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A new device for polarization control at the free electron laser facility FLASH1 at DESY has
been commissioned for user operation. The polarizer is based on phase retardation upon reflec-
tion off metallic mirrors. Its performance is characterized in three independent measurements and
confirms the theoretical predictions of efficient and broadband generation of circularly polarized
radiation in the extreme ultraviolet spectral range from 35 eV to 90 eV. The degree of circular polar-
ization reaches up to 90% while maintaining high total transmission values exceeding 30%. The
simple design of the device allows straightforward alignment for user operation and rapid switch-
ing between left and right circularly polarized radiation. © 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4983056]

I. INTRODUCTION

Circularly polarized radiation in the extreme ultraviolet
(XUV) spectral range is a powerful tool for element specific
investigations of chirality-sensitive light-matter interaction,
for example, in molecules with handedness1 or in magnetic
materials. In particular, magnetic circular dichroism spec-
troscopy is a unique technique for transient absorption and
reflection spectroscopy,2 time resolved magnetic small-angle
scattering,3 and coherent imaging experiments4 combining
element selective magnetic sensitivity with nanometer spatial
resolution.

While polarization control of electromagnetic radiation
in the optical wavelength range is well established and can
be very accurately adjusted with birefringent crystals or
sheet polarizers in transmission geometry, the very short
attenuation length in the extreme ultraviolet spectral range
requires a different approach based on reflection. It is well
known that for absorbing materials with a complex index
of refraction, a characteristic phase shift occurs upon reflec-
tion, i.e., incident linearly polarized light with non-zero
s- and p-components will in general become elliptically
polarized after reflection off a metallic surface.5 Very early
reflection-based devices have been successfully used for polar-
ization studies in the XUV spectral range6–9 and to gen-
erate and analyze circularly polarized light at synchrotron
facilities10–14 with applications in magnetic circular dichro-
ism experiments of ferromagnetic Fe, Co, and Ni.15,16 With
the increasing availability and performance of laser driven
high harmonic sources operating in the XUV spectral range,

reflection-based polarizers have been rediscovered17 and
applied for ultrafast multi-color magnetic absorption spec-
troscopy.2 In this context, it is worthwhile to mention that
circularly polarized XUV radiation can also be generated
directly via bi-circular driving fields in high harmonic gen-
eration. While this was already theoretically predicted18 and
experimentally demonstrated19 more than 20 years ago, the
maturity of laser and high harmonic technology has led to
a renaissance of this technique with several very promis-
ing experimental implementations in the last few years.20–22

Also, it was recently demonstrated that the polarization from
an initially unpolarized lab based XUV plasma source can
be efficiently controlled with a reflection based apparatus
and used for magnetic circular dichroism measurements.23

Finally, elliptically polarized light may also be generated by
transmission through magnetic foils due to resonant magnetic
circular dichroism,24–26 however, inherently limited to the
bandwidth of the core hole transition and only with moderate
performance.

While undulators, which allow to adjust the positions
of their magnet arrays for full control of the polarization,
have been successfully commissioned at the new free elec-
tron laser (FEL) facility FERMI at Elettra (Trieste)27 and
LCLS at SLAC (Stanford)28 as well as being planned for
future facilities at SwissFEL and the European XFEL, the
very first XUV FEL FLASH1 at DESY—in user operation
since 2005—started with a fixed-gap undulator and does
hence so far solely deliver linearly polarized light pulses.
On the other side, at FLASH2 which started user operation
in April 2016, variable gap undulators are employed and an
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additional short undulator with tunable polarization will
be integrated soon. Replacing the undulators at FLASH1
for variable-gap undulators including polarization control is
presently envisaged for ∼2020. Therefore, a mirror based
polarizer is an excellent intermediate step to gain control over
the polarization.

