrons with respect to the di-
rection of the given vector 
v, respectively. In particular,
with respect to the direction of the molecular z′-axis, i.e.
vx′ = vy′ = 0, vz′ = 1, we obtain from Equations (7) and
(8) the well-known spin wave functions as

χ
↑
z′ =

(
1
0

)
, (9)

χ
↓
z′ =

(
0
1

)
. (10)

If the direction of the unit vector 
v in the molecular
frame is equal to the direction of the positive z-axis of
the laboratory frame, then we obtain from Equations (7)
and (8) the spin wave functions with respect to the z-axis
of the laboratory frame as

χ↑
z = (

2 + 2 cosα
)−1/2

(
1 + cosα

−e−iβ sin α

)
, (11)

χ↓
z = (

2 − 2 cosα
)−1/2

( −1 + cosα
−e−iβ sin α

)
, (12)

where vx′ = − sin α cosβ , vy′ = sin α sin β , and vz′ =
cosα (cf. Figure 1)were used.Using the spectral theorem,
we get for an arbitrary vector 
v

χ
↑
z′ = 〈χ↑

z′ |χ↑
v 〉χ↑

v + 〈χ↑
z′ |χ↓

v 〉χ↓
v (13)

χ
↓
z′ = 〈χ↓

z′ |χ↑
v 〉χ↑

v + 〈χ↓
z′ |χ↓

v 〉χ↓
v , (14)
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and in particular for the vector 
v directed to the positive
z-axis of the laboratory frame

χ
↑
z′ =

√
1 + cosα

2
χ↑
z −

√
1 − cosα

2
χ↓
z (15)

χ
↓
z′ = −e−iβ

√
1 − cosα

2
χ↑
z

− e−iβ
√
1 + cosα

2
χ↓
z . (16)

The electron wave functions including spin (Equations
(2) and (3)) are then split into spin-up and spin-down
electron wave functions with respect to the reference z-
axis of the laboratory frame, i.e.

	−(α,β , r, t) = 	
↑
−(α,β , r, t)

+	
↓
−(α,β , r, t), (17)

	+(α,β , r, t) = 	
↑
+(α,β , r, t)

+	
↓
+(α,β , r, t), (18)

where

	
↑
−(α,β , r, t) =

√
1 + cosα

2
ψ−(α,β , r, t)χ↑

z , (19)

	
↓
−(α,β , r, t) = −

√
1 − cosα

2
ψ−(α,β , r, t)χ↓

z (20)

are the spin-up and spin-down (now always referred to
the z-axis of the laboratory frame) electron wave func-
tions starting from the 2π− orbital and

	
↑
+(α,β , r, t) = −e−iβ

√
1 − cosα

2
ψ+(α,β , r, t)χ↑

z ,

(21)

	
↓
+(α,β , r, t) = −e−iβ

√
1 + cosα

2
ψ+(α,β , r, t)χ↓

z

(22)

are the spin-up and spin-down electron wave functions
starting from the 2π+ orbital. Similarly, the expressions
for other reference axes for the electron spin could also be
derived, but we expect the highest spin polarization for
the reference z-axis of the laboratory frame. So, as from
now, we focus on the laboratory z-axis as the reference
axis for the electron spin.

The probabilities of detecting the spin-up and spin-
down photoelectrons in the laboratory frame sufficiently

long after the end of the laser pulse are

Y↑
±(α,β) = lim

t→∞
(
〈	↑

±(α,β , t)|	↑
±(α,β , t)〉

−〈	↑
±(α,β , t)|	↑

±(α,β , t)〉V
)
, (23)

Y↓
±(α,β) = lim

t→∞
(
〈	↓

±(α,β , t)|	↓
±(α,β , t)〉

−〈	↓
±(α,β , t)|	↓

±(α,β , t)〉V
)
, (24)

where the integration of the second term is over the finite
volume V . Using Equations (1), (19)–(22), we obtain the
alignment-dependent spin-up and spin-down ionization
yields

