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Two-color extreme-ultraviolet + near infrared (XUV + NIR) multi-photon ionization of the helium
ion by circularly polarized light is studied in the vicinity of the 3p resonance. Combining the analysis
of results obtained by solving the time-dependent Schrödinger equation and of the quasienergy
spectrum of He+ reveals the physical mechanisms that determine the photoelectron spectra and the
variation of the circular dichroism as function of the NIR intensity.

I. INTRODUCTION

Ionization by strong circularly polarized fields at near-
infrared (NIR) or visible light is an actively progress-
ing field, both theoretically and experimentally, result-
ing, e.g., in high-order harmonic generation (HHG) with
tunable polarization [1–4] and the production of a high
degree of photoelectron spin polarization in multi-photon
ionization [5]. Applications have been particularly con-
centrating on the study of chiral molecules [6–8] and
of fundamental processes in strong-field ionization of
atoms [9–11]. In addition, the production of circularly
polarized extreme ultraviolet (XUV) photons at syn-
chrotrons and HHG sources have produced a wealth of
studies on dichroic processes in photoionization [12–15].
Processes with intense circularly polarized radiation at
XUV frequencies currently attract much attention due
to the availability of free-electron lasers (FELs) that can
produce radiation with variable polarization in this fre-
quency domain [16–18].

In a recent experiment, intense circularly polarized
XUV and NIR laser pulses were combined to double ion-
ize atomic helium [19]. Specifically, the first XUV pho-
ton with an energy of ωxuv = 48.37 eV from the FEL
FERMI in Trieste (Italy) ionized atomic helium into the
ionic ground state He+(1s). A second XUV photon with
the same energy, in combination with a collinear NIR
beam (ωnir = 1.58 eV), then further ionized the He+

ion. The energy of 48.37 eV corresponds to the field-free
He+(1s) → He+(3p) transition. With the moderate in-
tensities of the photon beams, it is expected that ioniza-
tion of He+(1s) proceeds predominantly via the He+(3p)
state with subsequent ionization by absorption of four
NIR photons.

The measured circular dichroism (CD) is defined as

CD = (P+ − P−)/(P+ + P−), (1)

where P+ and P− are the angle-integrated photoemis-
sion probabilities after ionization by circularly polarized
XUV and NIR pulses with the same (+) or opposite
(−) helicity, respectively. An unexpected experimen-

tal result was a sharp decrease in the CD of the main
photoelectron line from 0.98+0.02

−0.11 to 0.169+0.06
−0.10 when the

peak intensity Inir of the NIR beam was only doubled,
from 7.3×1011 W/cm2 to 1.4×1012 W/cm2, respectively.
The experimental result was reproduced in [19] by nu-
merically solving the time-dependent Schrödinger equa-
tion (TDSE), albeit with some intensity rescaling due
to the use of shorter pulses with 22 fs full-width half-
maximum (FWHM) intensity in the computations com-
pared to ≈ 100 fs in the experiment. The physical mech-
anism leading to the sharp decrease of the CD was sug-
gested to be a helicity-dependent AC Stark shift of the
He+(3p+1) state (here the subscript denotes the electron
magnetic quantum number m) induced by the circularly
polarized NIR field.

The present work represents a theoretical follow-up on
the study reported in [19]. Specifically, we combine the
numerical solution of the TDSE with an analysis of the
quasienergy spectra, i.e., the position of the energy levels
of He+ in the presence of a monochromatic electromag-
netic field. This approach allows us to further investigate
the unexpected behavior of the CD and the correspond-
ing photoelectron spectra in the near-threshold region.

Unless specified otherwise, atomic units are used
throughout this manuscript.

II. NUMERICAL TREATMENT

The TDSE is solved starting from He+ in its 1s ground
state, which is then acted upon by electric fields of right-
hand circularly polarized XUV radiation and right-hand
(λ = +1) or left-hand (λ = −1) polarized NIR given by

E(t) = fxuv(t) [Fxuv (x̂ cosωxuvt+ ŷ sinωxuvt)]

+ fnir(t) [Fnir (x̂ cosωnirt+ λ ŷ sinωnirt)] .

(2)

The z axis is chosen parallel to the radiation beams, i.e.,
the components of the electric field lie in the xy plane.