In this contribution, we present a four-mirror reflection
polarizer which was recently commissioned at FLASH1. After
a brief theoretical description of polarization based on the
Stokes formalism and details on calculations describing the
phase control via reflection, we elaborate on the main design
features of the four-mirror polarizer. The performance of the
device is then demonstrated in three independent measure-
ments. First, a polarimeter measurement at a synchrotron
facility shows good agreement with the predicted broadband
performance with degrees of polarization reaching up to 90%
while maintaining a high reflectivity of few ten percent. Sec-
ond, a multichannel electron time-of-flight measurement at
60 eV confirms the high degree of circular polarization of
85%. Finally a coherent imaging experiment of nanoscale
magnetic domains via circular magnetic dichroism unambigu-
ously proves the high degree of circularly polarized light and
highlights the simple and robust design of the device for user
operation.

II. THEORETICAL DESCRIPTION OF POLARIZATION
BASED ON THE STOKES FORMALISM

Electromagnetic radiation in free space is described as a
two-dimensional transverse wave with its electric field vec-
tor E oscillating perpendicular to the propagation vector k.
E can be decomposed into two orthogonal components, Ep

and Es, parallel and perpendicular to the plane of incidence
of the four-mirror reflection polarizer, respectively (compare
Figure 2(a))

E (z, t)= *.
,

Epei∆̃

Es

+/
-

e−i(ωt−kz). (1)

The oscillation frequency ω defines the time interval 2π/ω
of one revolution of the electric field vector, which amounts
to the very short time of only 70 attoseconds for XUV
pulses with a wavelength of λ = 20 nm. The magnitude of
the angular wave vector is given by k = 2π/λ and ∆̃ is the
relative phase of the oscillations along the p and s direc-
tion. In the special case of linear polarization ∆̃= 0 or π,

for perfectly right/left circular polarization ∆̃=±π/2 and
Ep =Es.

The state of polarization is fully defined by the four-
dimensional Stokes vector S,5
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where the average bracket represents a time average. For
perfectly polarized light, the Stokes parameters satisfy the
identity

S2
0 = S2

1 + S2
2 + S2

3 . (3)

Assuming an angle α between the linearly polarized FLASH1
pulses and the circular polarizer as shown in Fig. 2(c), the
normalized Stokes vector SPol in the sp-coordinate system is
calculated according to

SPol =R (α)Slin/I0 =

*.......
,

1

cos(2α)

−sin(2α)

0

+///////
-

, (4)

where I0 is the intensity of the incident radiation and R(α)
denotes the rotation matrix around propagation wave vector
k,29
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Linear p − (α = 90◦) and s − (α = 0◦) polarized light is
Slin/I0 = (1 ±1 0 0)′. Right and left circularly polarized light is
accordingly Scirc/I0 = (1 0 0 ±1)′. The reflection of polarized
light off metallic mirrors with complex reflective coefficients
r̃Pp/PS = rPp/PS exp(iδPp/PS ) can be described by the Müller
matrix MPol

12,29

MPol (ΨPol,∆Pol)=
1
2

(
r2

Pp + r2
PS

) *..........
,

1
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0

0
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0

0

0

0
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0

0
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+//////////
-

, (6)

where tan(ΨPol)= rPp/rPS and∆Pol = δPp−δPS is the phase shift
induced by the reflection of the absorbing metallic surface.

The Stokes vector after reflection by the polarizer is calculated
according to



053903-3 von Korff Schmising et al. Rev. Sci. Instrum. 88, 053903 (2017)

S =MPol (ΨPol,∆Pol) SPol. (7)

The degree of linear polarization PL and circular polarization
PC is simply given by

PL =

√
S2

1 + S2
2

S0
(8)

and

PC =
S3

S0
=

sin(2ΨPol) sin(∆Pol) sin 2α
1 − cos(2ΨPol) cos 2α

. (9)

To yield perfectly circularly polarized light PC =±1 requiring
to fulfill the relations ∆Pol =±π/2 and α =ΨPol.

The above formalism is now used to determine for which
material and geometry a reflection-based polarizer yields an
optimal performance. To this end, we calculate the complex
reflective coefficients r̃Pp/PS with the Darwin matrix formalism
for different metallic mirror coatings both as a function of all
grazing incident angles, θ, and within a photon energy range
between 35 eV and 90 eV. We use tabulated values for the
respective complex index of refraction.30 For every metallic
mirror coating and XUV photon energy, both the parameter α,
controlling the ratio between s and p components of E, and the
parameter θ determine PC and the reflectivity R. While larger
grazing incident angles lead to a larger phase shift, ∆Pol, and
therefore to an increasing degree of circular polarization, the
reflectivity decreases. We therefore define the figure of merit
as RP2

C
31 and use an optimization algorithm to maximize it

by varying the incident angle, θ, and rotation angle α. The
best performance yields molybdenum with a protective cap
layer (B4C(2 nm)/Mo(25 nm)) in a four-mirror geometry (cf.,
Figure 2).

