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Magnetic dichroism in few-photon ionization of polarized atoms
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We consider few-photon ionization of atomic lithium by linearly polarized femtosecond laser pulses and
demonstrate that asymmetries of the electron angular distribution can occur for initially polarized (2p, m=+1)
target atoms. The dependence of the photoelectron emission angle relative to the electric field direction is
investigated at different laser intensities and wavelengths. The experimental spectra show excellent agreement
with numerical solutions of the time-dependent Schrodinger equation. In the perturbative picture, the angular
shift is traced back to interferences between partial waves with mean magnetic quantum number (m) # 0. This
observation allows us to obtain quantum mechanical information on the final electronic state.
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I. INTRODUCTION

Atomic ionization in optical fields proceeds predominantly
through the electric dipole interaction of the initially bound
atomic system with the external field. Consequently, photo-
electron angular distributions (PADs) are generally governed
by the direction and symmetries of the electric field. In the
simplest case of an unpolarized target, which is ionized by
linearly or circularly polarized light, the symmetries of the
electronic final state are (in the electric dipole approxima-
tion) identical to the symmetries of the ionizing field given
by its Stokes parameters. However, there are more complex
situations where these symmetries are lifted and the electron
emission does not geometrically align with the dominant elec-
tric field direction.

Examples, which have been debated extensively in the past
decade, are “attoclock” experiments [1-5], where adiabatic
tunnel ionization of atoms in elliptically polarized few-cycle
pulses is investigated. In these measurements, the electron
angular distributions, in the plane perpendicular to the laser
propagation direction (i.e., in the azimuthal plane), feature a
shift from the direction of the potential vector at the instant
of strongest electric field. This shift in the azimuthal angle ¢
might (partially) be attributed to a time delay of the ionization
while the electron tunnels through the barrier formed by the
potential of the atomic core and the adiabatically changing
electric field of the laser. Although this interpretation is still
somewhat controversial and the debate about the tunneling
time remains open (for recent reviews, see [6,7]), joint ex-
perimental and theoretical efforts resulted in a much better
understanding of the tunneling dynamics and an improved
modeling of the complex strong-field—atom interaction.

Already two decades before the first attoclock experiments,
a related phenomenon was observed in the multiphoton ion-
ization regime, the so-called “elliptic dichroism” [8]. Here
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again, the major and minor axes of the polarization ellipse
do not represent lines of reflection symmetry in PADs mea-
sured in noble-gas ionization by elliptically polarized light.
While the observed symmetry breaks are in contradiction
to Keldysh-type theories [8—11], they are qualitatively ex-
plained in terms of lowest-order perturbation theory (LOPT)
[12,13]. In this description, the asymmetry in the azimuthal
electron emission angle ¢ is a result of the interference of
phase-shifted partial waves with different angular-momentum
quantum numbers £ and m.

In the decades following the original discovery, elliptic
dichroism attracted considerable interest and was observed,
for instance, in above-threshold ionization of rare-gas targets
[14,15] as well as in few-photon ionization of alkali atoms
[16]. In contrast to the ionization by purely linearly or cir-
cularly polarized light, analyzing ionization data for elliptic
polarization enables one to extract phases and amplitudes
of the final partial waves, thereby allowing us to obtain the
complete quantum-mechanical information of the scattering
process [17,18]. Recently it was predicted that maximum el-
liptic dichroism can be achieved in two-photon ionization for
an appropriate choice of radiation wavelength, thus making
it a promising tool, e.g., to analyze the polarization state
of free-electron laser radiation [19]. It is worth noting that
the ellipticity of the polarization is not a sine qua non for
angular asymmetries to occur. Similar asymmetric final states
are expected, e.g., in multiphoton ionization by two combined
laser beams of different colors: one with linear and the other
one with circular polarization [20].

In the present study, we demonstrate that left-right asym-
metries can already be generated in atomic ionization by
purely linearly polarized light if the target atoms are initially
polarized. On the experimental side, it has been shown pre-
viously that optical traps are an ideal tool to provide excited
and polarized atomic targets for ion-atom scattering [21,22]
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or photoionization experiments [23-25]. Here we use an all-
optical atom trap (AOT) [26] to prepare an excited lithium
target in the polarized 2p configuration with m = +1. The
atoms are ionized by femtosecond laser pulses with a variable
wavelength between 695 and 800 nm. We observe strong
magnetic dichroism, i.e., a dependence of the differential
cross sections on the magnetic quantum number of the initial
state [27], which manifests itself as an angular shift of the
main electron emission directions with respect to the laser
polarization axis. The measured spectra are well reproduced
by our calculations based on the numerical solution of the
time-dependent Schrodinger equation (TDSE), and strongly
depend on both the intensity and wavelength of the laser pulse.