We take the pulse envelopes fxuv(t) and fnir(t) as sine-
square functions with a total of 40 NIR cycles and 1226
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FIG. 1: Photoelectron spectra in the vicinity of the main photoelectron line and the lowest ATI line at different NIR peak
intensities, as indicated in the panels (in W/cm2). See text for the pulse parameters.

FIG. 2: Ionization probability in the main photoelectron line (a) and resulting CD (b) as function of INIR.

XUV cycles. With central frequencies corresponding to
photon energies of 0.05811 a.u. (784 nm) and 1.7777
a.u. (26.5 nm), both envelopes yield full-width half-
maximum (FWHM) intensities of approximately 40 fs.
The fields start, end, and reach their maximum values
at the same time, i.e., there is no delay between the
XUV pulse that excites the He+ ion and the NIR pulse
that ionizes it further. Fxuv and Fnir are the XUV and
NIR field amplitudes, respectively, giving peak intensi-

ties (for the circularly polarized beams) of Ixuv,nir =
7.0 × 1016 F 2

xuv,nir W/cm2, where Fxuv,nir is given in
atomic units. The carrier-envelope phases of the XUV
and NIR fields are irrelevant for our case because of the
large number of optical cycles in the XUV pulse. The
XUV peak intensity is held fixed at 1013 W/cm2, while
the NIR peak intensity is varied between 1012 W/cm2

and 6.0×1012 W/cm2, respectively. Details of the TDSE
calculations of the photoelectron spectra may be found,



3

for example, in Ref. [20]. In the present TDSE calcu-
lations, performed in the velocity gauge, the space-time
grid was characterized by a spatial step of h = 0.015 a0
(where a0 denotes the Bohr radius), a global grid radius
of rmax = 1450 a0, a minimum time step of dt = 0.005
atomic units (1 au = 24.19 attoseconds) for the highest
intensity, slightly larger dt at lower intensities, and the
maximum number of partial waves used for the highest
intensity is `max = 55. These values of the parameters
provide converged results in the entire domain of elec-
tron energies and Inir considered for the selected pulse
duration.

III. NUMERICAL RESULTS: SPECTRA AND
CIRCULAR DICHROISM

Figure 1 shows the main line of the photoelectron spec-
tra produced in the ωxuv + 4ωnir process for co- and
counter-rotating fields at different Inir. The CD of this
line is obtained after integrating the respective spectra
for ejected-electron energies up to 0.5 eV. The energy de-
pendence exhibited in the various panels is quite com-
plex, both in the position and the value of several local
maxima.

Figure 1 also exhibits the ejected-electron spectrum
covering the lowest above-threshold ionization (ATI)
peaks at electron energies above 1.2 eV. The ATI struc-
ture is equally complex at large Inir, developing from
a dominating peak for the co-rotating case at 1.5 ×
1012 W/cm2 to several reduced peaks for this case and
a strong asymmetric peak for counter-rotating pulses at
5.0× 1012 W/cm2, which reaches here similar intensities
as the main line. There is a clear gap between the main
line and the first ATI peaks, which makes it possible to
unambiguously integrate over the electron energies that
form these lines. The energy-integrated line intensities
obtained in this way and the resulting CD for the main
line are displayed in Fig. 2 as a function of Inir. As
expected from Fig. 1, the curves show significant struc-
ture. With increasing Inir, the CD falls rapidly from
the low-intensity value of ≈ 0.96, changes sign around
2.0× 1012 W/cm2, and then varies in a nontrivial way at
higher Inir.

IV. DISCUSSION

The remainder of this manuscript is devoted to the
discussion of the predicted lines, in particular the CD
associated with the main line. We first introduce the
quasienergy spectra and then use them to interpret the
TDSE results.

A. Quasienergy Spectra

The spectra of the dressed states and the dynamic
Stark shifts have been efficiently used for a long time
to explain structures in the photoelectron spectra of
atoms and molecules exposed to high-intensity electric
fields. Many references can be found in early reviews
such as [21–24] and books [25–27], while more recent de-
velopments are described, e.g., in [28–30]. The impor-
tance of the time-dependent nature of the problem has
been repeatedly emphasized, because a wealth of reso-
nance conditions can be satisfied for many atomic levels
during the laser pulse. As a result, transient dynamic
(“Freeman”) resonances [31] may appear in the photo-
electron spectra. Nevertheless, given the relatively long
length of the pulses of interest for the present work (40 fs
FWHM) compared to the period of an optical cycle of
the NIR radiation, one may expect valuable information
from the quasienergy spectra, even though they are cal-
culated with a monochromatic field, i.e., effectively an
infinite pulse length.