The results are summarized in Figure 1: it shows the fig-
ure of merit, RP2

C,θ,α, where both parameters α and θ have
been varied in the optimization calculation (dashed line). In
comparison, we plot the figure of merit RP2

C,θ=12◦,α for a con-
stant grazing angle of incidence, θ = 12◦ and a variable rotation
angle α (Figure 1(b)) as well as the corresponding degree of
circular polarization PC,θ=12,α and the total reflectivity Rθ=12,α.
Importantly, restricting the mirror setup to a fixed angle of inci-
dence only results in a moderate loss of performance, while
allowing a significant simplification of the device both with
regards to its design as well as for alignment in tightly sched-
uled user operation. The degree of circular polarization is
above 80% for M edge resonances of Fe, Co, and 75% for Ni,
before it drops to approximately 50% at 90 eV. The increas-
ing reflectivity as a function of photon energy is caused by
absorption resonances of Mo below 40 eV and leads to an
almost constant figure of merit of approximately 0.2 up to
photon energies of 90 eV. The third harmonic of the FEL radi-
ation is already efficiently suppressed with a total reflectivity
on the order of 10−5 at 180 eV. Also note that in the spec-
tral range of interest, the widely used material Au performs
considerably worse with an achievable degree of circular polar-
ization of ∼75% and ∼12% transmission at the Co M-edge
resonance.

FIG. 1. Calculation for mirror coatings B4C(2 nm)/Mo(25 nm): (a) Degree
of circular polarization, PC (red solid line), total reflectivity, R (green dashed-
dotted line), and figure of merit, RPC

2, as a function of photon energy. The
comparison between RPC

2 for a fixed angle of incidence θ = 12◦ (blue dotted
line) and for a variable θ (blue dashed line) yields an almost negligible dif-
ference in performance. This allows a significant simplification of the design
and effortless alignment for user operation. (b) Optimal angle of rotation, α,
of the circular polarizer as a function of photon energy for a maximal figure
of merit RP2

C,θ=12◦ ,α.

III. EXPERIMENTAL SETUP

The concept of the four-mirror reflection polarizer is
shown in Figure 2(a). The initially linearly polarized FLASH1
pulses are reflected by four metallic mirrors and exit the device
with an unaltered beam position and pointing but with a high
degree of circular polarization. The three dimensional model
is shown in Figure 2(b): the plane mirrors with dimensions (70
× 25 × 15 mm3), longitudinal and sagittal slope errors of <1
arcsec, radius >10 km, and a surface roughness <0.5 nm (rms)
are manufactured out of monocrystalline silicon (Pilz-Optics)
and coated with a 25 nm thick molybdenum film protected by
a 2 nm thick boron carbide layer (AXO Dresden GmbH). The
four-mirrors are mounted on a monolithic holder with a fixed
grazing angle of incidence θ = 12◦. The whole mirror assem-
bly can be rotated around the beam axis (−60◦< α < 60◦) by
an infinite steel belt powered by an in-vacuum stepper motor
(Phytron GmbH). Soft and hard end switches ensure safe oper-
ation and a reference angle for initialization of the device. The
rotating part of the device is perfectly balanced such that no
holding current is required to maintain a constant angle α.
About 400 micro steps correspond to α = 1◦ rotation. Beam
pointing deviations caused by small wobble errors of <30 µrad
upon rotation are compensated by adjustments of mirror M4
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FIG. 2. (a) Artistic depiction of the four-mirror polarizer at FLASH1. (b) 3D model of the device: the mirror assembly can be rotated around the beam axis by
angle α. The last mirror M4 is adjustable by piezo actuators for compensation of small pointing deviations. (c) Front and side view of the four-mirror assembly.
The grazing incident angle is fixed at θ = 12◦. The electric field vector of the incoming light pulses is decomposed into its s and p component and the rotation
settingsα=±48◦ for negative and positive helicity are depicted. Adapted with permission from Höchst et al., Surf. Sci. 352-354(95), 998–1002 (1996). Copyright
1996 Elsevier.

