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Selectivity in electron emission induced by ultrashort circularly polarized laser pulses
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We theoretically investigate the ionization of neonlike atoms by an intense ultrashort circularly polarized laser
pulse as a function of wavelength, spanning the regime from single-photon ionization to multiphoton and tun-
neling ionization. In order to determine the dependence of the ionization probabilities on the magnetic quantum
number of the initial state, we perform ab initio numerical calculations of the corresponding time-dependent
Schrodinger equation in the single-active-electron approximation. Specific emphasis of our analysis is given to
the intermediate-wavelength regime of about 50 nm to 300 nm, in which the trend in the ionization probability
of counterrotating electrons strongly differs from those for electrons in the other two initial magnetic sublevels.
Theoretical analysis and numerical results indicate that the enhanced emission of counterrotating electrons
occurs via photon absorption channels, which are only accessible for electrons rotating opposite to the rotation
direction of the external electric field. Physical mechanisms behind the enhancement are identified as threshold
effects, in which the emission into continuum states with low angular momentum quantum numbers is favored,
and resonant enhanced ionization involving transitions via specific excited states in the atom. Numerical results
showing the strong population in the relevant excited states, specifically those with low angular momentum
quantum number, for the ionization of counterrotating electrons, and the overall similar trends in ionization
and excitation for electrons with the other two initial magnetic quantum numbers support our interpretation.
Overall, these effects lead to a change in the ionization ratio of co- to counterrotating electrons by two orders of
magnitude from 10:1 to 1:10. This strong selectivity in the emission of electrons may lead to new opportunities

in the generation of ultrashort spin-polarized electron pulses.

DOI: 10.1103/PhysRevResearch.3.043051

I. INTRODUCTION

Spin polarization of atomic photoelectrons is an important
aspect in exploring the structure of atoms, molecules, and
solids [1]. The generation of ultrashort spin-polarized electron
pulses can be achieved by ionizing a gaseous atomic target
with ultrashort circularly polarized laser pulses. These elec-
tron pulses are useful tools to characterize and probe chiral
systems and magnetic properties of materials on an ultrafast
timescale. Toward an understanding of the mechanisms be-
hind the generation of spin-polarized electrons it is essential to
study the sensitivity of the ionization probability to the sense
of the electron’s rotation in the initial state of the atom with
respect to the helicity of the applied circularly polarized laser
field [2,3]. Thus, it is interesting to identify laser parameter
regimes in which the ionization rate strongly depends on the
number and/or the sign of the magnetic quantum number in
the initial state.

Spin polarization of photoelectrons and the related de-
pendence of atomic photoionization on the relative rotation
between electrons in the initial state and the applied field
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has first been studied for single-photon ionization. While it
was first believed that spin polarization of photoelectrons is a
relativistic effect [4], Fano showed that electrons can be spin
polarized in the nonrelativistic energy region as well [5]. In
general, for single-photon ionization the emission of electrons
corotating with respect to the rotation of the electric field of
the applied field is more likely than that of counterrotating
electrons. Stronger spin polarization was predicted for energy
regions near Cooper minima. Experimental [6,7] and further
theoretical [8] investigations supported these predictions by
Fano. Preference of the emission of corotating over coun-
terrotating electrons has also been found in the ionization
of atoms prepared in Rydberg states with microwave radi-
ation [9,10]. In the 1970s and 1980s the quest for sources
generating spin-polarized electrons continued along with the
development of laser technology. Significant electron spin
polarization has been predicted and observed in two- and
three-photon ionization of atomic targets [11-22]. At the
corresponding laser frequencies the mechanism for spin po-
larization is related to intermediate resonances. The cross
sections for (near-)resonant two- or three-photon ionization
can be large if high-power lasers with narrow spectral band-
width are available.

Using ultrashort laser pulses, fine-tuning of the laser
frequency to specific resonances is generally not possi-
ble and (near-)resonant effects, previously observed with
lasers having a long pulse duration, are often less pro-
nounced in the ultrashort pulse regime. However, in the highly
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nonperturbative tunneling regime of strong-field ionization a
different selectivity in the emission of electrons on the sense
of the electron rotation in the initial state has been predicted
recently [2]. In contrast to the general observations in the
single-photon ionization regime, strong-field tunnel ionization
yields larger ionization probabilities for counterrotating elec-
trons than for those corotating with respect to the helicity of
the applied field. The effect is due to nonadiabatic tunneling in
which the two kinds of electrons have, contrary to the standard
assumption in strong-field tunneling theory, nonzero veloci-
ties at the exit of the tunnel barrier. This prediction sparked
significant experimental [3,23-30] and theoretical [28—71] in-
terest over the last decade, including the observation of spin
polarization of electrons of about 30%—-50% for the interac-
tion of atoms with laser pulses at 800 nm [3,27,34] and an
even larger one at about 400 nm [29].