Y↑
−(α,β) = 1 + cosα

2
Y−(α,β), (25)

Y↓
−(α,β) = 1 − cosα

2
Y−(α,β), (26)

for the initial 2π− orbital and

Y↑
+(α,β) = 1 − cosα

2
Y+(α,β), (27)

Y↓
+(α,β) = 1 + cosα

2
Y+(α,β), (28)

for the initial 2π+ orbital. The spin-independent
ionization yields Y±(α,β) = Y↑

±(α,β) + Y↓
±(α,β)

(Equation (1)) are obtained from numerical 3D-TDSE
calculations.Assuming that the ensemble ofNOmolecules
contains equal amounts of valence 2π− and 2π+ elec-
trons, we are able to calculate alignment-dependent total
ionization yields of spin-up and spin-down photoelec-
trons according to

Y↑(α,β) = Y↑
−(α,β)+ Y↑

+(α,β), (29)

Y↓(α,β) = Y↓
−(α,β)+ Y↓

+(α,β), (30)

respectively. Furthermore, the total spin-independent
ionization yield is defined as:

Ytotal(α,β) = Y↑(α,β)+ Y↓(α,β)
= Y−(α,β)+ Y+(α,β). (31)

Then, the spin polarization of photoelectrons as a func-
tion of alignment angles α and β is calculated as

P(α,β) = Y↑(α,β)− Y↓(α,β)
Ytotal(α,β)

. (32)

Averaging over allmolecular alignments, we calculate the
average total ionization yields of spin-up and spin-down
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photoelectrons as

Y↑ = 1
4π

∫ 2π

0
dβ

∫ π

0
dα Y↑(α,β) sin α, (33)

Y↓ = 1
4π

∫ 2π

0
dβ

∫ π

0
dα Y↓(α,β) sin α (34)

and the corresponding average spin polarization of pho-
toelectrons as

P = Y↑ − Y↓

Y↑ + Y↓ . (35)

4. Results and discussion

Numerical results of ionization yields and spin polar-
ization of photoelectrons depending on the molecular
alignment of NO are shown in Figures 2 and 3, where
we only show the fitted curves in Figure 2 for better vis-
ibility. In particular, all results show strong dependence
on the polar angle α, whereas the weak dependence on
the azimuthal angle β is due to the asymmetry of the
three-cycle circularly polarized laser pulse, cf. Figure 1.
We note that the β-dependence vanishes for continuous
wave (cw) circularly polarized laser fields. Figure 2 shows
that the β-dependence of ionization yields (with larger
values for β = 0◦) is more visible than that of spin po-
larization, because the spin polarization (Equation (32))
is calculated as the relative difference of ionization yields
of spin-up and spin-down photoelectrons. Furthermore,
we emphasize that all numerical results for β = 90◦ and
β = 270◦ are very similar but not identical, because
the NO molecule is heteronuclear and its valence 2π±
orbitals consist of two slightly different π-phase shifted
atomic 2p± orbitals carrying electron ring currents about
N and O nuclei; for generation of electron ring cur-
rents about the axis of pre-oriented heteronuclear linear
molecules see Refs. (30, 31).

Figure 2(a) shows the total ionization yieldYtotal(α,β)
of photoelectrons (Equation (31)) for an initial ensem-
ble of NO molecules containing equal amounts of 2π+
and 2π− valence electrons. For circularly polarized laser
pulses, the total ionization yield of photoelectrons from
NO exhibits a plateau between α = 60◦ and α = 120◦
with maxima around α = 60◦–70◦ as well as α = 110◦–
120◦. The results for linear polarization of the laser field
would be different and we except that in this case the
maxima would lie around α = 45◦ and α = 135◦ that
would correspond to the experimental results of the mo-
mentum imaging of N+ fragment ions produced by dis-
sociative ionization from the electronic ground state of
NO (32). Furthermore, the 2π± orbital of NO is similar
to the valence orbital of O2 and there are experimental

(a)

(b)

(c)

(d)