via piezo actuators (Piezomechanik GmbH). With tabulated
piezo settings, the device allows rapid switching (<10 s) of
the XUV beam helicity without changing the beam position
on the sample. The actuators may also be used to compen-
sate small changes in the FEL beam position and pointing.
The maximal displacement of the beam via the piezo actu-
ators amounts to ±0.2 mrad and ±1 mrad in the horizontal
and vertical directions, respectively (i.e., for α = 0). A lin-
ear feedthrough allows to quickly and reproducibly move
the assembly out and into the FEL beam. The device was
designed in close collaboration with Steinmeyer Mechatronik
Dresden GmbH, who also manufactured and assembled the
device.

The four-mirror polarizer is placed in an ultra-high vac-
uum chamber, which has been built to fulfill the strict DESY
vacuum guidelines regarding UHV compatible materials,
manufacturing, assembly, content of hydrocarbons, and being
particle free. This is particularly important to avoid any accu-
mulative carbon contamination of the mirrors. The polar-
izer is positioned upstream of any focusing optics and can
be used for any of the three BL beamlines at FLASH1
delivering the direct and “non-monochromatized” FEL
beam.

For future time resolved pump-probe experiments with
a synchronized optical laser, we determined the time delay
of the FEL pulses occurring upon inserting the polarizer
into the XUV beam (due to the additional path length of
the geometrical configuration of the four-mirror assembly) to
∆t = 30.5 ps.

IV. RESULTS
A. XUV-optical polarimeter

Before installation and commissioning at FLASH1, the
performance of the four-mirror polarizer was characterized at
the UE112 PGM-1 beamline of the BESSY II (HZB) syn-
chrotron radiation facility.32 For the polarization analysis, we
used a Rabinovitch polarimeter,7 consisting of a Mo-coated

mirror placed under an incident angle of 40◦. The angle is
chosen to be close to the Brewster angle for photon energies
between 45 eV and 68 eV and therefore provides a good con-
trast between the s and p component of the electric field vector.
The reflected light is detected with a photodiode (Optodiodes,
AXUV 100G). The mirror-detector assembly can be rotated
by an angle β around the beam axis via a vacuum compat-
ible rotation stage. The resulting Stokes vector for the light
transmitted through the polarizer and analyzer is calculated
via11,12,17,29,33

SAP =R−1 (β) MAna (ΨAna,∆Ana) R (β)

× R−1(α)MPol (ΨPol,∆Pol) R (α) S. (10)

The subscript “Ana” describes the respective parameters of
the analyzer. The XUV diode detects the first component of
the Stokes vector SAP0. This is readily calculated and yields an
expression which depends on ΨAna, ΨPol, and ∆Pol as well as
on the reflection amplitudes rPp, rPs, rAp, and rAs. The detector
is a photodiode operated at normal incidence and is assumed
to be insensitive to polarization, i.e., the detected signal is pro-
portional to SAP0 which is independent of the phase shift ∆Ana

of the analyzer. The parameters can be retrieved by varying the
two rotation angles α of the polarizer and β of the analyzer
independently and fitting the measured data with expression
SAP0. The properties of the analyzer are deduced by repeating
the measurements without the polarizer in the beam path yield-
ing the corresponding first component of the Stokes vector
SA0.