The role of excited states on the selectivity in the emission
of counter- versus corotating electrons has been investi-
gated in a few studies [29,45,60,62,63,65,69,70]. It has been
shown that resonant excitation can lead to peaks in the
helicity-dependent enhancement of ionization at wavelengths
in the deep multiphoton regime [45]. On- and off-resonance
two-photon ionization of an inner p-subshell electron has
been discussed in the context of fluorescence polarization
[63]. More recently, experimental and theoretical work has
demonstrated that at wavelengths of about 400 nm Freeman
resonances [72] provide a scheme to separate counterrotat-
ing electrons from corotating electrons in the photoelectron
energy spectrum of xenon atoms [29]. In this case resonant
ionization via an intermediate state close to the threshold,
which is accessible to the counterrotating electrons only, leads
to a selection in the electron emission at a specific kinetic
energy. Therefore, the scheme provides an opportunity to gen-
erate spin-polarized electrons by energy gating. Furthermore,
strong asymmetries in the ionization with left- and right-
handed circularly polarized light for the lithium atom prepared
in the polarized 2p (m = +1) state have been observed [69].
In that combined experimental-theoretical study the emission
of counterrotating electrons is found to be favored when the
wavelength is tuned to the 2p-3s transition. In our recent
theoretical study [70] we have more generally analyzed the
impact of resonant transitions via excited states, that—due to
the selection rules—can only be accessed by counterrotating
electrons. These states act as doorway states in the few-photon
ionization regime and are responsible for a dependence of the
total ionization probability on the magnetic quantum number
of the initial state which is stronger than those in both the
single-photon and the tunneling regimes. The maximum ratios
of total ionization of counter- over corotating electrons, found
in the numerical calculations, were about ten to one, indicating
the possibility to achieve a large selectivity in the overall
electron emission.

In the previous short report [70] we focused on the surpris-
ingly large change of the ionization ratio of counter- versus
corotating electrons in the few-photon ionization regime.
Here, we provide a more comprehensive discussion of the re-
sults over the broad wavelength regime from single-photon to
multiphoton and tunneling ionization of neonlike atoms by ul-
trashort circularly polarized laser pulses. We identify the role
of channels with different orbital angular momentum in the

continuum near the ionization threshold and the importance
of resonant transitions in different wavelengths regimes, also
connecting the results and interpretation to earlier work. Fur-
thermore, we compare the ionization probabilities for co- and
counterrotating electrons to those of electrons from the initial
state with magnetic quantum number m = 0, which has been
analyzed parenthetically in previous work only. Comparison
of the results for excitation and ionization from all three initial
magnetic levels supports the interpretation of the relevance of
the additional pathways and the doorway states, accessible to
the counterrotating electrons, in the intermediate-wavelength
regime.

The remainder of the article is organized as follows: In
Sec. IT we outline the numerical methods used to solve the
time-dependent Schrodinger equation for the interaction of
neonlike atoms with an intense ultrashort circularly polar-
ized pulse in three spatial dimensions. Next, in Sec. Il A we
first discuss the options to achieve a selectivity in electron
emission via additional photon absorption channels, which are
available for counterrotating electrons only. We then identify
a few general trends in the ionization probabilities for elec-
trons from the three different initial magnetic quantum levels.
Comparison of the numerical results with those from lowest
order perturbation theory and nonadiabatic tunneling theory
let us identify the wavelength regions in which the additional
pathways have a strong impact. Further analysis of the data
then shows the importance of threshold effects (Sec. III B)
and the relevance of resonant transitions via doorway states
(Sec. IIL C). The article ends with a brief summary.

