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Intense, circularly polarized extreme-ultraviolet (XUV) and near-infrared (NIR) laser pulses are combined to
double-ionize atomic helium via the oriented intermediate He+(3p) resonance state. Applying angle-resolved
electron spectroscopy, we find a large photon helicity dependence of the spectrum and the angular distribution
of the electrons ejected from the resonance by NIR multiphoton absorption. The measured circular dichroism is
unexpectedly found to vary strongly as a function of the NIR intensity. The experimental data are well described
by theoretical modeling and possible mechanisms are discussed.

PACS numbers: 32.80.Fb, 32.80.Rm, 32.10.Dk

Dichroic phenomena in photoionization, i.e., the different
response of a system to changes of the polarization state of
the incoming light, have shown a high sensitivity to the dy-
namics of the underlying processes. Especially studies of
the circular dichroism (CD), the different response to right-
and left- circularly polarized light, have attracted much atten-
tion due to the possibility to investigate, for example, dichroic
properties of electronic systems and chiral matter in general
(e.g., [1, 2]). The interest ranges from fundamental spin con-
trol [3] to (bio-)chemistry [4] and material science such as
magnetization studies [5]. The experimental work is often re-
lated to measurements using circularly polarized optical lasers
or synchrotron radiation sources in combination with high-
resolution angle-resolved electron spectroscopy. In earlier
works (e.g., refs. [6–14] and references therein), the study of
CD in photoelectron angular distributions revealed detailed in-
formation on atomic and molecular ionization, including the
realization of a complete experiment, i.e., the determination
of the photoionization amplitudes and their phases.

Dichroism in the strong field and multiphoton regime has
been mainly investigated in the optical wavelength range. The
extension of such studies to shorter wavelengths has become
possible with the advent of Free-Electron Lasers (FELs) and
their unprecedented intensity over a large photon energy range
from soft to hard X-rays [15–17]. In particular, experimental

investigations of the CD in two-color near-infrared (NIR) –
extreme-ultraviolet (XUV) multiphoton ionization, which was
predicted theoretically [18–20], only started recently [21, 22]
with the operation of the seeded FEL FERMI [23], and even
more recently with the installation of the Delta undulator at
LCLS [24]. These FELs are capable of providing circularly
polarized, ultra-intense XUV and X-ray pulses, respectively.
In initial studies [21], the CD was found to be sensitive to
details of the photoionization mechanism and the description
of the continuum-continuum transitions involved. It is par-
ticularly informative to obtain the photoelectron angular dis-
tribution (PAD) [25–27] in order to determine the amplitudes
of the photo-processes and their relative phases. The aim of
this work is to develop a powerful and sensitive approach to
study and control ionic resonances and their dichroic interac-
tion with strong chiral fields.

In this Letter, we present a study where sequential double
ionization and resonant two-color multiphoton ionization with
circularly polarized pulses are applied together to the same
system. The photoelectron spectra and the corresponding an-
gular distributions arising from four-photon ionization of the
XUV excited He+(3p) state by intense NIR pulses were inves-
tigated experimentally and theoretically for different relative
helicities of the XUV and NIR radiation. The observed differ-
ences are attributed to the different angular momenta involved
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in the two-color multiphoton process. The most unexpected
observation is related to the strong NIR intensity dependence
of the CD, which is mainly caused by a helicity dependent
AC Stark shift for the magnetic sublevel of the He+(3p) res-
onance.

Our study is also related to the intriguing question whether
the ionization probability of an electronic state with an elec-
tron (classically) co-rotating with the field is larger than in the
counter-rotating case, and how the answer might depend on
the laser parameters. For the non-adiabatic tunneling regime
of strong-field ionization, it was predicted [28], on the basis
of the semiclassical trajectory analysis of tunneling, and later
confirmed experimentally [29] that the counter-rotating case
is favored. In contrast, the co-rotating case dominates weak-
field one-photon direct ionization [30, 31]. For multiphoton
ionization of the (n = 2) excited hydrogen atoms, it was pre-
dicted [32] that the co-rotating case is favored at small laser in-
tensity, but at intensities higher than 1013 W/cm2 the counter-
rotating case starts to increasingly dominate. In all these cases
only non-resonant multiphoton transitions were considered.

For the present study, we chose He atoms as target, in order
to permit using a well-established computational approach.
The scheme of our experiment is depicted in Fig. 1. A circu-
larly polarized XUV pulse first ionizes the atom and produces
a He+(1s) ion. The latter is then further excited by a second
XUV photon to produce an oriented He+(3p,m = +1) inter-
mediate state. Using a spatially overlapped and temporally
synchronized pulse of circularly polarized NIR radiation, the
He+(3p) state is finally ionized by four-photon absorption.
The helicity of both pulses can be controlled. For fixed helic-
ity of the XUV pulses, we investigated the CD by comparing
results for opposite helicities of the NIR pulses.