The observed asymmetries are qualitatively explained in
LOPT and in the dipole approximation, analogous to the
discussions in [12,13,19]. Despite its similarities to elliptic
dichroism, the present scheme does not require nonlinear
interactions with the laser field in order for asymmetries to
appear [19], but they are, in principle, already present after
the absorption of a single photon [24]. Moreover, the present
approach is expected, in the future, to contribute to the ongo-
ing discussion about tunneling times in attoclock experiments,
because it might allow us to disentangle contributions to the
angular shifts caused by the tunneling dynamics and by other
effects such as, e.g., the long-range Coulomb interaction be-
tween the emitted electron and the photo-ion.

II. EXPERIMENT

Since the experimental setup has been described previ-
ously [24,25,28], only a brief summary is given here. The
experiment consists of three major components: (1) an op-
tical trap providing state-prepared lithium target atoms, (2)
a tunable femtosecond laser source generating the ionizing
external field, and (3) a “reaction microscope” measuring the
momentum vectors of the ionization products.

The lithium target cloud is prepared in a near-resonant
AOT [26], where the atoms are cooled to temperatures in
the milli-Kelvin range and confined to a small volume of
about 1 mm diameter. The cooling laser system consists of
an external cavity diode laser with a tapered amplifier, whose
frequency is stabilized near the ’Li D2 transition at about A =
671 nm. The radiation couples the (25)*S;/, to the (2p)*P;
state, and, in steady state, about 25% of the target atoms
populate the excited P level, with about 93% of them being
in a single magnetic substate with m = 41 with respect to the
direction of a weak magnetic field (the z-direction).

The femtosecond laser source is a commercially available
system based on a Ti:Sa oscillator with two NOPA (non-
collinear optical parametric amplifier) stages [29] providing
maximum pulse energies of up to 15 ©J at a repetition rate of
200 kHz. The system can be operated in a short-pulse (about
7 fs FWHM of intensity) broadband mode (ca. 660—1000 nm).
In the present experiment, however, we amplified only a rather
narrow bandwidth (415 nm) resulting in Fourier-limited
pulse durations of about 35 fs. The laser beam is guided into
the vacuum chamber and focused into the lithium cloud with
a minimum beam waist of about 50 um. The pulse duration
and focal beam waist are used to estimate the pulses’ peak in-
tensities from the measured average power with an (absolute)

uncertainty of about 30%. In all the measurements performed
in this study the peak intensity was between 1.0 and 4.0 x
10" W/cm?.

A cold target recoil-ion momentum spectrometer—also
referred to as a “reaction microscope” [30,31]—is employed
to measure the three-dimensional momentum vectors of both
the electrons and recoil ions after the ionization process. A
typical electron momentum resolution of 0.005 to 0.01 a.u. is
achieved [24]. The differential cross section of the ionization
of the Li(2s) ground state and of the Li(2p, m = +1) excited
state are extracted employing a procedure that is described in
more detail in [28]. In brief, the near-resonant cooling lasers
are switched off periodically for short times. During these
times, all target atoms are in the ground state and the data for
Li(2s) ionization can be acquired. While the cooling lasers are
switched on, a fraction of target atoms are in the excited state,
and the Li(2p, m = +1) ionization cross sections are obtained
by subtracting the data for the cooling lasers being on and off
using an appropriate scaling factor.

III. THEORY

The experimental data are compared to ab initio calcula-
tions based on solving the TDSE considering a single-active
electron (SAE) in a He-like 1s? ionic core. A static Hartree
potential [32,33] is used and supplemented by phenomeno-
logical terms, which are discussed in [25]. As shown earlier
[28], our model potential describes the atomic structure with
an accuracy better than 1 meV for the n = 2 and n = 3 states.
Previous calculations using the same code yield excellent
agreement with experimental data measured under similar
conditions [25,28].