II. NUMERICAL METHODS

To study the dependence of strong-field ionization on the
value and the sign of the magnetic quantum number, we have
solved the time-dependent Schrodinger equation (TDSE) for
the interaction of an atom with an intense laser pulse (we
use Hartree atomic units ¢ = m, = h = 1 if not mentioned
otherwise):
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Here, V() is a single-active electron (SAE) model potential
for an electron in the outermost shell of an atom. In the present
work we have considered ionization from the 2p shell in a
neonlike potential given by
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where the first term represents the bare Coulomb potential,
Zc =9 is the remainder of the charge in the short-range
part of the potential with ¢ = 0.887, and a; = —9.9286, a, =
—5.995, by = 1.3746, and a, = 3.7963 are the parameters for
the two exponential terms representing the n = 1 and n = 2
shell in the neonlike atom. The potential has been constructed
using a method for benchmark tests between TDSE and
time-dependent density functional theory calculations [73].
The first-ionization potential of I, = 0.8353 a.u. therefore
matches the corresponding density functional theory potential
while the experimental value for neon is 0.7927 a.u. The
difference between theoretical and experimental values for the
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ionization potential does not impact the interpretation of the
effects discussed in the present work.

For the circularly polarized laser pulse we set the vector
potential of the applied field as [74]

A(t) = A sin? (?)[Sin (wat)% — € cos (wan)F],  (3)

where Ay = \/021/(1 + ez)wf,, T = 22—N c is the speed of
light, I is the peak intensity, N is the number of cycles in the
pulse, and w, is the central frequency of the vector potential.
This ensures that the electric field integrates to zero. w, is
determined such that the spectral distribution of the E field
matches the given physical central frequency wg [75]. The
electric field is obtained by

190
E@) = —;gA(l)- “

We have considered a broad wavelength regime from
10 nm, which corresponds to single-photon ionization, to
1000 nm, corresponding to tunneling ionization. At all wave-
lengths we have applied intense laser pulses with a duration
of 10 cycles and a peak intensity of 5 x 10'* W /cm?. With-
out loss of generality we have chosen left-handed circularly
polarized pulses (i.e., ¢ = —1). In each calculation we have
prepared the atomic system in one of the three magnetic
sublevels of the 2p shell. Equation (1) has been solved in three
spatial dimensions by using previously developed grid-based
[76] and numerical basis-state methods [77,78]. At the end
of each simulation we have determined the population in the
excited states, characterized by the quantum numbers 7, [, and
m, via projection on the corresponding bound states of the
atomic potential, which have been determined numerically.
The ionization probability has then been evaluated as the
difference between unity and the total probability left in the
bound states.

In the grid-based method we have expanded W(r,?) in
spherical harmonics up to lx = |mmax| = 40 and discretized
the radius using fourth-order finite difference. The wave func-
tion has been propagated in time with a time step of 0.05
a.u., on a grid with spacing of 0.05 a.u., maximum radius of
500 a.u., and exterior complex scaling on the outer 25 a.u. of
the grid using the Crank-Nicolson method to propagate the
wave function in time. This method was mainly used for the
simulations at long wavelengths.

In the numerical basis state method we have also expanded
W(r, t) in spherical harmonics with lax = [Mmax| = 40 in a
box with maximum radius of 500 a.u. The basis was gener-
ated by diagonalizing the field-free Hamiltonian including a
double-exponential complex absorbing potential on the outer
50 a.u. of the domain using a second-order finite-difference
method with a grid spacing of 0.03 a.u. In the calculations we
have chosen a maximum principal quantum number ny,x =
500 corresponding to a maximum energy per angular momen-
tum block of about 4.9 a.u. The wave function is propagated
in time using the Crank-Nicolson method with a time step of
0.05 a.u. We account for outgoing boundary conditions and
the results have been checked against those of the grid-based
approach. Transitions to occupied states other than the initial
state have been prohibited in the basis code calculations.

=4 =3 =2 I=1 I=0 I=5 1=4 =3 |=2 I=1 I=0
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m=-1|0|+1 m=-2,-1|0,+1|+2

FIG. 1. Photon absorption channels for interaction of a left-
handed circularly polarized laser field (Al = +£1, Am = —1) with
an atom in initial (a) p (red: m = —1, green: m = 0, blue: m = 1)
and (b) d state (red: m = —2, —1, green: m = 0, 1, blue: m = 2).

