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A remarkable effect of circular dichroism, i.e., a difference in photoelectron spectra produced by right

and left circularly polarized light in two-color multiphoton ionization of atoms, is predicted for the case

when the atom is ionized by an extreme ultraviolet or x-ray femtosecond pulse in the field of a strong

infrared laser pulse, both pulses being circularly polarized. We show that the sidebands formed in the

spectra exhibit different circular dichroism often of different signs both in angle-resolved and angle-

integrated experimental conditions. The effect can be used for detecting and measuring circular

polarization of x rays in a spectral range where other methods are not effective.

DOI: 10.1103/PhysRevLett.107.253002 PACS numbers: 32.80.Fb, 32.80.Rm

Two-color multiphoton ionization experiments, in
which an atom is ionized by an extreme ultraviolet
(XUV) or x-ray photon in the presence of a synchronized
strong field of a femtosecond optical laser, have been
successfully realized first with the XUV sources based on
high harmonic generation [1,2]. The laser-assisted XUV
photoionization of atomic systems has been successfully
used in the time-resolved investigation of core-level re-
laxation dynamics [3]. Further application of this method
to study photoemission from solid surfaces [4,5] and ad-
sorbates [6] has demonstrated its potential to investigate
ultrafast electron dynamics in solids and surface-adsorbate
systems where complex, correlated electron relaxation
processes are expected. As an extension of these studies,
two-color experiments at free electron lasers (FELs) have
proved to be an effective method of studying photoioniza-
tion dynamics as well as a useful instrument for character-
izing the parameters of the FEL beams [7]. In particular,
the strong optical laser field modifies the photoionization
continuum leading to formation of a sequence of sidebands
in the photoelectron spectra which exhibit a strong depen-
dence on the temporal separation, intensity and duration of
the XUV and visible or infrared pulses [8]. In addition,
advantage has been taken from the polarization properties
of the XUV and infrared (IR) photons in the two-color
ionization experiments [9,10] providing direct insight into
symmetry and phases of the outgoing electrons.

One of the most effective methods of studying the
polarization effects in photoionization is the investigation
of various types of dichroism (circular or linear) in photo-
electron spectra, which is defined as the intensity differ-
ence in the electron emission for two different directions
of either the polarization of the ionizing photons or of the
target atom polarization. Studying dichroism in the

photoionization of polarized atoms with synchrotron ra-
diation sources allowed one to obtain complete informa-
tion on photoionization amplitudes including their phases
([11,12] and references therein). Circular dichroism in
photoemission from solids has been widely used for the
investigation of local magnetization and other properties of
solids and surfaces (see, e.g., [13] and references therein).
Some years ago, it was suggested to study elliptical and

circular dichroism in two-color two- and three-photon
ionization of initially unpolarized atoms [14,15]. This
new type of dichroism measurement in the angular distri-
bution of photoelectrons has the potential to yield the
relative magnitudes and phases of the various interfering
transition amplitudes. General analysis of the elliptical and
circular dichroism in two-photon ionization of atoms, with
no restriction either on the detection geometry or on the
propagation direction of the fields, has been given in
Ref. [14]. The theory was extended to the three-photon
ionization in Ref. [15], where circular dichroism in angular
distribution of photoelectrons produced by linearly polar-
ized XUV photons in the circularly polarized optical laser
field was investigated. In Refs. [14,15] analytical expres-
sions for the photoelectron angular distributions in terms of
photoionization amplitudes have been given for two- and
three-photon two-color ionization. However, it was noticed
[15] that an extension of this method to the multiphoton
case entails prohibitively cumbersome computations.
With the advent of FELs, which greatly widened the

area of application of two-color experiments for investiga-
tions of electron dynamics on a femtosecond time scale,
analysis of polarization effects and their potential applica-
tions becomes quite actual. Up to the present time all FELs
produce linearly polarized light. However, it is planned
to obtain circularly polarized beams of XUV and x-ray
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radiation in the near future. Thus for planning future ex-
periments it is timely to investigate theoretically the effects
of circular polarization in two-color multiphoton ioniza-
tion in conditions which are characteristic for modern
FELs.

In this Letter we predict a notable effect of circular
dichroism (CD) in short-pulse photoionization by circu-
larly polarized XUVor x-ray photons in the strong field of a
circularly polarized optical laser. The CD can be observed
in angle-resolved as well as angle-integrated photoelectron
spectra. The origin of the dichroism is found in the unequal
population of the magnetic substates of the continuum
atomic states. Previously, we developed a simple theoreti-
cal model [16] based on the strong-field approximation
(SFA) [17] which reliably describes the sideband formation
in photoelectron spectra; here we extend it for the descrip-
tion of CD in two-color multiphoton ionization.