IV. RESULTS AND DISCUSSION

In Fig. 1 the momentum and angular distributions for the
ionization of the initial 2s and 2p states are shown for a
center wavelength of 770 nm and a peak intensity of 1.8 x
10" W/cm?. The laser field is polarized along the y axis,
and the orbital angular momentum of the excited P state is
polarized in the z direction, perpendicular to the drawing plane
in the figure. For all data presented in this study, the given
laser field parameters resulted in Keldysh parameters well
above 10, such that the ionization process can be described
in the multiphoton picture. The initial 2s state is ionized by
the absorption of four photons, resulting in an asymptotic
momentum |p| ~ 0.28 a.u., which is reflected in a single-
ring structure in the momentum distribution. The 2p-state
ionization proceeds through the absorption of three photons
corresponding to a slightly larger final state momentum of
about |p| & 0.31 a.u. For the ground-state ionization, the an-
gular differential cross section is symmetric with respect to
the laser polarization axis (the y axis in the graph) with its
highest intensity in the direction of the laser electric field
at ¢ = 90° and 270°. On the other hand, this symmetry is
noticeably broken for ionization of the 2p state, as the peaks
in the angular distribution are shifted away from the electric
field direction by Ag = 10°.

For a rigorous comparison of the measured spectra with
the TDSE simulations, the nonuniform spatial intensity dis-
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FIG. 1. Differential cross sections for few-photon ionization of
lithium atoms initially in the 2s (top) and 2p(m=+-1) (bottom) state
in 35 fs laser pulses at a center wavelength of 770 nm and a peak
intensity of 1.8 x 10" W/cm?. The initial 2p state is polarized along
the z direction (perpendicular to the drawing plane); the laser field is
polarized in the y direction (i.e., vertically). Left and center columns
show experimental and theoretical momentum distributions, respec-
tively. The right column shows the distribution of the azimuthal
angle. All spectra represent cuts in the xy plane, i.e., p, =0. In
the calculations, we considered a lower intensity (by a factor of
1.8) than stated for the experiment, corresponding to an estimated
mean intensity after averaging over the nonuniform spatial intensity
distribution in the reaction volume (see text).

tribution of the laser field around the focal point should be
taken into account. In the experiment, the location of a specific
ionization event is not precisely known, and, therefore, our ex-
perimental data are not measured for a well-defined intensity,
but averaged over an intensity range. In previous studies, we
had convolved the theoretical cross sections over a broad in-
tensity range [25], yielding nearly perfect agreement between
measurements and calculations. While we expect that this
procedure would reduce discrepancies, intensity-dependent
features of the calculated spectra are more clearly visible
without the averaging. Therefore, we omit this convolution
in the present study and perform instead the calculation at a
mean intensity by a factor 1.8 lower than the peak intensity
applied in the experiment. Overall, the shape of the measured
and calculated spectra are in excellent agreement (see Fig. 1).

The general features observed in the PADs can qualita-
tively be explained in the LOPT picture. For the following
discussion, we choose a quantization direction along the z
axis, which coincides with the direction of the atomic po-
larization for the excited target initial state. In the electric
dipole approximation, the selection rules yield a change of
the magnetic quantum number by Am = +1 and —1 for each
absorbed or emitted photon of right-handed and left-handed
circular polarization in the xy plane, respectively. Linearly po-
larized light along the y direction corresponds to the coherent
superposition of the two circular polarizations. The resulting
LOPT ionization pathways are depicted in Fig. 2. The angular
part of the final electronic continuum state can be expressed
in terms of a superposition of spherical harmonics Yy, (¢, ¢)
of different dipole-allowed quantum numbers ¢ and m, which

(0,0)
(2,0)
(4,0)

Energy (eV)

-3.54
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m -4 3 2 -1 0 +1 +2 +3 +4

FIG. 2. Ionization scheme for three-photon ionization of the 2p
excited state (solid arrows) as well as for four-photon ionization of
the 2s ground state (dashed arrows) in a field with linear polarization
oriented perpendicular to the atomic quantization direction.

are—for the given initial states, and depending on the number
of absorbed and emitted photons—either all even or all odd.
In the presently considered case of three-photon ionization
of a 2p(m = +1) initial state, the allowed quantum numbers
are £ =0, 2, and 4 (corresponding to s, d, and g waves) and
m=-2,0,2, and 4.