In our case, the ionization proceeds in the multiphoton
regime and hence the nomenclature of perturbation theory is
appropriate. Already in lowest (non-vanishing) order pertur-
bation theory (LOPT), there are many paths available to reach
the continuum in the counter-rotating case, due to the dif-
ferent orbital angular momenta of the excited electron (see
Fig. 1). Choosing the z-axis along the incident direction of
the collinear XUV and IR pulses, the absorption (stimulated
emission) of a photon with helicity H = +1 increases (de-
creases) the magnetic quantum number m of the atom by one
unit. A photon with helicity H = −1 changes m in the oppo-
site direction. Higher-order processes are also possible, with
just a few indicated in the right part of Fig. 1. Further compli-
cations may occur by the third NIR photon coupling to high-
lying Rydberg states of He+ (not shown for clarity), although
in the present setup the combined energy of three NIR pho-
tons would bring the unperturbed system just in between the
n = 6 and n = 7 states, with a separation of 0.2 eV from
each of these states, i.e., larger than the experimental energy
uncertainty.

The experiments were performed at the Low Density Matter
endstation (LDM) using the FEL-1 branch of the seeded free-
electron laser FERMI [33]. The circularly polarized pulses of
the FEL had a photon energy of 48.37 eV (25.63 nm), corre-
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FIG. 1: (Color online) Scheme for sequential ionization of the neu-
tral helium target. After the first FEL photon (hν=48.37 eV) creates
He+(1s), the sequential absorption of a second FEL photon produces
the oriented He+(3p,m=+1) state. From here, the energy needed
for ionization is provided by an NIR laser with a photon energy of
1.58 eV (λ=784 nm) and changing helicities. The right branch cor-
responds to the co-rotating XUV and NIR fields, the left branch to the
counter-rotating case. The solid lines associated with the optical laser
indicate the possible pathways in LOPT. An illustration of higher-
order processes is shown as dashed lines on the right side. Only
the latter can, in principle, provide more than one possible path for
the co-rotating case that predominantly reaches the (`,m)=(5,+5)
continuum at the lowest (main) peak and the (6,+6) continuum in
the first ATI peak.

sponding to the 10th harmonic of the FERMI seed laser. The
bandwidth was determined to be ≈ 100 meV, which is suffi-
ciently narrow to populate efficiently the He+(3p) state. The
pulse duration (FWHM of the intensity) was 100 fs ± 20 fs,
and an average pulse energy of 47 µJ ± 6 µJ was achieved
at 10 Hz repetition rate of FERMI. The degree of circular po-
larization at LDM was 95%± 5%, as determined earlier [21].
With a spot size of 50µm ± 10µm (FWHM) and 60% total
transmission of the beamline, the He atoms were irradiated
with a peak intensity of≈ 1.0×1013 W/cm2 by the FEL. The
central photon energy of the NIR laser was 1.58 eV (784 nm)
with a bandwidth of ≈ 26 meV (13 nm) and a degree of po-
larization > 99%. The pulse duration was ≈ 175 fs, and the
average pulse energy was 604 µJ ± 1.5µJ. With a spot size of
≈ 180µm, the effective irradiation of the interaction region
from this laser was≈ 1.4×1012 W/cm2 for an optimized spa-
tial overlap. The gaseous helium was injected into the center
of a Velocity Map Imaging (VMI) electron spectrometer [33]
where the FEL and NIR lasers were spatially and temporally
overlapped. The energy resolution of the VMI was determined
to be better than 100 meV from threshold to 4 eV, whereas
the absolute kinetic energy accuracy was calibrated to be bet-
ter than 200 meV. The electron emission patterns were recon-
structed via Abel transformation [34].

The theoretical description of the present experiment is
based on the two-step model of He sequential double ion-
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FIG. 1: Experimental (stars) and theoretical (solid line) spectra of
photoelectrons at an emission angle of 90�±5� (upper panel) and an-
gular distribution (bottom panel) for co- (blue) and counter-rotating
(red) circular polarization. See text for details.

FIG. 2: (Color online) Experimental (symbols) and theoretical (lines)
spectra of photoelectrons at an emission angle of 90◦±5◦ and angu-
lar distribution in the main photoelectron line (around 150 meV) for
co-rotating (blue, solid circles and line) and counter-rotating (red,
open circles and dashed line) circular polarizations in the lowest
peak.

ization [35, 36], where the initial step of creating He+(1s)
is decoupled from the subsequent excitation-ionization of
the He+(3p) state. Then the non-relativistic time-dependent
Schrödinger equation (TDSE) is solved numerically for the
He+ electron in the field of both the circularly polarized XUV
and NIR pulses. For cross checking of the theoretical results
we employed two independent computer codes to solve the
TDSE [37, 38], which differ only in details. In the calcula-
tions, we assumed Gaussian pulses of about 22 fs in duration
mainly due to limitations in computing power. The validity of
comparing these results to the longer pulses of the experiment
is given by the accurate match of both the spectrum and the
angular distribution. Furthermore, a cross check of different
pulse durations within the computing resources revealed no
relevant differences to the results. The XUV and NIR pulses
started at the same time, and the peak intensities were set to
1.0 × 1013 W/cm2 for the XUV pulse and 1.4 × 1012 W/cm2

for the NIR pulse, respectively.