CD in photoelectron emission is defined as the differ-
ence in electron emission probability for right and left
circularly polarized light. In one-photon absorption, the
CD can appear if either the target or the photoemission
process itself has certain chiral properties. Thus angular
distribution of photoelectrons from unpolarized (randomly
oriented) atoms or nonchiral molecules is independent of
the left or right direction of photon field rotation, CD is
zero. Also for multiphoton ionization by several identical
photons, CD is zero [18]. However, in two-color (XUVþ
IR) multiphoton ionization it can be nonzero. Roughly
speaking, the ionization by the circularly polarized XUV
photon orients the system along the beam direction.
Because of this orientation, the following absorption (or
emission) of the IR photons leading to the sideband for-
mation is different for right and left circularly polarized
optical photons [11]. Thus the CD should show up in the
sideband structure. For simplicity, here we consider the
XUVand IR beams copropagating along the z axis. In this
case, the angular distribution of photoelectrons has to be
axially symmetrical with respect to this axis, depending
only on polar angle � at which the electron is detected.
Moreover, it should be symmetrical with respect to the
plane perpendicular to the z axis (� $ �� �).

To describe XUV photoionization in a strong laser field,
we use the time-dependent perturbation theory and the
rotating wave approximation for interaction of an atom
with the XUV field, considering the influence of the laser
field within the SFA [16]. This approximation is adequate
for comparatively fast photoelectrons (several tens of eV).
Besides, we ignore the influence of the laser field on the
bound ionic and atomic states which is a sufficiently
good approximation for the moderate laser fields
(1012–1013 W=cm2) considered here. Then the photoioni-
zation amplitude can be presented as (atomic units are used
throughout unless otherwise indicated)

A ~k ��i
Z 1

�1
dt~EXðtÞh�fc ~kðtÞjD̂j�0ieiðEb�!XÞt; (1)

where ~EXðtÞ is the envelope of the XUV pulse, !X is its
mean frequency, Eb ¼ Ef � E0 is the binding energy

(positive) of the electron, �0 and �f are the initial atomic

and final ionic wave functions, respectively, and D̂ is the
dipole operator, which for the circularly polarized XUV
beam with the polarization vector ~��X is given by

D̂� ¼ ð ~��X ~rÞ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffi
4�=3

p
rY1;�1ðr̂Þ; (2)

where plus and minus signs correspond to right and left
circularly polarized XUV photon, respectively, and Ylm is a
spherical harmonic. The wave function c ~kðtÞ in Eq. (1)

describes the ‘‘dressed’’ photoelectron in the laser field,
which is characterized by the final (asymptotic) momen-

tum ~k. Within the SFA, the wave function of the photo-
electron is represented by the nonrelativistic Volkov wave
function [19]:

c ~k ¼ expfi½ ~k� ~ALðtÞ�~r� i�ð ~k; tÞg: (3)

Here

�ð ~k; tÞ ¼ 1

2

Z 1

t
dt0½ ~k� ~ALðt0Þ�2 (4)

with ~ALðtÞ being the vector potential of the laser field,

which we define as ~ALðtÞ ¼
R1
t dt0 ~ELðt0Þ ( ~ELðtÞ is the IR

laser electric field vector). For circularly polarized laser

light, ~ELðtÞ is

~E LðtÞ ¼ 1ffiffiffi
2

p ~ELðtÞ½x̂ cos!Lt� ŷ sin!Lt�; (5)

where ~ELðtÞ is the envelope of the laser pulse, !L is its
mean frequency, x̂ðŷÞ is a unit vector along x (y) axis, and
the plus (minus) sign corresponds to the right (left) circu-
larly polarized IR light. To simplify the expressions, here-
after we consider ionization from an s subshell. Then
separating the radial integral and the phase of the p wave
for vanishing IR laser field, dsp � expð�i�pÞRsp, in the

matrix element in Eq. (1) and collecting Eqs. (1)–(4), one
can obtain for the right circularly polarized XUV pulse the
following expression

AR
~k

¼�i
Z 1

�1
dt~EXðtÞdspY1;þ1ð�0ðtÞ;�0ðtÞÞei�ð ~k;tÞeiðEb�!XÞt:

(6)