III. RESULTS AND DISCUSSION

A. Wavelength dependence: Overview
1. Selectivity in electron emission

We first discuss concepts to enhance the emission prob-
ability of electrons from initial atomic states with different
magnetic quantum numbers via photon absorption. The ab-
sorption of a photon from a left-handed circularly polarized
field leads to changes of orbital angular and magnetic quantum
numbers of Al = 1 and Am = —1. The schematic represen-
tations in Fig. 1 show the allowed pathways for the absorption
of the first three photons from initial (a) p and (b) d states.

In the case of an initial p state [Fig. 1(a)] for electrons in
each of the three magnetic sublevels transitions with Al =1
are allowed leading to a successive increase of the orbital
angular quantum number with the absorption of each photon.
A selectivity along this pathway is therefore only possible
either due to differences in the transition amplitudes or via
intermediate resonant states. The former one is the cause for
a strong suppression of electron emission from the initial
m = 0 quantum level in the few- and multiphoton ionization
regime with circularly polarized laser light (see Sec. IIT A 2).
If energies of excited states in the atom depend on the total an-
gular quantum number, then the ionization probability from a
specific initial m level can be enhanced by fine-tuning the laser
frequency to an intermediate resonance [11]. Since differences
between these energy levels are usually small such selection
requires a small laser bandwidth and an enhancement is only
effective for long laser pulse durations. For the interaction
with ultrashort laser pulses such effects related to fine-tuning
of the laser frequency are therefore usually rather small.

Figure 1(a) however also shows that there are additional
photon absorption channels for the counterrotating electrons
(here, electrons in the initial m = 1 level; blue arrows). For
example, for a counterrotating electron the absorption of a
(left-handed circularly polarized) photon induces a change in
magnetic quantum number to m = 0 and therefore transitions
into both [ = 2 and / = 0 levels are allowed. In contrast, for
the other two initial sublevels only the transition to / =2
is possible. Similar considerations hold for the absorption
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of additional photons. If the probability via these additional
channels can be enhanced, we should therefore expect a strong
selectivity of the emission of counterrotating electrons in
the interaction with a circularly polarized laser field. As our
results below indicate this can be achieved either near the
thresholds of photon absorption (Sec. III B) or via interme-
diate resonances which act as doorway states accessible for
the counterrotating electrons only (Sec. III C). These addi-
tional pathways to ionization have been also mentioned in
Refs. [29,60,62,63,65,69,70]. Resonant transitions via dif-
ferent pathways for counterrotating electrons in two-photon
ionization have been discussed in Refs. [60,63]. A Freeman
resonance close to the threshold [72] has been used in the
selection of counterrotating electrons via energy gating by Xu
et al. [29]. A distinct maximum for the ionization probability
of counterrotating electrons has been observed at wavelengths
near the 2p-3s transition for lithium atoms prepared in the
polarized 2p (m = +1) state recently [69]. More generally,
an enhancement of the additional pathways in the few-photon
ionization regime as the cause for the reversal in emission
of counter- over corotating electrons has been identified in
our previous work [70]. Since selective emission via these
additional pathways does not rely on a splitting of energy
levels, the enhancement can be achieved independently of the
duration of the applied laser pulse, which is interesting for a
generation of ultrashort spin-polarized electron pulses.

With our numerical results presented below we study the
applicability of these concepts for the initial 2p state in the
neon atom. Reasoning along similar lines as above can be
however done for initial states with a larger orbital angular
momentum number as well, as is illustrated for an initial d
state in Fig. 1(b). Besides the Al = 1 pathway, which is open
for electrons from each of the five initial m levels, additional
pathways are available for electrons from the initial levels
with m =0, 1 (red arrows) and even more for those from
the m = 2 state (blue arrows). Thus, by identifying specific
frequency regions in which the transition probability via one
or some of these additional pathways is large one can expect
an enhancement in the emission of certain groups of electrons.

2. General trends

In Fig. 2 we present the numerical results for the ionization
probability from the three 2p orbitals of a neonlike atom as
a function of wavelength in a 10-cycle left-handed circularly
polarized laser pulse at peak intensity of 5 x 10'* W/cm?. P, ,
where the index denotes the magnetic quantum number of the
initial orbital (m = 1, 2p. ; stars with line), corresponds to the
ionization probability for counterrotating electrons, while P_
(circles with line) is the one for corotating electrons and Py
(squares with line) denotes the ionization probability for the
initial state with m = 0.