The dependence of the final state wave function on the
azimuthal angle ¢ is generally given by [13]

W(k) =) am(k, 9)e™, )

L,m

with ay,, relating to the complex amplitudes of the contribut-
ing partial waves, which generally depend on the absolute
value of the photoelectron momentum k and the polar emis-
sion angle . For photoelectrons emitted in the xy plane with
an energy E, the above equation simplifies to

Wk =~2E, 9 =90°,9) = cne™, 2)
with ¢,, = ), aem(k = V2E, 9 = 90°) generally being com-

plex. The photoelectron angular distribution is then obtained
by the absolute square of this wave function:

2
do ,
(), =[Z e
ds2 /oo .
= Z c,,,c:‘n,ei(m_m/)‘/’ = Z lem]?
m,m’ m
+ > 2lemlle, | coslm’ — m)p + Apm].

m<m’

3)

Any ¢ dependence of the cross section stems from the
interference of partial waves with different m giving rise to
interference terms that feature cosine functions oscillating
with the emission angle ¢ [see right-hand side of Eq. (3)]. The
angular shifts A,,,, correspond to the relative phase angles
between the complex amplitudes c,, and c¢,,. For the specific
case of two-photon ionization of the 2p state shown in Fig. 2,
the quantum number m can take four values (—2, 0, 2, and 4).
This results in a superposition of interference terms oscillating
with (m’' — m)p = 2¢, 4¢, and 6¢, which corresponds to an
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angular distribution with up to six local maxima in accordance
with our data shown in Fig. 1 (bottom).

From Eq. (3) it can be seen that the positions of the
peaks in the angular distribution depend on the relative phase
angles A,,,, of the interfering partial-wave amplitudes. The
complex phases of these multiphoton amplitudes arg[c,,] are
determined by several factors: First, there is a trivial depen-
dence on the orientation of the laser field polarization. This
phase offset is (by our choice of the coordinate system) zero
for a laser polarization in the x direction and changes as
the polarization is rotated in the xy plane. Second, there are
(asymptotic) phase shifts &, of the outgoing radial continuum
wave functions, which are different for each £. Those include
the well-known Coulomb phase shift argI'(¢ 4+ 1 — i/k), but
also non-Coulombic contributions due to the short-range part
of the target potential. Third, bound and continuum interme-
diate states also have an effect on the multiphoton amplitude
to a given partial wave, making their final phase generally
path-dependent.

It is important to note that the photoelectron angular dis-
tribution can still be symmetric with respect to the photon
polarization direction, even though individual interference
terms generally do not feature this symmetry due to their
rotation by an angle of A,,,,/(m —m’). A simple example is
the three-photon ionization of the lithium 2s state shown in
Fig. 2 (dashed arrows), where the final state is composed of
the orbital angular momenta ¢ = 0, 2, and 4 with m ranging
from —4 to 4 [34]. Here each pair of partial waves with am-
plitudes c,, and c,, possesses a counter pair c_,, and c_,, such
that their resulting interference terms are mirror images of one
another with a reflection line given by the field’s polarization.
For this system, the superposition of all interference terms
of Eq. (3) results in a symmetric distribution. However, this
symmetry between amplitudes of positive and negative m is
lifted if there is a nonzero mean final-state polarization with
(m) # 0. This occurs, e.g., for a target in a polarized initial
state with m # 0 (as in the present study) or if the target is
ionized by elliptically polarized light. In this case, the angular
symmetry with respect to the laser polarization direction is
generally expected to be broken.

According to the perturbative picture discussed above, the
angular shifts observed in the data are sensitive to both, the
relative magnitude and phase of the partial-wave amplitudes,
which can change with the laser wavelength and intensity. In
order to get a more complete picture of these dependences, we
studied the angular distributions for a range of laser parame-
ters. In Fig. 3 we show the cross-normalized (i.e., normalized
relative to each other) spectra for the ionization of the 2s and
2p states, which have been multiplied by a suitable factor for
a better visibility when indicated.