In order to bring a deeper insight into the physics of
the phenomenon, Fig. 3 exhibits the essential part of
the quasienergy spectrum of He+. Specifically, it is a
map of the real parts of the quasienergies (energies of
the “dressed states”), which are obtained by solving the
Schrödinger equation for the target (here He+) in the
presence of a circularly polarized monochromatic NIR
field. The ponderomotive shifts due to the XUV field
are negligible for the peak intensity Ixuv discussed here.
This allows us to avoid the solution of the full two-color
Floquet eigenvalue problem [32]. We generated the quasi-
energy spectra using the code STRFLO [33] in the non-
perturbative regime by solving the Floquet equations.
The calculations were performed in the velocity gauge
with a radial basis of up to 80 Sturmian functions in each
partial wave, the latter ranging up to l = 20. Harmonic
components with absolute values of the photon index up
to |NM | = 18 were included. Different rotation angles in
the complex scaling of the radial variable were applied
to check the convergence. Our calculations confirm that
the quasienergy spectrum is quite complex even for one-
electron systems [34–36].

Figures 3(a,c) and 3(b,d) correspond to the counter-
rotating and co-rotating NIR and XUV fields, respec-
tively. While the upper and lower panels contain similar
information for the two cases, they are presented with
different scales and styles that are convenient for various
aspects of the discussion below. As mentioned above,
although the quasienergy spectra do not accurately de-
scribe the case of finite pulses, we believe that considering
these spectra reveals the major aspects of the ionization
mechanism.

At the lowest intensities, the curves in Figs. 3(a,b)
are labeled by their adiabatic zero-NIR-field hydrogen-
like configuration. For example, 3p(+1, 0) is the state
resonantly excited after the absorption of the (second)
XUV photon from the 1s ground state of the ion. The
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FIG. 3: Quasienergy spectra of He+ for counter-rotating (a,c) and co-rotating (b,d) XUV and NIR fields. The horizontal line
marked by N = 4 shows the border between energy-allowed (above the line) and energy-forbidden (below the line) four-photon
ionization by the NIR field. Zero energy corresponds to the ionization threshold in (a) and (b), while the energy in (c) and
(d) is counted from the ionic ground state. Solid circles mark resonantly coupled quasienergy levels with the XUV photon
participating, while open circles mark couplings due to NIR photons only. The dashed vertical lines indicate the ionization
paths. See text for further explanations.

dotted line in each panel of Fig. 3 shows the energy
of the He+(1s) dressed state including the XUV energy
(48.37 eV). Its fast decrease with increasing NIR inten-
sity in panels 3(a,b) reflects the ponderomotive shift of
the ionization threshold of He+.

Due to the axial symmetry with respect to the prop-
agation direction of the beams (recall that this is our
z axis of quantization) and the lack of spherical sym-
metry of the “atom+field” system, the only rigorously
conserved quantum number in our nonrelativistic treat-
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ment is the projection of the total angular momentum
of the system [He+ + N NIR photons] on the z axis.
Therefore, we only present the quasienergy spectra of
the levels with m = 1 + λN , where N is the number
of absorbed photons. In Figs. 3(a,b), zero energy corre-
sponds to the ionization threshold. The values of m and
N are indicated, respectively, in parentheses after the
configuration, which is presented by the leading symme-
try. Furthermore, in order to facilitate the discussion
below, the quasienergy curves of the dressed excited He+

states are shifted down by the energy of the N NIR pho-
tons to the interval containing the 3p+1(+1, 0) state. As
an example, 6g (−2, 3) is the relevant state with principal
quantum number n = 6 after absorption of three pho-
tons with negative helicity from the 3p+1(+1, 0) state
(Fig. 3(a)). Similarly, 4f (+3, 2) is the result after ab-
sorption of two photons with positive helicity (Fig. 3(b)).
Note that the two dressed states involved switch their
configuration character at an avoided crossing: 3p(+1, 0)
(or p(+1, 0)) with 6g(−2, 3) (or g(−2, 3)) in Fig. 3(a) and
with 6g(+4, 3) (or g(+4, 3)) in Fig. 3(b). This is addi-
tionally indicated in Figs. 3(a,b) by changing the color
(gray scale) of the curves after the avoided crossing.