There are a few general trends which we will discuss
before we further analyze more specific features in the next
subsections. In the short-wavelength regime the single-photon
ionization probability for each of the three subshells in-
creases approximately proportional to A7/2, as is expected
at large photon energies based on the Born approximation
[79]. In agreement with earlier work [5,11] for single-photon
transitions corotating electrons are easier to ionize than
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FIG. 2. Ionization probabilities P, (stars with line), Py (squares
with line), and P_ (circles with line) as function of wavelength for
neonlike atom at 5 x 10" W/cm? interacting with 10-cycle left-
handed circularly polarized laser pulses.

counterrotating electrons, while the ionization probability for
the initial orbital with m = 0 remains in between those for
the other two subshells. The differences in the trends of the
ionization probabilities near the one-photon threshold will be
discussed in Sec. I1I B.

In the two-, few-, and multiphoton ionization regime the
dependencies of P_ and Py on the wavelength remain rather
similar. As discussed in Sec. I A1 [cf. Fig. 1(a)], for elec-
trons in initial p_ and py states absorption of photons is
allowed through the pathway with Al =1 only. Therefore,
the absorption of N photons results in the final state with
lf=N+1 and my =m — N, where [ is the angular mo-
mentum quantum number of the initial state. In lowest order
perturbation theory the transition amplitudes for both initial
states share identical intermediate reduced matrix elements
and differ from each other only by a 3 j symbol. A perturbative
scaling law for the ratio of ionization probabilities via the
Al = +1 pathway for electrons in initial states (/,m) and
(1, m’) is therefore given by

2

Now (14K 1 I+k—1
Pm _1—[ (k—m —1 m+l—k) (5)
P, (1+k 1 l+k—1)2’

=l \k—mw -1 w+1-k

where Npyin = [I,/@] is the minimum number of photons
absorbed and I, is the field-free ionization potential. Using

I+k 1 I+k—1
k—m -1 m+1—k
1y Qk+1—m—1DQ2k+1—m) ©
- 2k + 21 — DRk + 2Dk + 21 + 1)’
we get
Py Y Qk4l—m—DEk+1—m)
Py _k:l Ck+1—m —DQk+1—m)
[ — m' )\ (2Npin + [ — m)!
_( m' ) (2Nmin + m) %)

T =m)!QNpin + 1 — m)!”
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FIG. 3. Comparison of numerical results (circles with line) for
the ratios (a) Py/P- and (b) Py (Iy = Npi, + 1)/P- with the scaling
laws from lowest order perturbation theory for A/ =1 pathway
[solid lines; Egs. (8) and (9)] and nonadiabatic tunneling predictions
[dotted lines; Eqs. (10) and (12)] as function of wavelength. Laser
parameters are the same as in Fig. 2.

Thus, for an initial p state with [ = 1 we have

P_ B Nmin +1
and
P+(lf = Nmin + 1) _ 1 9)
P_ (Nmin + 1)(2Nmin + 1)’

where Py (ly = Ny + 1) is the perturbative ionization prob-
ability for counterrotating electrons along the Al = 41
pathway only.

The comparison in Fig. 3(a) shows that the numeri-
cal results for Py/P- (circles with line) overall agree well
with the perturbative scaling law [solid line; Eq. (8)] at the
shorter wavelengths. The differences near the photon ab-
sorption thresholds are due to the bandwidth of the short
pulse used in the calculations. The deviation at large wave-
lengths indicates the transition to the tunneling regime. In this
regime the numerical results for Py/P_ agree rather well with

predictions based on nonadiabatic tunneling theory [dotted
line in Fig. 3(a)] [2,31],

R J L 1ty
P\ 16132 +y?
VG- + D)
(S +v* =Sy 1+y2)?

where [ is the laser intensity, y is the Keldysh parameter, and
o is determined by

2 2
Sty = tanh(

, (10)

1+ y? 1—¢\ 1+ 92

In contrast, the results for Py /P_ (circles with line) in
Fig. 3(b) show a deviation from both the perturbative scaling
law [solid line; Eq. (9)] and the prediction of the nonadiabatic
tunneling theory (dotted line) [2,31],

P [V tVitovi+y?
P\ V@ +v - o/T+7?

in the intermediate two- and few-photon ionization regime.
Here, P, /P_ changes by two orders of magnitude, revers-
ing from 1:10 to 10:1. An enhancement of the emission of
counterrotating electrons in the few-photon ionization regime
has also been observed in numerical results for strong-field
detachment of F~ [62]. As we will discuss in the next sub-
sections, for the present results the strong variation in the
ratio can be explained as due to the impact of the addi-
tional pathways available for the counterrotating electrons [cf.
Fig. 1(a)]. From the results in Fig. 3(b) we can identify that
these pathways should have a strong impact at the one- and
two-photon ionization thresholds, the region at about 70 nm,
and the few-photon ionization regime.