We performed a set of measurements for 4 different pho-
ton energies, 47.2 eV, 52.7 eV, 59.9 eV, and 68.0 eV, corre-
sponding to the respective M2,3 resonances of Mn, Fe, Co,
and Ni by varying the angle β for 21 different settings of
α between �50◦ and 50◦. Figure 3 shows two exemplary
measurements and corresponding nonlinear least square fits
according to expressions SA0 and SAP0 at a photon energy of
68 eV without (Figure 3(a)) and with the four-mirror polar-
izer set at an angle of α = 40◦ (Figure 3(b)). In Figure 3(c)
we replot the calculated values for PC and R together with
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FIG. 3. Exemplary data sets (photon
energy 68 eV) of β scans measured with
the XUV polarimeter. The black lines
are non-linear least square fits accord-
ing to Equation (10). (a) Measured first
component of the Stokes vector SA0
after transmission through the analyzer
and (b) SAP0 after transmission through
the four-mirror polarizer and the ana-
lyzer set at α= 40◦. The solid lines are
nonlinear least square fits according to
expressions SA0 and SAP0. (c) Deduced
degree of circular polarization, PC (red
open circles), and reflectivity, R (green
open squares), in comparison with the
optimization calculation (lines). We find
a good agreement with PC reaching up
to 90% and R of several tens of percent.

the values retrieved from the polarimeter measurement. The
error bars are calculated according to the standard deviation of
the non-linear fits with the corresponding error propagation.
We find a good agreement between calculations and measure-
ments. We do note, however, that the reflectivity is slightly
smaller than the calculated values, which may be related to
imperfections in the mirror substrates or coatings. Impor-
tantly, the degree of circular polarization reaches 90% for
Mn and Fe, approximately 85% for Co and more than 75%
for Ni.

B. e-TOF polarimeter

To characterize the 4-mirror polarizer directly at the free-
electron laser FLASH1, we have performed electron time-of-
flight (e-TOF) polarimetry which is based on angle-resolved
electron spectroscopy of rare-gas atoms. For a known atomic
gas target with a specific ionized subshell,34 the angular dis-
tribution of emitted photoelectrons sensitively depends on
the linear polarization of the ionizing radiation and therefore
allows to draw conclusions on the degree of circular polariza-
tion. The polarimeter consists of 16 independent e-TOF spec-
trometers mounted every 22.5◦ along a circle perpendicular to
the FEL beam. The e-TOF polarimeter is designed for highly
efficient polarization determinations and its functionality has
been successfully confirmed at the Variable Polarization XUV
Beamline P04 of PETRA III,35 at the free-electron laser facility
FERMI27,36 and at LCLS at the SLAC National Accelerator
Laboratory.28,37 A dedicated data acquisition and analyzing
system with 16 analog to digital converter (ADC) channels
based on µTCA technology (sample rate of 4 GS s�1 and 12
bits resolution) allows to compare the measured angular elec-
tron distribution with the theoretical predictions to yield the
degree and plane of the linear polarization on a single shot
basis.

The photon energy of the FLASH1 pulses was set to
60 eV (20.66 nm) with a repetition rate of 10 Hz. We cal-
ibrated the transmission of each e-TOF detector by remov-
ing the four-mirror polarizer and using the linearly polarized
FLASH1 pulses to measure the known angular distribution
of Ne 2p photoelectrons. Subsequently, the polarizer was

inserted into the FEL beam and the angular distribution of
He 1s electrons was measured for varying rotation angles α.
Here, linear polarized XUV radiation results in He 1s elec-
trons emitted along the polarization axis, while for perfectly
circularly polarized light, the electrons are emitted isotrop-
ically and all 16 detectors measure the same spectrum. For
each setting of α, we accumulated a total of 2812 spectra,
the analysis of the corresponding average spectra then results
in the average degree of linear polarization Plin as a function
of α. We plot both the single shot data (shaded data points)
and averaged values (filled circles with black edge) of Plin in
Fig. 4(a). As expected for the symmetric setting of α = 0◦,
we measure almost perfectly linearly polarized light with
Plin = 0.97 whereas at the positions α =±48◦, the degree of
linear polarization is reduced to Plin = 0.52. Under the assump-
tion that the radiation is fully polarized, the degree of circular
polarization, without distinction between left and right cir-
cular polarization, is calculated according to Equation (3),
i.e.,

Pcirc =

√
1 − P2

lin. (11)