The shape of the angular distributions agrees overall very
well between measured and calculated data, with some moder-
ate discrepancies at 770 and 800 nm. The relative magnitudes
of the 2s and 2p ionization cross sections vary vastly over the
investigated wavelength and intensity regime, and some dis-
crepancies are observed as well. They are largest for 770 nm
at 4 x 10" W/cm? (by a factor of about 2). As mentioned
above, convolving our theoretical spectra with the experimen-
tal intensity distribution would likely improve the agreement,
but they would also distort the clear visibility of the intensity-

695 nm, 1.0x10" W/ecm? 90
120

= 2pionization
©  2s ionization

2
735 nm, 1.8x10" W/ecm? ‘g9 735 nm, 3.0x10"" W/cm? 90
120 I 120

270
770 nm, 4.0x10" W/em? 90
120

270
770 nm, 1.8x10" W/em? 90

270 270

FIG. 3. Same as Fig. 1 (right), but for different laser wavelengths
and intensities, which are labeled for each graph individually. Black
solid squares and black lines correspond to experimental and theo-
retical results for the initial 2p state, respectively. Red open circles
and red lines represent the according data for the initial 2s state. The
data for the two initial states are cross-normalized in each graph,
and, where indicated, multiplied by the indicated factor for better
visibility.

dependent changes. Moreover, we have shown earlier [25,28]
that our theoretical model describes the target system very
accurately and the numerical uncertainty is extremely small.
Remaining differences could still stem from experimental
uncertainties in the laser parameters (e.g., pulse duration,
spectrum, and intensity), which are very challenging to char-
acterize accurately. Here our primary aim is not the rigorous
test of our theoretical model, but rather a better understanding
of few-photon ionization dynamics and the mechanisms at
play.

All the angular distributions shown in Fig. 3 feature two
diametrically opposed main peaks, aligned with the laser
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polarization axis for the ionization of the 2s ground state and
shifted from this axis for the ionization for the polarized (2p,
m = +1) state. These angular shifts are clockwise for the
wavelengths of 695 and 735 nm. For 770 nm, the shifts are
counterclockwise in the experimental spectra. In the calcula-
tion, on the other hand, the direction of the shifts flips with
the intensity. For 800 nm, the peaks align closely with the
laser polarization axis, while the calculation shows a small
clockwise shift for the higher intensity.

As discussed above, the angular shifts depend sensitively
on the relative magnitudes of the final state partial wave
amplitudes. Atomic resonances can affect these magnitudes
significantly. The most notable one-photon resonance close
to the investigated wavelength range is the 2p-3s resonance
at a wavelength of 812 nm. Because the 3s state is spheri-
cally symmetric, all flux proceeding through this resonance
will lose any information on the initial polarization direction,
thereby suppressing the polarization of the final state. There-
fore, this resonance can be expected to reduce the angular
asymmetries. Indeed, the angular shift for a laser wavelength
of 800 nm and an intensity of 1.8 x 10'! W/cm? (cf. Fig. 3,
bottom left) is barely noticeable. There are many two-photon
resonances between the 2p state and higher-lying states, e.g.,
withn = 6,7, 8, and 9 at wavelengths of about 780, 760, 744,
and 735 nm, respectively. Here only p and f states couple to
the initial 2p state due to dipole selection rules. It is difficult
to pin down the effects of these resonances for specific laser
parameters. Generally, if a p state is transiently populated
after the absorption of two photons, the set of allowed m
quantum numbers in the final state reduces to —2, 0, and 2,
and the contribution of m = 4 is suppressed. As a result, the
contribution of the interference term in Eq. (3) for m = —2
and m’ = 4, which is responsible for the six-peak structure,
becomes negligible. In contrast, a resonance to an f state will
allow all even m quantum numbers between —2 and +4 in the
final state.

The shortest wavelength, 695 nm, stands out in several
respects: First and foremost, the absorption of only two pho-
tons suffices to promote the 2p electron to the continuum
at this wavelength. The ejected-electron energy is just above
threshold, and the main signal from both 2s and 2p ionization
is thus at very small momenta, well below 0.1 a.u. (see Fig. 4).
Furthermore, there is no significant resonance enhancement
at this wavelength, which makes this system a particularly
clean manifestation of the observed dichroic asymmetries.
Indeed, the observed angular shift of the two dominant peaks
is about 15° stronger than in all other cases investigated. The
calculations reproduce the momentum distributions observed
experimentally to excellent accuracy.