Figure 2. Ionization yields (a-c) and spin polarization (d)
of photoelectrons ejected from the valence molecular 2π±
orbitals of NO by a strong right circularly polarized laser pulse
depending on the molecular alignment, i.e. depending on the
polar angle α for β = 0◦ (solid), β = 90◦ (thin dashed),
β = 180◦ (thick dashed), and β = 270◦ (circles). (a) Total spin-
independent ionization yield Ytotal(α,β) (black, Equation (31)).
(b) Spin-independent ionization yields Y−(α,β) (orange light)
and Y+(α,β) (blue dark) of photoelectrons starting from 2π−
and 2π+ orbitals, respectively (Equation (1)). The initial counter-
rotating and co-rotating orbitals with respect to the circular
polarization of the laser field projected on theplaneperpendicular
to the molecular axis are shown in (b) as green light and blue
dark shades, respectively. (c) Total ionization yields of spin-up
Y↑(α,β) (green dark, Equation (29)) and spin-down Y↓(α,β)
(red light, Equation (30)) photoelectrons. (d) Spin polarization
of photoelectrons P(α,β) (violet, Equation (32)). The horizontal
black dashed line in (d) shows the average spin polarization
P = 22.1% (Equation (35)). The vertical blue dashed lines in
(c) and (d) show the β-dependence of the ionization yields and
spin polarization for α = 10◦ in Figure 3.



992 K. LIU AND I. BARTH

and numerical results of total ionization yields for O2
and for linear polarization with maxima around α =
45◦ and α = 135◦, see Refs. (33, 34). However, to best
of our knowledge, there are no experimental results of
alignment-dependent total ionization yields for NO or
O2 and for circular polarization. Therefore, we here only
present our numerical results for circular polarization.

The total ionization yield Ytotal(α,β) consists of the
ionization yields Y−(α,β) and Y+(α,β) of photoelec-
trons (Equation (1)) ejected from the valence 2π− and
2π+ orbitals of NO, respectively. These orbital-resolved
ionization yields shown in Figure 2(b) are obtained by
solving the 3D-TDSE numerically. As already explained
in Section 2, the 2π− orbital for α = [0◦, 90◦) and α =
(90◦, 180◦] is counter-rotating and co-rotating with re-
spect to the right circular polarization of the laser field
projected on the plane perpendicular to the molecular
axis, whereas these properties for the 2π+ orbital are
reversed. The alignment-dependent ionization yields of
counter- and co-rotating orbitals are clearly shown in
Figure 2(b). In particular, the counter-rotating valance
molecular orbital of NO with respect to the right circular
polarization of the laser field is ionized more easily for
all alignment angles except for α = 90◦. Apparently, the
ionization yield of the photoelectron from the counter-
rotating orbital of NO (probably also for O2 due to the
similar valence orbital) has the maxima at around α =
60◦ and α = 120◦, whereas for the co-rotating orbital
there is no local maximum of the ionization yield except
for α = 90◦. For perpendicular molecular alignment, the
ionization yields of counter- and co-rotating orbitals are
identical.

Figure 2(c) presents the total ionization yields of spin-
up Y↑(α,β) and spin-down Y↓(α,β) photoelectrons,
obtained from Equations (29) and (30), where the spin-
up and spin-down electrons are referred to the positive
and negative z-axes of the laboratory frame, respectively.
It clearly shows that spin-up photoelectrons are domi-
nant for all alignment angles except for perpendicular
alignment. This dominance is related to the dominance
of the photoelectrons ejected from counter-rotating or-
bitals, see Figure 2(c). The ionization yield of the spin-up
photoelectronhas themaximumat aroundα = 50◦−60◦
and α = 120◦–130◦, whereas the ionization yield of
the spin-down photoelectron has the maximum at α =
90◦. For perpendicular alignment, the ionization yields of
spin-up and spin-down photoelectrons are identical that
leads to zero spin-polarization. Thus, except for α = 90◦
the nonadiabatic tunnel ionization of arbitrarily aligned
NO (starting from the electronic ground state |X 2�1/2〉)
by strong right circularly polarized laser pulses produces
more spin-up photoelectrons than spin-down photoelec-
trons yielding non-zero and positive spin-polarization

(a)

(b)

Figure 3. (a) Total ionization yields of spin-up Y↑(α,β) (green
dark, Equation (29)) and spin-down Y↓(α,β) (red light, Equation
(30)) photoelectrons and (b) spin polarization P(α,β) (violet,
Equation (32)) as functions of β for α = 10◦. The makers
indicate the numerically calculated ionization yields (up- and
down-pointed triangles) and spin polarization (circles), whereas
the solid curves are the corresponding fitted curves. In particular,
the fitted cosine curves in (a) are given by Equations (36) and (37).

of photoelectrons P(α,β) (Equation (32)), see Figure
2(d). The spin polarization of the photoelectron is high
for parallel alignment and decreases upon increasing the
polar angle α to reach zero spin-polarization for per-
pendicular alignment. For ionization from the electronic
state |X 2�3/2〉 of NO, strong right circularly polarized
laser pulses then produce spin-down polarized photo-
electrons, cf. Ref. (27). For ionization by strong left cir-
cularly polarized laser pulses, the corresponding spin-
polarizations are reversed.