The photoelectron spectra at the emission angles of 90◦±5◦
for the two cases of co-rotating and counter-rotating NIR and
XUV circularly polarized pulses are displayed in Fig. 2. The
prominent maximum at the photoelectron kinetic energy of
≈ 150 meV corresponds to four-NIR-photon ionization of the
He+(3p) state, which was initially excited by the XUV pulse.
Most importantly, the principal maxima for equal and oppo-
site helicities exhibit a very strong difference (≈ 40%) in their
yields. A second clearly visible maximum at ≈ 1.75 eV is the
ATI peak produced by the absorption of a fifth NIR photon.

The co-rotating and counter-rotating peaks reveal slightly
different AC Stark shifts. This can be understood already
within the LOPT. Indeed, the polarizability of the magnetic
substate (3p,m = +1) includes three terms: scalar, tensor,

and axial [39]. While the AC Stark shift due to the first two
is independent of the field helicity, the third term differs in
sign for opposite helicities. This is supported by numerical
calculations in second order perturbation theory [40].

In the inset of Fig. 2, the PADs are shown for the low-
kinetic-energy peak for both relative helicities. Since the
XUV and NIR beams are essentially collinear, the PADs are
cylindrically symmetric with respect to the beam direction
(z-axis). We present results in the plane containing this axis,
which corresponds to 0◦ in the polar plot. The measured angu-
lar distributions are drastically different for the co-rotating and
counter-rotating fields. In the former case, the PAD exhibits a
simple shape, with just two lobes at 90◦ and 270◦, i.e., perpen-
dicular to the beam direction. The distribution is more com-
plex in the counter-rotating case, with four additional lobes at
approximately (2n− 1)× 45◦ for n = 1, 2, 3, 4.

The difference in the observed pattern can be qualitatively
explained using the LOPT (see Fig. 1). For the co-rotating
case, only the partial wave l = 5 with m = +5 contributes
to the lowest peak, i.e., the PAD is predominantly determined
by |Y5,+5(θ, φ)|2 ∼ sin10 θ. For counter-rotating fields, on
the other hand, at least two partial waves, l = 5 and l = 3
contribute, both with m = −3. The more complex PAD in
this case is thus determined by the absolute square of a super-
position of Y5,−3(θ, φ) and Y3,−3(θ, φ), which includes an
interference term. For both cases, co-rotating and counter-
rotating fields, the remaining channels contribute less than
0.1% to the main peak.

The CD is defined as [P+−P−]/[P++P−], where P+ and
P− are the probabilities for ionization by circularly polarized
pulses with the same (+) or opposite (−) helicity, respectively.
The angle-integrated values of the CD at 1.4 × 1012 W/cm2

are 0.169+0.06
−0.10 for the experiment and 0.244 for theory. In ad-

dition, we recorded angularly resolved electron emission data
and derived the angle-integrated CD under reduced effective
NIR intensity of 7.3× 1011 W/cm2 [21]. For this setting, the
experimental integral CD value is 0.98+0.02

−0.11 , while the TDSE
calculations yield 0.95.

The dominating ionization by co-rotating fields at low in-
tensities, leading to an exceptionally large positive CD, can
again be qualitatively understood in terms of the LOPT. The
right branch in Fig. 1 (co-rotating fields) to (l = 5, m = +5)
contains only a single path with four dipole transitions of
the type (l,m = l) → (l + 1,m = l + 1), which are
most favorable among the dipole transitions with increasing l.
The left branch (counter-rotating fields) contains a path to
(l = 5, m = −3) with a probability (estimated from an-
gular factors alone) 735

16 ≈ 50 times smaller than the right
branch. Excitation of (l = 3, m = −3) is more compli-
cated. This can be reached in LOPT by four interfering paths,
involving different combinations of intermediate states with
various l. Due to smaller angular factors and likely some de-
structive interference between the amplitudes of these paths,
the ionization probability into (l = 3, m = −3) is expected
to be much smaller than for (l = 5, m = +5). For the NIR
intensity of 7.3× 1011 W/cm2 our qualitative conclusions are
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FIG. 3: (Color online) Circular dichroism in the peaks at 200 meV
as function of the NIR peak intensity for an XUV peak intensity
of 1.0 × 1013 W/cm2. The two experimental points are compared
with predictions from the TDSE calculations (TDSE-1 [37], TDSE-2
[38]). The insets show the low-energy spectra from the TDSE calcu-
lations for the two experimental cases.

supported by the TDSE calculations, resulting in the probabil-
ities P5,5 = 1.5·10−2, P5,−3 = 2.7·10−4, P3,−3 = 2.3·10−4,
with almost two orders of magnitude difference in the ioniza-
tion probability for co- and counter-rotating fields.