In this representation, the crossings of the “1s+XUV”
line with other curves correspond to multi-photon XUV
+ NIR resonances. Specifically, the resonance condi-
tion is met at certain intensities of the NIR field when
ωxuv+N ωnir = Ek−E1s, where Ek is the quasienergy of
the level k, E1s the energy of the dressed ground He+(1s)
state, and N the number of NIR photons. These reso-
nances are marked in Figs. 3(c,d) by filled circles. Look-
ing at the counter-rotating case, Figs. 3(a,c), the quasi-
energies are such that there is an XUV + three-photon
resonance between the n = 3 and n = 6 levels at an
NIR intensity of about 1.65 × 1012 W/cm2, while there
is an XUV + two-photon resonance between the n = 3
and n = 4 levels around 4.85 × 1012 W/cm2. Additional
Nωnir resonances that are close to the ωxuv +N ωnir res-
onances are indicated by open circles in Fig. 3(d). The
former may also contribute significantly to the ionization
process [37].

Remarkably, for the counter-rotating fields shown in
Figs. 3(a,c), the quasienergy of the He+(p+1) state prac-
tically overlaps with the “1s+XUV” quasienergy over the
entire intensity range of interest. In other words, the
dressed He+(1s) and He+(3p+1) states are in resonance
with the XUV field independent of INIR. Consequently,
the difference in the energy levels, which is shown in the
“XUV” line of Figs. 3(c), is very close to the He+(p+1)
energy.

The situation is very different for the co-rotating fields
(see Figs. 3(b,d)), for which the quasienergy of the
He+(p+1) dressed state decreases with respect to the
“1s+XUV” line and, therefore, goes out of resonance
with the XUV field. The different behavior of levels with
m 6= 0 was predicted already a long time ago within
lowest-order perturbation theory due to the vector com-
ponent of the polarizability, which has opposite signs

for ±m magnetic sublevels in fields of counter- and co-
rotating helicity [26, 38, 39]. As we show below, in the
non-perturbative regime this unlike behavior can lead to
qualitative differences in the XUV + NIR ionization by
co- and counter-rotating fields in the region of an inter-
mediate resonance with nonzero orbital angular momen-
tum.

It is important to recall that the intensity of the
constant-amplitude field in the quasienergy calculation
is not equivalent to the peak intensity of the finite radi-
ation pulse. To compare the quasienergy and the TDSE
results, therefore, the intensity in the former case gener-
ally should be reduced. In the present study, no rescaling
of the intensity to simulate the longer pulses employed
in [19] was applied in the TDSE calculations.

B. Interpretation of the TDSE predictions

Bearing the above issues in mind, we can now qualita-
tively explain the physics behind the main features of the
photoelectron spectra displayed in Fig. 1, as well as the
total probability and the CD results depicted in Fig. 2.
As discussed in [19] and seen again in Figs. 1(a,b), at
the lowest NIR intensities the co-rotating field can much
more efficiently ionize the He+(3p+1) state compared to
the counter-rotating field. Consequently, CD≈ 1, as ex-
hibited in Fig. 2(b).

Below we consider subsequently ionization by counter-
rotating fields, Fig. 3(a,c), and co-rotating fields,
Fig. 3(b,d). Comparing them provide insight into the
energy dependence of the CD.

The rapid enhancement of the counter-rotating main
line with increasing Inir until a first saturation around
Inir = 2.5 × 1012 W/cm2 is explained by the stable res-
onance conditions for the XUV light, which is tuned to
the He+(1s) − He+(p+1) transition independent of Inir
and further enforced by the 3ωnir resonance between the
dressed p+1 and d−2, g−2 states; see Figs. 3(a,c). The
second maximum in Fig. 2(a) is due to the 2ωnir reso-
nance between the dressed p+1 and f−1 states. At higher
intensities the line begins to move below the threshold,
due the ponderomotive shift of the ionization potential,
as seen in Figs. 1(h,i). Correspondingly, the intensity of
the line decreases, although its low-energy wing already
excites Rydberg states of He+. This, in turn, causes an
increase of the ionization probability at the threshold and
a low-energy shoulder in the ATI peak, which is clearly
seen in Fig. 1(h).