As already discussed above about the weak β-
dependence, we present in Figure 3 our numerical results
of the total ionization yields of spin-up Y↑(α,β) and
spin-down Y↓(α,β) photoelectrons and spin polariza-
tion P(α,β) as functions of the azimuthal angle β for
the fixed polar angle α = 10◦. We have chosen α =
10◦ because the β-dependence of spin polarization for
this polar angle is strongest, cf. Figure 2(d). In general,
the ionization yields of photoelectrons are maximal for
β = 0◦ and minimal for β = 180◦, whereas the spin
polarization is minimal for β = 0◦ and maximal for
β = 180◦. Again due to the heteronuclear character,
we note that the results for β = 90◦ and β = 270◦
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are not identical, therefore the ionization yields and spin
poalarization are not exactly symmetrical. However, we
draw the fitted cosine curves in Figure 3(a), where the
markers in this figure indicate our numerical results. The
relative deviations of the numerical results from the cor-
responding fitted curves for α = 10◦ are less than 0.13%.
For other polar angles α, the maximal deviations are less
than 2%. Therefore, the dependence of the ionization
yields Y↑(α,β) and Y↓(α,β) on β can be approximately
expressed as:

Y↑(α,β) ≈ 1
2

[
Y↑(α, 0)+ Y↑(α,π)

]

+ 1
2

[
Y↑(α, 0)− Y↑(α,π)

]
cosβ , (36)

Y↓(α,β) ≈ 1
2

[
Y↓(α, 0)+ Y↑(α,π)

]

+ 1
2

[
Y↓(α, 0)− Y↓(α,π)

]
cosβ. (37)

Then, using Equations (33) and (34), the average ion-
ization yields of spin-up and spin-down photoelectrons
from randomly aligned NO can be calculated as:

Y↑ ≈ 1
4

∫ π

0
dα

[
Y↑(α, 0)+ Y↑(α,π)

]
sin α, (38)

Y↓ ≈ 1
4

∫ π

0
dα

[
Y↓(α, 0)+ Y↓(α,π)

]
sin α. (39)

Finally, the average spin polarization of photoelectrons
(Equation (35)) produced by nonadiabatic ionization of
randomly alignedNO in strong three-cycle circularly po-
larized laser pulses with the laser wavelength λ = 800 nm
and the laser intensity 1.76 × 1014 W/cm2 is calculated
as P = 22.1%, see Figure 2(d). Of course, the average
spin polarization for randomly aligned NO can be in-
creased for larger values of Keldysh parameter, i.e. for
shorter laser wavelengths and for lower laser intensities,
cf. Ref. (27).

5. Conclusions

In the present paper, we have performed numerical cal-
culations for tunnel ionization of NO for differentmolec-
ular alignments in strong circularly polarized laser fields.
With the fact that the electronic ground state |X 2�1/2〉
of NO possesses doubly degenerate 2π↑

− and 2π↓
+ spin-

orbitals with only one valence electron and the ionization
of the counter-rotating orbital is preferred, cf. Ref. (27),
strong circularly polarized laser fields can produce spin-
polarized photoelectrons fromNO. In particular, we have
shown that in case of arbitrarily alingedNO, the counter-
rotating orbital with respect to the circular polarization
of the laser field projected on the plane perpendicular to

the molecular axis is preferably ionized for all alignment
angles except for perpendicular alignment. In this work,
we have developed the theory of spin polarization of pho-
toelectrons for arbitrary molecular alignment angles and
predicted that strong circularly polarized laser fields can
produce spin-polarized photoelectrons from randomly
aligned NO.
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