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Possibility of introducing spin into attoscience with spin-polarized electrons produced by a
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We show that the electrons, produced in strong-bicircular-field-induced above-threshold ionization of inert-gas
atoms, have a large spin asymmetry if the ions exhibit fine-structure splitting. For a bicircular field, which consists
of two coplanar counterrotating circularly polarized fields of frequencies w and 2w, the spin-asymmetry parameter
changes rapidly with the electron energy. Since the electron—parent-ion rescattering in a counterrotating bicircular
field is characterized on the attosecond time scale, this spin asymmetry may introduce the spin degree of freedom
into attoscience. We show that the high-energy backward and low-energy forward scattered electrons, which are
produced on the scale of a fraction of the laser cycle, exhibit spin asymmetry.
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Since 1922 [1] the electron spin has attracted the attention
of physicists. In the Stern-Gerlach experiment atoms were
polarized and this method was not applicable to select
polarization of free electrons. It took 50 years to find a
method to obtain spin-polarized electrons by photoionization
of polarized atoms (see Ch. 5.1 in [2]). Furthermore, Fano has
shown in 1969 [3] that polarized electrons can be obtained by
photoionization of nonpolarized atoms by circularly polarized
light (Fano effect). In subsequent years this method was
generalized to multiphoton ionization [4]. The main goal of
the present Rapid Communication is to show that in above-
threshold ionization of inert gases having the p ground state
using a bicircular laser field which consists of two coplanar
corotating or counterrotating circularly polarized fields having
frequencies w and 2w it is possible to obtain polarized electrons
whose spin varies rapidly with the change of the emitted
electron momentum. The physical mechanism to produce
polarized electrons suggested in this Rapid Communication
is completely different than that of Ref. [4] and belongs
to the realm of strong-field physics. Furthermore, we will
show that the counterrotating bicircular field enables both
spin asymmetry and rescattering of the ionized electron on the
parent ion, which happens within a fraction of the laser-field
cycle and is characterized by the attosecond dynamics.

Above-threshold ionization (ATI) is a process in which
more photons are absorbed from an intense laser field than is
necessary for ionization. The photoelectron energy spectrum
consists of a series of peaks separated by photon energy w.
In the first observation of ATI of xenon atoms in 1979 [5]
two such peaks separated by the photon energy of ~2.4 eV
were observed. In photoionization of Xe atoms there are two
continua corresponding to two ground states of Xe™t ion (?P3 2
and 2P; ;) which have a fine-structure splitting of 1.31 eV.
Three ATI peaks for each of these continua were observed
in [6]. In the next decades there was a lot of new insights
and discoveries connected with ATT (see, for example, review
articles [7-9]), but attention was not devoted to the analysis of
this splitting.

The differential ionization rate for ATI of atoms in initial
state ; by a T = 27 /w-periodic laser field with the electric
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field vector E(#), with emission of an electron having momen-
tum p and energy £, = p?/2, and with absorption of n photons
from the laser field, can be written as wy;(n) = 27rp|Tp,»(n)|2,
where the T-matrix element for the direct ATI in the length
gauge and strong-field approximation is [10-12] (in atomic
units)

T
Tpi(n)Z/ %WJFAO)IT-E(t)lllfi>ei[sp(’)+1"’], (1)
0

where dSi(1)/dt = [k + A(1)]*/2, A(t) = — f’ E(t")dt’, and
k) is a plane-wave ket vector such that (r|k)=
(2m)~3/? exp(ik - r). The number of absorbed photons satisfies
the energy-conserving condition: nw = Ep + I, + U, where

U, = fOT A%(t)dt/(2T) is the ponderomotive energy, and
I, is the ionization potential. This one-dimensional integral
over the ionization time ¢ can be calculated numerically or
approximately solved using the saddle-point (SP) method.

We apply the SP method to ATI of inert atomic gases.
In length gauge the interaction r-E(r) emphasizes large
distances where the bound-state wave functions have well-
defined asymptotic behavior, so that we can approximate these
functions (in the spherical coordinates, with the z axis as axis
of quantization) with [10]

Vit (©) = (r0@|Yin) = Ar'™ exp(—=«r)Yin(0,4),  (2)

where Y;,,(0,¢) = (0¢|lm) are normalized spherical harmon-
ics in complex form, the constant A is tabulated in [13-15],
v = Z/k (Z =1 for atoms), and k = m The SP equation
is determined by the condition d[Sy(¢) + I,t]/dt = 0 which
gives the energy-conserving condition at the ionization time ¢,

p+AMO) = —1,. 3)