The smaller number of absorbed photons gives rise, in
LOPT, to a superposition of p and f waves with magnetic
quantum numbers m = —1, 1, and 3. As a result, the last term
in the angular differential cross section of Eq. (3) should van-
ish, yielding only four peaks in the g-distribution. However,
this is in clear contradiction with our measured and calculated
spectra where six peaks can be identified. While this evident
violation of LOPT at the present comparably low intensities
might be surprising, it can be explained by the near-resonant
laser wavelength to the 2s—2p transition at 671 nm. The strong
coupling between these electronic states, combined with the

Experiment

02 0.1 0.0 0.1 02 0.1 0.0 0.1 0.2
k. (a.u.)

Experiment

-0.2 -0.1 0.0 0.1 -0.2 -0.1 0.0 0.1 0.2
k (@.u) K (@a.u)

FIG. 4. Same as Fig. 1 (left and center), but for a laser wave-
length of 695 nm at a peak intensity of 1 x 10! W/cm?.

relatively large pulse length, leads to a breakdown of LOPT
even at low intensity. As a large fraction of the probability flux
passes through the atomic ground state, four-photon pathways
can compete with two-photon pathways, leading to a sig-
nificant contribution from the (¢ = 3, m = —3) partial wave.
The interference between the partial waves with m = —3 and
m = 43 results in a term oscillating as 6¢, i.e., the observed
six-peak structure in Fig. 4.

V. SUMMARY AND CONCLUSION

We investigated magnetic dichroism in differential cross
sections for atomic few-photon ionization of polarized atoms
by linearly polarized femtosecond optical laser pulses. Here
dichroic asymmetries manifest themselves in the photoelec-
tron angular distributions as a removal of reflection symmetry
with respect to the laser polarization axis, and an angular
shift of the main electron emission directions from the elec-
tric field orientation is observed. Similar asymmetries have
been reported earlier for rather different reactions, e.g., for
electron [35] or ion [22,36,37] impact ionization of polar-
ized atoms. Also for strong-field ionization, an influence of
the active electron’s initial angular momentum orientation on
its final momentum distribution was reported [38,39]. How-
ever, compared to these earlier studies, the present system is
particularly fundamental, because of the well-defined energy
and limited angular-momentum transfer in the multiphoton
absorption process. We studied the dependence of the angular
shift on laser wavelength and intensity, and we obtained very
good agreement between our experimental data and calcula-
tions based on the numerical solution of the time-dependent
Schrodinger equation.
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The observed asymmetries are qualitatively discussed in a
simplified picture based on the electric dipole approximation
in lowest order perturbation theory. Here the final state is
expressed as a superposition of partial waves with different
orbital angular momenta ¢ and orientations m. Depending
on the number of photons absorbed, the quantum numbers
£ and m are either all even or all odd. The dependence of
the photoelectron angular distribution on the azimuthal an-
gle ¢ is a result of interfering partial waves with different
m. The symmetry of the angular distribution with respect to
the laser polarization direction is generally lifted if the final
state features a nonvanishing mean projection of the angular
momentum, (m) # 0.

In our studied system, the final polarization of the electron
angular momentum is essentially a “remnant” of the initial
target orientation, which is (partially) preserved through the
ionization process. Furthermore, several phase-shifted partial
waves contribute to the final state and interfere, resulting
in the observed angular shifts. We note that the qualitative
explanation given here is consistent with previous analyses
of elliptic dichroism in multiphoton ionization of unpolarized
atoms [12,13], where the mean polarization (m) of the final
electron state stems from an asymmetric transfer of angular
momentum by the elliptically polarized photon field.

The general methods presented here might help to an-
swer related questions about light-matter interaction that are

presently under investigation. In attoclock experiments, e.g.,
angular asymmetries are observed in the tunnel-ionization
regime in elliptically polarized few-cycle pulses and inter-
preted in terms of a finite time delay of the tunneling process
[1,2]. Future experiments involving oriented targets at much
smaller Keldysh parameters than in the present study could
be performed for linearly and elliptically polarized radiation.
For both of these measurements angular shifts are expected,
but only the latter represents an angular streaking scheme
sensitive to ionization time delays. The comparison of these
two situations might shed light on open questions about the
role of tunneling time delays and of phase shifts due to the
target potential, thereby improving our understanding of the
fundamentally important quantum mechanical tunneling pro-
cess.
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