Figure 3 shows the angle-integrated CD of the low-kinetic-
energy peak as a function of the NIR intensity. With increas-
ing NIR intensity, the CD decreases and is predicted to even
change sign at INIR & 1.5 × 1012 W/cm2, i.e., ionization by
counter-rotating fields becomes more effective.

The question, therefore, arises how such a relatively small
change of the NIR intensity, well in the multiphoton regime,
can possibly cause such a large change in the measured CD.
In this regard, Fig. 4 shows the population of the He+(1s) and
He+(3p,m = +1) states at the end of the laser pulses. The
population of the 3p state is very high for low NIR intensi-
ties, for both the co-rotating and the counter-rotating cases.
This simply confirms the desired, very high likelihood for
the second XUV photon to excite the He+ ion. Since the
co-rotating case is favored due to angular-momentum factors
and pretty much protected from destructive interference, the
(3p,m = +1) state is much more efficiently ionized in this
case than in the counter-rotating case. Hence, the measured
CD is close to unity at the relatively low NIR peak intensity
of 0.6×1012 W/cm2, even though there are already about 25%
fewer He+(3p,m = +1) ions available for ionization than for
the counter-rotating case.

When the NIR intensity is increased, however, it causes
the (3p,m = +1) state to shift slightly for the co-rotating
cases, as seen by the change in energy of the peak in the
inserts of Fig. 3. This small shift is nevertheless suffi-
cient to significantly reduce (by almost an order of mag-
nitude) the He+(3p,m = +1) population that is available
for subsequent four-photon NIR ionization. The vast major-

ity of atoms stay in the ground state He+(1s). In contrast,
the He+(3p,m = +1) population is hardly affected in the
counter-rotating scenario. Consequently, the less-favored path
rapidly picks up in importance, thereby reducing the mea-
sured CD substantially.

While we cannot rule out other mechanisms that might con-
tribute to this apparently complex situation, the above sce-
nario seems valid. It is also supported by the fact that the
ionization probability for the co-rotating case (the area under
the curve) hardly increases when the NIR intensity is doubled
(see inserts of Fig. 3). In the simplest scenario, one would
have expected an increase by about a factor of 24 = 16, but
this expected increase is compensated for by the accompany-
ing decrease in the available He+(3p,m = +1) ions.

In conclusion, by applying a circularly polarized XUV
pulse to the He+ ground state, we deliberately excited the ion
to the m = +1 magnetic sublevel of the 3p state. This ex-
cited and oriented state was then ionized by a co-rotating or
counter-rotating NIR field. Employing a circularly polarized
NIR laser and obtaining the corresponding circular dichroism
of the ejected electron from the resonance provides a novel ap-
proach to determine electronic orientation in ionic resonances
in general. Varying the NIR intensity, the resonant absorption
probability can furthermore be controlled due to a dichroic AC
Stark shift.

We revealed experimentally and supported by calculations
that the measured circular dichroism depends to a surpris-
ingly strong extent on the peak intensity of the NIR field for
a fixed XUV pulse. At small NIR intensities, the CD is pos-
itive and close to unity. With increasing NIR intensity, the
CD is calculated to become negative. The intensity depen-
dence of CD predicted in previous studies [28, 32] is much
smoother and the zero-crossing occurs at about one order of
magnitude higher intensity than in the present case. In our
case of multiphoton ionization via an intermediate resonant
state, the reason is a different helicity-dependent shift of the
He+(3p,m = ±1) states due to the presence of the circularly
polarized NIR field. Even though the dynamic AC Stark shift
in the electron spectra is determined to be small, it appears to
be sufficient to significantly affect the initial population of the
excited He+ ions that are available for subsequent ionization.

The technique discussed in this Letter is directly applica-
ble to any FEL source with polarization control and to any

FIG. 4: (Color online) TDSE predictions for the populations of
He+(1s) and He+(3p,m = +1) for the co- and counter-rotating
cases at the end of the pulses as a function of the NIR peak intensity.
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atomic, molecular, or solid-state target. Future projects on
the dynamics of oriented states or structurally chiral targets
and the manipulation of magnetization via pre-oriented spins
of inner-shell electrons excited, for example, in conduction
bands, are expected to greatly benefit from the new handle on
circular dichroism control presented here.
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