After a partial integration over the time ¢ in Eq. (1) the
matrix element (q|r-E()|y;), with q =p+ A(?), is re-
placed by the function —(/, + q’/2)¥;(q), where V;(q) =
(2n)’3/2fdr Yi(r)exp(—iq-r) is the momentum space
asymptotic wave function which can be expressed as a product
of the Gauss hypergeometric series » F)(a,b; c; —q?/«?) and
the solid harmonics Y;,,(§)(g/«)". The SP equation implies
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that q> = —«?2, so that, with a proper choice of the integration
contour in the complex plane, one obtains [8,10,16]

T3P (n) = 27T~ Ao (v/2)

’ 2\ D2
x Z (q ) Yzm<qs><sf,> ds, @

where q; = p + A(t;), S = Sp(ty) + Ipt,, and S = —E(#,) -
[p + A(#,)]. The summation in Eq. (4) is over those complex
SP solutions of Eq. (3) for the ionization time ¢ that are in
the upper half of the complex ¢ plane. Our bicircular field is
defined in the xy plane with

E(t) = [E; sin(w?) + E, sinQwt)]/v/2,
5
E,(t) = [~ E) cos(wt) F E; cosCw)]/v?2,

T3]

where in the second term in the second row the sign is
(“+”) for corotating (counterrotating) components. For the
bicircular field with corotating (counterrotating) components
there are two (three) SP solutions [17].

We can expand wave functions which appear in our matrix
element in any basis. For angular basis functions we used
simultaneous eigenstates of the orbital angular momentum
operators L> and L., the spherical harmonics (A¢|lm) =
Y1, (0,9). We can extend our basis vectors into the direct
product |[/m)|my), where |mg) are simultaneous eigenvectors
of the spin operators S? and S, (the electron spin is s = 1/2
andm,; = +1/2). The spin-orbit interaction gives an additional
term in the Hamiltonian which contains the spin-orbit coupling
operator L - S = (J*> — L? — §?)/2 [18], where J = L + 8 is
the total angular momentum operator. Then, instead of the
basis vectors |/m)|m;) we have to introduce new basis vectors
which are simultaneous eigenvectors of the operators J2, Jz,
L2, and S%. In our case we have the addition of orbital angular
momentum and spin 1/2. For a given value of / two values
of j are possible: j =1 % 1/2, and the new basis vectors are
given by

14 5m;.0) = 2)lms = 3)

allme==3). (6

with m; = m + m, and cﬁ;iz = +m;+bHer+1.

We are using the single-active-electron approximation.
However, different electrons from the ground state configu-
ration of an atom can play the role of this active electron. The
corresponding summed ionization rate can be calculated in any
of the above-introduced bases, i.e.

> X

my=x1/2m=-1,...,1

> wi), ()

J=IE2mj=—j,....j

:I:Clm) V mj—

+ clm

Woir = Wpp + Wy =

where Wpy (Wp,) denotes the rate for electrons having spin
up (down), i.e., having my; = 1/2 (my; = —1/2). The rates in
different bases are denoted by the upper indices in different
bracketing: “(---)” vs “[---].” The basis [j,m;] includes
spin-orbit coupling so that we added the dependence on the
ionization potential / ZJ,. In the case of Xe (as well as Kr) we
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have I;/z = Ip(2P3/2) and I;/z = Ip(zPl/z). Furthermore, for
the laser electric field vector in the xy plane, it can be shown
that only the 7-matrix elements with m = +1 are different
from zero, so that, using Eq. (6) we can write

Wor = 3uga ™ 03%) 4 S 03) + i (1),

p Wpii
®)
1,-1/2)(y1/2 1,=1/2) (132
WPL ’%wptl (I / )+% Wpi; (I / )
(=1,-1/2)
(1)), ©
The asymmetry parameter Ap = (Wpy — Wy )/ (Wpr + Wyy)

can easily be found by calculating the rates wl()’:.“l’ml) =

27rp|Tpi(n)|2 using Eqgs. (1)—(4) for m = =1 and for the
corresponding values of I, having in mind that the rate does
not depend on m,. For presentation in the momentum plane
we will use the normalized asymmetry parameter, defined with
respect to the maximal summed rate by the relation

Ap = (WPT — Wp¢)/maXp(WpT + Wpi,) (10)

If we neglect the spin-orbit coupling, then I, V= 3/ * and

Ap = 0. The asymmetry A, is also zero if the rates are the
same for m = +1 and m = —1. Therefore, in order to achieve
a large asymmetry, i.e., to obtain a p-dependent distribution
of the polarized electrons, the spin-orbit coupling should be
strong enough and the ground state and the laser field should
be such that the rate shows strong m = 1 asymmetry. This
is the case for ATI of inert gases having p ground state by
circularly polarized laser field [19,20] and for ionization by
bicircular field [21,22]. The spin-polarized electrons produced
by ionization of Kr atoms by a strong circularly polarized
field were considered in [20]. It is important to notice that the
spin polarization proposed in [20] does not open up access to
attosecond spin effects, owing to the absence of rescattering
for one circularly polarized field.