Before proceeding, we note that the present numerical
results agree well with the predictions of the nonadiabatic
tunneling theory at long wavelengths. A similar degree of
agreement has been reported before for results from an analyt-
ical R-matrix theory [35], 2D-TDSE calculations [37], and the
R-matrix with time dependence method [62]. Furthermore, the
results of the analytical R-matrix theory [35] indicate a maxi-
mum in the Py /P_ ratio as well, which occurs in a wavelength
regime close to that one where the maximum is found in the
present results. Finally, we note that the trend of the results for
P, and P_ in Figs. 2 and 3(b) near 1000 nm may indicate that
the relative emission probability of counter- versus corotating
electrons reverses at even longer wavelengths. Such a reversal
has been predicted in past theoretical studies [45,64].

2 2
S +v ) (11

) 12)

B. Ionization thresholds and two-photon ionization

At wavelengths near the one-photon ionization threshold
the relative probability for emission of counterrotating elec-
trons increases as compared to those from the initial levels
with m = —1 and m = 0. This can be seen from the ra-
tios Py /P_ [Fig. 4(b); stars with line] and P, /Py [Fig. 4(c);
stars with line]. The enhancement is due to the fact that for
small photoelectron energies the transition in the continuum
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FIG. 4. Upper row: (a) Channels for single-photon ionization.
Lower row: Comparison of ratios (b) P, /P_ (stars with line), P, (I =
2)/P_ (circles with line), and P, (/ = 0)/P_ (squares with line), and
(c) Py/Py (stars with line), P, (I =2)/Py (circles with line), and
P.(I =0)/P, (squares with line) as function of wavelength. Also
shown are the predictions based on lowest order perturbation for the
Al =1 channels [solid lines without symbols; Egs. (8) and (9)].

is favored for final states with low angular momentum quan-
tum numbers [79]. Since transitions into continuum states
with /; =0 are only allowed for counterrotating electrons
[Fig. 4(a)] the emission of those electrons is enhanced near
the threshold, which raises the two ratios. This interpretation
is verified by the comparison with reduced ratios, in which
we deliberately neglected the probability for the channel to
one of the final states in the P, results. To this end, we have
computed the continuum populations for a certain angular
momentum by projecting the wave function onto the corre-
sponding continuum functions used in the basis method and
adding these coefficients squared. The reduced ratios show the
dominant emission in the /; = 2 channel (squares with line)
and the /; = 0 channel (circles with line) at short wavelengths
and near the threshold, respectively.

The same effect explains the enhancement in the emission
of counterrotating electrons for wavelengths near and just
above 100 nm, at which the two-photon ionization channel
closes. Since the pathway into the /; = 1 channel is allowed
for the counterrotating electrons only [Fig. 5(a)], predominant

=3 I=1
m=-3,-2,-1 m=-1 ¢
L L LY ~
m
>3
®
o3
<
m=-1,0,+1
3.5
() (c)

50 75 100 50 75 100

wavelength (nm) wavelength (nm)

FIG. 5. Upper row: (a) Channels for two-photon ionization.
Lower row: Comparison of ratios (b) P, /P_ (stars with line), P, (I =
3)/P- (circles with line), and P, (I = 1)/P- (squares with line), as
well as (c) P, /Py (stars with line), P, (I = 3)/P, (circles with line),
and P, (I = 1)/P, (squares with line) as function of wavelength. Also
shown are the predictions in lowest order perturbation for the Al = 1
channels (lines without symbols).

emission of counterrotating electrons into the final channel
with the lowest possible angular momentum quantum number
enhances the ratio of Py/P_ and P, /Py near the threshold
[Figs. 5(b) and 5(c)].