The angles (�0, �0) give the direction of electron emission
from the atom before propagation in the optical laser
field. These angles are connected with the detection angles
(�, �) after propagation in the IR field by the relations:

�0ðtÞ ¼ arccosðkz=k0ðtÞÞ; (7)
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expði�0ðtÞÞ ¼
½kx � ALxðtÞ� þ i½ky � ALyðtÞ�

½k20ðtÞ � k2z�1=2
; (8)

where k20ðtÞ ¼ ½ ~k� ~ALðtÞ�2. Similarly one can write the

amplitude for the left circularly polarized XUV pulse,AL
~k
,

by changing the sign of the projection of the spherical
harmonic. The square of the amplitude (6) determines the
differential cross section. The CD in the angular distribu-
tion (CDAD) is usually characterized by the relative value:

CDAD ¼ jAR
~k
j2 � jAL

~k
j2

jAR
~k
j2 þ jAL

~k
j2 : (9)

Naturally, in this expression the helicity of the IR pulse is
fixed (left or right). Alternatively, one can obtain the same
result by reversing the polarization state of the IR field
while the helicity of the XUV field is kept fixed.

Here we note, that all the above formulas are presented
for the case of 100% circularly polarized light. If the XUV
beam is partly circularly polarized and partly unpolarized,
then the CDAD is proportional to the degree of circular
polarization of the beam since the numerator in Eq. (9)
contains only terms proportional to the degree of circular
polarization, while the denominator contains the total cross
section. Thus measurements of the CD can be useful for
detecting and measuring the degree of circular polarization
of XUVor x-ray beams as well as for monitoring the degree
of circular polarization in other experiments with circularly
polarized light.

Using the above described approach, we have calculated
as an example the CD for ionization of He atom by the
XUV pulse with energy of 92 eV and duration 2.4 fs in
the field of the IR laser (800 nm) with the intensity of
3:5� 1012 W=cm2 and pulse duration of 30 fs. At the
chosen XUV photon energy the photoelectron energy (dis-
regarding the effect of IR field) is 67.4 eV. Since the matrix
element of the dipole operator is a slowly varying function

of energy (in the considered region out of resonances), we
set it equal to a constant in our calculations. In Fig. 1 (left
panel) the calculated double differential cross section for
right circularly polarized XUVand IR pulses is shown. One
can clearly see the sidebands separated by the energy
interval�1:6 eVwhich corresponds to the mean IR photon
energy. The number of sidebands obviously depends on the
emission angle as it was shown in Ref. [16]. The maximal
number of sidebands is at 90�, minimal (zero) at 0� and
180�, where the electric field of IR pulse is perpendicular
to the electron momentum.
In Fig. 1 (right panel) the corresponding two-

dimensional color-scale plot of the CDAD is shown as a
function of electron energy and emission angle. Red (me-
dium gray) color shows positive CD (cross section for right
circularly polarized XUV photons is larger than for left
ones). Blue (dark gray) color shows negative CD. One can
see that CD strongly varies from one sideband to another.
The sidebands of the lowest order (close to the central line
at 67.4 eV) exhibit large CD of alternating sign at any
angle. In turn, each of the lower-order sidebands shows CD
quickly varying with emission angle (see discussion be-
low). Higher-order sidebands exhibit small CD of negative
sign, slowly varying with angle. We note that stripes of
large CD at the angles close to zero and 180� have little
meaning since the cross sections in these area are vanish-
ingly small [see Fig. 1 (left panel)].
For a more detailed discussion of the results, in Fig. 2 we

present the spectrum for right circularly polarized XUV
and IR pulses and CD, calculated for a particular emission
angle � ¼ 90�, i.e., in the direction where a maximal
number of sidebands can be observed. One can see that
CD is practically constant within the spectral width of a
sideband. It changes abruptly in between sidebands and
becomes constant again. Similar spectral behavior of

FIG. 1 (color online). Left panel: Double differential cross
section (DDCS) calculated for photoionization of He by right-
hand circularly polarized XUV photons at the energy 92 eV in
the right-hand circularly polarized IR laser field (800 nm,
1012 W=cm2). See other parameters in text. Right panel:
Dichroism [Eq. (9)] calculated for the same parameters.
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FIG. 2 (color online). Theoretical spectrum (in arbitrary units)
for laser-assisted photoionization by right circularly polarized
XUV light (red dashed line) and CD in absolute units (black
solid line) at emission angle 90�. The dotted line shows the CD
averaged over the time delay between IR and XUV pulses within
one optical period. The IR laser pulse is right circularly polar-
ized. The parameters are the same as in Fig. 1.
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dichroism between two sidebands has been considered in
Ref. [14]. The optimal choice for measuring the CDAD is
the region of the maximum of the sideband, where the
cross section is large. As we have already mentioned the
CD alternates sign for lower-order sidebands, but becomes
negative for higher-order sidebands. Particular behavior of
the CDAD for low-order sidebands depends on the optical
laser intensity and the kinetic energy of the emitted
electron.