We present our numerical results for ATI of Xe atoms
by bicircular w-2w laser field with equal intensities of both
components [} = E =L = E2 =1 x 10" W/cm? and the
fundamental wavelength of 800 nm. The ionization energies
are 13/2 =12.14 eV and I,l/z = 13.44 V. For the corotating
bicircular field components the photoelectron momentum
distribution has a single crescent-shaped lobe [23,24] whose
position depends on the value m. This m dependence (in
addition to the /,, dependence), causes a large asymmetry pa-
rameter, which goes from Ap = —0.8815 t0 0.9384. However,
the value of the normalized asymmetry parameter A (with
respect to the maximal rate 2.7149 x 10~* a.u.), shown in
Fig. 1, is much smaller and has a crescentlike shape similar to
that of the rates.

Next, we present the results for AT by bicircular field hav-
ing counterrotating components (the corresponding electric
field vector and the vector potential are shown in the upper right
panel in Fig. 3 below). In addition to the asymmetry parameter
Ap, in Fig. 2 we present the rates for m = %1 (upper panels)
and the rate summed over m (lower left panel). All presented
results exhibit the symmetry with respect to the rotation by the
angle 120° around the z axis [17]. In addition to this, one can
notice the reflection symmetry with respect to the axes which
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FIG. 1. Normalized asymmetry parameter A,, Eq. (10), presented
in false colors in the electron momentum plane for ATI of Xe
atoms by a bicircular w-2w laser field with equal intensities of
both corotating components I; = I, = 1 x 10" W/cm? and the
fundamental wavelength of 800 nm.

are at the angles 6 = 60°, 180°, and 300° with respect to the x
axis [25]. Near these reflection axes the rates exhibit maxima
which are at different positions for m = %1. The asymmetry

p, (@.u.)

p, (a.u.)

p, (a.u)
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parameter Ap shows similar structure and oscillates between
—0.4711 and 0.9347. The asymmetry parameter, normalized to
the maximal rate 1.4892 x 10~* a.u., shown in the lower right
panel of Fig. 2, is stronger than that for the corotating case and
can take the values |Ap| > 0.2. The overall effect is that for a
fixed electron emission angle, say 60°, the spin of the emitted
electron considerably changes with the electron energy, and
the corresponding asymmetry changes from a large positive to
a large negative value.

In order to understand the rapidly changing structures which
appear in the case of the counterrotating bicircular field, in
Fig. 3 we present the field (upper right panel), the asymmetry
parameter, the SP solutions, and the relevant quantum orbits,
for the fixed electron emission angle 6 = 60° with respect to
the x axis. From the lower right panel we see that Ap, oscillates
as a function of the electron energy between large negative and
positive values. In the upper middle panel the ionization time is
presented in the complex ¢ plane. There are three SP solutions
and the electron energy for each solution changes continuously
from 0.02U, to 5U,,. The energy E, = 2U, is denoted by a
square on each curve. The dominant contributions to the rate
come from the two solutions that are symmetric with respect
to Rer = 2T/3. These contributions (red and green lines)
interfere leading to the oscillatory structure of the rates and the

p, (@.u.)

p, (@.u)

-1 -05 0 05 1
p, (a.u)

FIG. 2. The differential ionization rate (in a.u.) of Xe atoms, presented in false colors in the electron momentum plane for ionization by a
bicircular w-2e laser field with equal intensity of both counterrotating components I; = I, = 1 x 10'* W/cm? and the fundamental wavelength
of 800 nm. Upper panels: the rates for the initial states having the magnetic quantum number m = —1 (left) and m = +1 (right). Lower left
panel: the rate summed over m. Lower right panel: normalized asymmetry parameter Ap, Eq. (10).
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FIG. 3. Upper right panel: Bicircular electric field vector E(¢) and
the vector potential A(z) for 0 < ¢ < T. The electric field vector starts
from the point E(0) = (0,0) and develops in the clockwise direction
for t+ > 0, while the vector potential develops in a counterclockwise
sense, as indicated by arrows. Lower right panel: Spin-asymmetry
parameter Ap, presented as a function of the electron energy E, (in
units of the ponderomotive energy U, ). Upper middle panel: Three
complex SP solutions for the ionization time 7 (in units of the optical
period T'; the electron energy on each curve changes continuously
from 0.02U, to 5U,). Left panel: Electron trajectories for the SP
solutions from the upper middle panel and fixed electron energy
E, = 2U, (denoted by squares). The laser and atomic parameters are
as in Fig. 2 and the electron emission angle is 6 = 60°. Solid (dotted)
lines correspond to the ionization potential /> (1)/%).