The impact of the channels with lowest angular momentum
quantum number in the final state can be also investigated
via photoelectron angular distributions. For ionization along
the Al = 1 pathway, available for all electrons, we expect an
angular distribution proportional to the spherical harmonics
|Y2”"1|2 (for single-photon ionization) and |Y3’“’2|2 (for two-
photon ionization). As can be seen, from the comparison of
the numerical results in Fig. 6, obtained at the one-photon
(left column; 53.8 nm) and the two-photon threshold (right
column; 104.12 nm), this is the case for ionization from both
2po [panels (b) and (e)] and 2p_; [panels (c) and (f)]. In
contrast, the angular distributions for the counterrotating elec-
trons at the one-photon threshold [Fig. 6(a)] show signatures
of an interference. Specifically, in the projections it is seen that
the node that would occur for a pure |Y2°|2 distribution is not
present. This indicates the presence of an interference with
a spherical harmonic having a different, here lower, angular
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FIG. 6. Comparison of photoelectron angular distributions for
ionization from initial state m = 1 [(a), (d)], m = 0 [(b), (e)], and
m = —1 [(c), (f)] near one-photon [(a)—(c): 53.8 nm] and two-photon
[(d)—(f): 104.12 nm] threshold.

momentum, as expected. At the two-photon threshold the
contribution from / = 3 is significantly smaller than that from
I =1 so interference is barely visible in the photoelectron
angular distributions [Fig. 6(d)].

The enhancement in the P, yield and the corresponding
ratios at a wavelength of about 70 nm in the two-photon
ionization regime is due to resonant ionization via the inter-
mediate 3s doorway state. While transition into the 3d state is
allowed from all three initial states via the absorption of one
left-handed circularly polarized photon, the 3s state is only
accessible for electrons in the initial 2p_; state [cf. Fig. 1(a)].
Indications for the impact of the doorway state are given by
the ratios P, (Iy = 1)/P_ and P, (I; = 1)/P, in Figs. 5(b) and
5(c) and the large population in the 3s state for ionization from
the initial 2p, state at the end of the pulse [Fig. 7(a)]. The
relative importance of resonant transition via s and d states in
the two-photon ionization regime has also been discussed for
interaction of counterrotating electrons prepared in the excited
2p state in the hydrogen atom [60]. Similarly, an enhancement

excitation probablility

1077 T T T T T T T
50 55 60 65 70 75 80

wavelength (nm)

FIG. 7. Excitation probabilities in 3s (orange squares), 3d (red
circles), and all states (blue stars) for ionization from initial states
(a) 2p1, (b) 2py, and (c) 2p_, for neonlike atom at 5 x 10" W /cm?
interacting with 10-cycle laser pulses.

in the emission of counterrotating electrons has been observed
for a resonant 2p-3s transition in the three-photon ionization
of lithium atoms, prepared in the polarized 2p (m = +1)
state [69]. Together, the data clearly support the interpreta-
tion that the resonant ionization pathway, which is accessible
for the counterrotating electrons only, is the origin for the
enhancement in the P, yield. The comparison with the final
populations in the states of the n = 3 level for the other two
initial states in Figs. 7(b) and 7(c) shows that in those cases
only the 3d state is populated and the population decreases as
a function of wavelength in the two-photon ionization regime.

C. Doorway states in few-photon ionization regime

In contrast to the two-photon ionization regime, few-
photon ionization states in the n =3 level can only be
accessed by the counterrotating electrons, as shown in the two
schemes in Fig. 8. Corresponding to each of these additional
pathways one can expect resonant enhanced ionization in the
P, yield. In contrast, there are no pathways for resonant
enhanced ionization via the n = 3 states for electrons in the
other initial states.

The importance of the resonant transitions is supported by
the results of our numerical calculations in Fig. 9. The com-
parison of the total and 3/ excitation probabilities for the three
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FIG. 8. (a) Two- and (b) three-photon transitions into doorway
states in the n = 3 shell from initial 2p; state. Other nonresonant
transitions are also shown using same arrow styles as in Fig. 1.

initial states at the end of the pulse shows the stronger role of
the overall excitation for counterrotating electrons [Fig. 9(a)]
as compared to the other initial states [Figs. 9(b) and 9(c)]
in the wavelength regime between 100 nm and 200 nm.
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FIG. 9. Comparison of excitation probabilities in 3s (orange
squares), 3p (green triangles), 3d (red circles) with total excitation
probability (blue stars) from initial states (a) 2p;, (b) 2pg, and
(c) 2p_; for neonlike atom with 10-cycle laser pulses at peak in-
tensity 5 x 10'* W/cm?.
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FIG. 10. Same as Fig. 9 but for ns (orange squares), np (green tri-
angles), nd (red circles), nf (purple crosses), ng (brown diamonds),
nh (pink plus signs), and ni (gray 3-pointed stars) states with n > 4.
Total excitation probabilities are represented by blue 5-pointed stars.