In a real two-color experiment, the phase of the IR laser
is usually not stabilized. Therefore, it is important to check
if the predicted effect still exists after integration over all
possible phases. In calculations we simulated it by averag-
ing over the time delay between IR and XUV pulses within
one optical cycle. The result of the simulation is shown as a
dotted line in Fig. 2 (similarly in Figs. 3 and 4). It is clear
that the CD is practically not sensitive to the optical laser
phase. This result is obvious for sufficiently long XUV
pulse, covering many oscillations of the IR field. Indeed, a
small shift of the XUV pulse within one optical period
cannot significantly change the sideband structure formed

by interference of electrons emitted in several periods. The
CD which is determined by the difference of sideband
intensities produced by right and left circularly polarized
light remains almost unchanged when the phase is varied.
In Fig. 3 the angular distribution of photoelectrons and

angular dependence of CD is shown for the central line at
67.4 eV (a) and at the second sideband at 70.8 eV (b). As
follows from symmetry considerations, the angular distri-
butions and CD are symmetrical with respect to 90�.
Angular distribution of the central line has several nodes;
it is far from the sin2� distribution, characteristic for the
emission of p partial wave in single-photon ionization. The
reason for such a complicated angular distribution is the
fact that in a strong IR field the emitted electron can
exchange several photons with the field. Less complicated
angular distributions are expected for higher-order side-
bands [compare Figs. 3(a) and 3(b)], since the probability
of absorption or emission of IR photons decreases with the
number of photons. Angular distributions for right and left
circularly polarized photons are shifted with respect to
each other. As a consequence, the CD shows a complicated
behavior with zeros at the angles where the cross sections
for right and left circularly polarized light are equal. A
dispersive type of behavior connected with the change of
sign is typical for the CDAD [15].
As we have already mentioned, the case when both XUV

and IR beams are circularly polarized is equivalent to the
CD in photoionization of the oriented target. Then, in con-
trast to the case when one of the beams is linearly polarized
[15], not only the angle differential cross section, but also
the angle-integrated one exhibits CD [11]. In Fig. 4we show
the spectrum integrated over all angles and corresponding
dichroism. One sees, that CD in the integral cross section is
much smaller (several per cent) than in the differential cross
section (compare with Fig. 2). Nevertheless, it is probably
easier to measure since the number of counts (statistics)
should be larger in the integral case.

0 50 100 150
θ 

-1

-0.5

0

0.5

1

D
ic

hr
oi

sm
 a

nd
 in

te
ns

ity
 (

ar
b.

un
its

)

(a)

(deg)

0 50 100 150
θ

-1

-0.5

0

0.5

1

D
ic

hr
oi

sm
 a

nd
 in

te
ns

ity
 (

ar
b.

 u
ni

ts
) (b)

(deg)

FIG. 3 (color online). Calculated angular distributions of pho-
toelectrons (in arbitrary units) generated by right (blue long-
dashed line) and left (red short-dashed line) circularly polarized
light and angular distribution of CD in absolute units (black solid
line): (a) for the central line at the energy of 67.35 eVand (b) for
the second sideband at the energy of 70.8 eV. The dotted line
shows the CD averaged over the time delay between IR and
XUV pulses within one optical period. All parameters are the
same as in Fig. 1.
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FIG. 4 (color online). Angle-integrated cross section (dashed
curve) in arbitrary units and CD in absolute units (solid curve),
calculated for the same parameters as in Fig. 1. The dotted line
shows the CD averaged over the time delay between IR and
XUV pulses within one optical period.
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In conclusion, we have predicted a remarkable CD effect
in two-color XUVþ IR multiphoton ionization when both
beams are circularly polarized. The effect can be observed
both in angle-resolved and angle-integrated experiments.
Particular calculations show that CD exhibits alternating
sign for the neighbor sidebands. The CD effect can be used
to measure circular polarization of the XUVor x-ray light
in the energy region where other methods are not effective.
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