asymmetry parameter. This situation is similar to the linearly
polarized field case for & = 0° where also contributions of
two solutions interfere [26]. For this energy we calculated
quantum orbits and have shown the corresponding electron
trajectories depicted by the curves having the same color as the
curves for the SP solutions in the upper panel. Quantum orbits
[7,8,27,28] are defined as solutions of the classical Newton’s
equation for the electron in the presence of the laser field,
r(t) = —E(¢), for the complex ionization time ¢, while the
electron trajectories are defined as the real part of r(¢) for
T >Ret: r(r) = (t —)p+ [" dt’ A(t'). Since Rer(Rer) #
0, the electron starts a few atomic units away from the origin
(starting point, i.e., the exit of the tunnel, is denoted by a
circle) and is driven by the laser field to the detector under
the angle 6 = 60°. Since the difference between the ionization
potentials / ,‘?/ *and I ,',/ * is small, the difference between the
corresponding trajectories, presented by solid and dotted lines,
respectively, is also small. To summarize, the origin of the
pronounced energy dependence of the spin asymmetry is in
the interference of two dominant quantum-orbit contributions
to the ionization rate. For a counterrotating bicircular field and
a p ground state, this mechanism goes hand in hand with spin
polarization.

For the counterrotating bicircular field the electron rescat-
tering off the parent ion is important [25]. Using the improved
strong-field approximation and quantum-orbit theory [25] it
is possible to calculate the spin-asymmetry parameter which
corresponds to the rescattering quantum orbits. In this case
the asymmetry also obeys the threefold symmetry but we
present in Fig. 4 only the results for p, > 0 and p, > 0. The
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FIG. 4. Normalized asymmetry parameter Ap presented in false
colors in the electron momentum plane for the same parameters as in
Fig. 2. Results presented in the upper (lower) panel are obtained using
the improved strong-field approximation and the shortest forward-
(backward-) scattering quantum orbits.

most important is the contribution of the forward scattering,
which is in accordance with the experimental results [23].
In the upper panel of Fig. 4 a pronounced maximum near
(px,py) = (0.6 a.u.,1 a.u.)is clearly visible. It appears exactly
for the momentum for which the electrons were observed in the
experiment [23]. These results in [23] were explained, using
the solutions of the time-dependent Schrodinger equation, as a
consequence of the Coulomb-field-enhanced forward scatter-
ing. In the lower panel of Fig. 4 we present the asymmetry
parameter for the pair of the shortest backward-scattering
quantum orbits. The interference of the contributions of these
orbits is responsible for the momentum-dependent variation of
the normalized asymmetry parameter. Since the backscattering
electron energy can be large (recall the 10U, cutoff law)
the asymmetry appears for larger momenta (~2 a.u.) than
in the previous figures. The spin asymmetry is the strongest
for the angle & = 0° (and for the angles 120° and 240°, owing
to the threefold symmetry).
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Let us comment on why this momentum-dependent spin
asymmetry is an important effect which can have various
applications. It is known that for attoscience [29] the rescat-
tering of the ionized electron on the parent ion is important
[30]. This rescattering happens on a time scale which is a
small part of the optical cycle (a few femtoseconds for usually
used laser wavelengths). Therefore, recollisions happen on the
attosecond time scale. For circular and corotating bicircular
fields rescattering is not important. However, for a counterro-
tating bicircular field the electron (having a suitable nonzero
initial momentum) can return to the parent ion and recombine
emitting a high harmonic with high efficiency [31] (see
also [32]). This process was explained using quantum-orbit
theory and the relevant trajectories were identified [33]. More
recently, this process has attracted great attention due to the
possibility of emission of circularly polarized high harmonics
[34-38]. In the present Rapid Communication we have shown
that the spin of the emitted photoelectrons in ATI of Xe
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by counterrotating bicircular field strongly depends on the
electron energy. One can expect interesting effects in the
spin-dependent rescattering process which should appear in
such field. The physics of polarized electron scattering is
well established [39] and still vivid [40]. This can affect
laser-induced electron diffraction [41], while in nonsequential
double ionization [42] the role of the spin-dependent ionizing
collision can be important. The polarized electrons obtained
using our method can have many practical applications (for
example, to study chiral molecules [43], magnetic materials
[44], etc.). Having also in mind how the electron spin is
important for spintronics [45] (see also Chap. 2 in [46])
we expect that the introduction of the electron spin into
the strong-field physics may represent a milestone for this
field.

We gratefully acknowledge useful discussion with Wilhelm
Becker.
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