It is also seen that a major part of the total excitation arises
from populations in either the 3p level (two-photon resonant
transition) or the 3d level (three-photon resonant absorption).
In contrast, there is only a very small final population in the
3d state for the other two initial states. This population arises
from one-photon transitions due to the broad bandwidth of
the ultrashort pulse. Similarly, we see some small population
in the 3s state due to one-photon absorption for the initial
2p; state.

The remaining part of the total excitation probabilities for
the counterrotating electrons as well as the contributions for
the other initial states arise from higher excited states. This
is shown in Fig. 10, where we present the corresponding
populations in states with n > 4, separately for each / quan-
tum number up to [ = 6 (i states). The excitations for the
initial states with (b) m = 0 and (c) m = —1 both solely arise
from the f (at about 110 nm), g (~170 nm), z (~200 nm),
and i levels (~240 nm), confirming that the mechanisms and
pathways to excitation and ionization from these two states
are similar. The population of levels with successively larger
[ values in separate regimes, as the wavelength increases, is in
agreement with the interpretation of a resonant enhancement
along the A/ =1 pathway. In contrast, the results for the
counterrotating electrons [Fig. 10(a)] again indicate the strong
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impact of the additional pathways. In this case the populations
in the excited states along the Al = 1 pathway do not provide
significant contributions to the total excitation probability.
For example, the population in the nf states (purple crosses)
at about 110 nm for initial state m = 1 is smaller than the
populations in the corresponding states for the interaction
with the other two initial states. However, its contribution
to the total excitation probability is negligible. Instead, the
populations in the excited states with lower / are, in general,
by about two orders of magnitude stronger than those with
the higher I’s. This observation agrees with theoretical results
for on-resonance two-photon ionization of an inner atomic np
subshell by a circularly polarized light field [63].

IV. SUMMARY

To summarize, we have performed ab initio numerical
calculations of the time-dependent Schrodinger equation to
study the dependence of the interaction of neonlike atoms with
an intense ultrashort circularly polarized laser pulse on the
magnetic quantum number of the initial state. In our analy-
sis we have considered a broad wavelength regime, ranging
from single-photon to tunneling ionization. The numerical
results for ionization of electrons corotating with respect to
the rotation direction of the field and those from the initial
level with m = 0 agree well with the predictions from lowest
order perturbation theory at short and nonadiabatic tunneling
theory [2,31] at long wavelengths. In contrast, the data for the
counterrotating electrons deviate significantly from both these
predictions in the intermediate-wavelength regime.

At the one- and two-photon ionization thresholds the en-
hancement in the emission of counterrotating electrons can
be explained via the transition into channels with low an-
gular momentum quantum number in the continuum, which
are accessible for these types of electrons only. Further in-
crease in the ionization yield for counterrotating electrons
(Fig. 2) and in the ionization ratio of counter- over corotating

electrons [Fig. 3(b)] in the two- and few-photon ionization
regime comes along with much stronger excitation proba-
bilities found for the interaction of counterrotating electrons
with a circularly polarized short laser pulse. Together with the
finding that the population is mainly in excited states with
lower angular momentum quantum number our results indi-
cate that resonant enhanced ionization via specific pathways
and doorway states, which are accessible for the counterro-
tating electrons only, is the physical mechanism behind the
enhancement. The overall similar trends in ionization and ex-
citation probabilities for initial states with m = 0 and m = 1,
from which none of the doorway states can be excited, further
support this interpretation.

The additional pathways for counterrotating electrons ex-
ist in all atoms with ground states having / > 1 and may
therefore provide an alternative route toward the generation
of ultrashort spin-polarized electron pulses. Energy gating of
the photoelectrons, as proposed and demonstrated in [29], can
even further enhance the selectivity in the ionization process.
Increasing the wavelength beyond the few-photon ionization
regime, the excitation probability becomes less relevant due
to the large number of photons needed for resonant transitions
into excited states close to the threshold. Correspondingly, the
relative strength of the emission of counterrotating over coro-
tating electrons gets significantly smaller, decreasing from a
ratio of ten to one at 250 nm to less than three to one in the
tunneling regime at 1000 nm [Fig. 3(b)].
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