The behavior of the main line for the co-rotating fields
is more intricate, reflecting a more complicated interplay
of the dressed levels displayed in Figs. 3(b,d). Increas-
ing the NIR intensity first leads to an enhancement of
the main line (see Figs. 1(b), 2(a)). This is reinforced
by the 3ωnir resonance between the p+1 and g+4 dressed
states, even though the XUV is no longer in perfect match
with p+1. When Inir is further increased, the weaken-
ing of the main line around Inir = 2 × 1012 W/cm2 (see
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Figs. 1(c), 2(a)) is caused by the further deviation of
the p+1 level from the 1s − 3p+1 resonance. Combined
with the growing intensity of the photoelectron line in
the latter case, it is this effect, which is absent for the
counter-rotating fields, that causes such a rapid drop and
even a sign change of the dichroism with increasing Inir
(Fig. 2(b)), exactly as observed experimentally [19].

In parallel, the photoelectron line develops into a pro-
nounced doublet shown in Figs. 1(c,d). The high-energy
component is due to direct 4ωnir ionization while we
attribute the low-energy component to the resonantly
p+1 − g+4 3ωnir enhanced ionization. This splitting is
clearly reflected in the quasienergy spectrum shown in
Fig. 3(b), where a splitting of about 0.1 eV develops
between the “1s+XUV” and the p+1 curves. Part of
the low-energy component moves below the ionization
threshold (see Figs. 1(d,e)), which is reinforced by reso-
nances associated with high-lying Rydberg states of He+.
This is reflected onto the ATI line in the form of a dou-
blet, as seen in Figs. 1(e-i). Only the higher-energy com-
ponent is a true ATI peak, very close in energy with
the ATI peak for the counter-rotating fields. The lower-
energy component is actually not due to ATI, but rather
represents the main photoelectron line from the resonant
ωxuv + 5ωnir ionization. Thus, we observe the remark-
able case of almost overlapping electron lines, originating
from direct ionization and ATI, produced by beams of the
same energy but different helicity. At NIR intensities of
2.5−3.0× 1012 W/cm2 the line is enhanced by the 2ωnir

p+1 − f+3 and XUV + 2ωnir p+1 − f+3 resonances. As
seen in Fig. 2, this causes a pronounced maximum in
the ionization probability for the co-rotating fields and,
consequently, a broad structure in the CD.

The decreasing absolute value of the CD above 4 ×
1012 W/cm2 is related to the counter-rotating main line
moving below the ionization threshold, in parallel with an
enhancement of the main line from co-rotating fields just
at the threshold due to the 2ωnir p+1 − f+3 resonance.
Above Inir ≈ 4.5×1012 W/cm2, a substantial part of the
main line shifts below threshold, and hence its CD is no
longer clearly defined.

V. SUMMARY AND CONCLUSIONS

We studied two-color XUV + NIR multi-photon near-
threshold ionization of He+(1s) by circularly polarized

light, when the energy of the XUV photons is in reso-
nance with the field-free 1s−3p transition. The combined
analysis of the TDSE results and of the quasienergy level
spectrum showed that a different reaction of the magnetic
sublevel 3p+1 to light fields of the same or opposite helici-
ties plays a key role in the experimentally observed sharp
decrease of the circular dichroism with increasing NIR in-
tensity. Resonance transitions between quasienergy lev-
els of He+ and their evolution with the NIR intensity
explain the main features of the observed photoelectron
spectra and the circular dichroism.

A more detailed explanation of the fine-structure fea-
tures and their relative intensities in the photoelectron
spectra obtained by solving the TDSE needs a compre-
hensive analysis with accounting for the pulse envelope
and the time-dependent populations of Rydberg He+

states. Furthermore, the present results call for a thor-
ough study of the quasienergy spectra of polarized states
in strong circularly polarized fields. On the experimen-
tal side, a crucial test of the proposed main mechanism
governing the sharp drop of the CD with increasing Inir
would be to perform measurements with different time
delays between the XUV and NIR pulses.
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I. Barth, J. Kaushal, F. Morales, M. Ivanov, O. Smirnova,
and R. Dörner, Nature Physics 14 (2018) 701.

[12] G. A. Garcia, L. Nahon, S. Daly, and I. Powis, Nature
Communications 4 (2013) 2132.

[13] M. Pitzer, M. Kunitski, A. S. Johnson, T. Jahnke,
H. Sann, F. Sturm, L. Ph. H. Schmidt, H. Schmidt-
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