The degree of circular polarization as a function of
the rotation angle α is shown in Figure 4(a) and reaches
a maximum of Pcirc = 0.85 at α =±48◦ which is in agree-
ment with our calculated values (Fig. 1) and the polarime-
ter measurement (Fig. 3). The solid black line is the Stokes
calculation according to Equation (7). Misalignment of α
on the order of a few degrees has almost no influence on
the resulting degree of circular polarization. The deviations
between data and experiment for small α are due to the
small, yet finite difference of the measured degree of linear
polarization from 1, whereas the calculation assumes per-
fectly linear polarized radiation. This could be related to a
small fraction of unpolarized light. The error bars for Pcirc

are calculated according to the error propagation of Equa-
tion (11) assuming a constant uncertainty of Plin of 3%.27

Note that as Plin approaches 1, the error of Pcirc diverges. In
Figure 4(b) we show the single shot (shaded data points) and
averaged recorded normalized intensity (filled circles with
black edge) as a function of α. The observed relative decrease
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FIG. 4. (a) Measured degree of linear polarization Plin and (b) reflected inten-
sity I as a function of the rotation angle α. All single shot (shaded data
points) and the corresponding average signals are shown (filled circles with
black edge). The degree of circular polarization, Pcirc, is calculated according
to Equation (11) assuming a fully polarized incident FEL beam. The solid
black lines are calculations according to Equation (7) and show a very good
agreement. The error bars for Pcirc are calculated according to the error prop-
agation of Equation (11) assuming a constant uncertainty of Plin of 3%. As
Plin approaches 1, the error of Pcirc diverges.

of reflectivity to approximately 80% at α =±48◦ is in excel-
lent agreement with the theoretical predictions (black line)
according to Equation (7).

C. Fourier transform holography of nanoscale
magnetic domains

A resonant coherent imaging experiment of nanoscale
magnetic domains, a few months after the successful commis-
sioning, yielded another proof-of-principle of the four-mirror
polarizer functionality. Ferromagnetic materials like Fe, Co,
and Ni show a pronounced magnetic dichroic absorption at
3p core hole transitions in the XUV spectral range.38 The
difference in detected intensity between left and right cir-
cularly polarized light transmitted through the sample, Iσ+

− Iσ− , is therefore directly proportional to the magnetization.
Vice versa, magnetic circular dichroism presents direct and
unambiguous evidence of circular polarization without hav-
ing to assume anything about the contribution of unpolarized
light.

The experiment was performed at the beamline BL2 of
FLASH1 at DESY. The holography sample was manufac-
tured for a standard transmission configuration:39–41 A silicon
nitride membrane (thickness 30 nm) supported by a silicon
frame acts as a substrate. Via ion-beam lithography, we fab-
ricated a circular object hole (diameter 2 µm) in a gold mask
(thickness 250 nm) to define the field of view. Subsequently,

the magnetic multilayer film Al(10)/Pt(2)/[Co(0.6)/Pt(0.8)]20

/Al(3) nm was deposited via magnetron sputtering, and finally
5 reference holes with 60 nm and 80 nm diameter were added.
The sample was placed 4 cm behind the focus of the FEL beam,
resulting in a spot size of approximately 200 µm (FWHM).
The coherently scattered XUV radiation was detected by an
in-vacuum CCD camera placed 45 mm behind the sample.
The direct beam was blocked by a beam stop. The intensity of
the FEL pulses was attenuated by apertures and solid state
filters to approximately 1.3 µJ to avoid the X-ray induced
damage26,42 and demagnetization. We emphasize that when
determining the maximal acceptable FEL pulse intensity, it
is important to take pulse to pulse fluctuations of the FEL
into account as a single intense pulse may lead to a per-
manent reconfiguration of the magnetic domain pattern or
may even destroy the sample. The pulse train repetition rate
of FLASH1 is 10 Hz and we used 9 bunches spaced by
10 µs per pulse train, i.e., 90 pulses/s. We recorded one
hologram for each helicity with an integration time of 60 s;
the resulting magnetic difference hologram is shown in
Figure 5(a). We observe pronounced magnetic speckle as well
as strong reference-object fringe modulations (cf., inset of
Fig. 5(a)) extending to a maximum momentum transfer of

FIG. 5. (a) Difference hologram, Iσ+ − Iσ− , showing pronounced magnetic
speckle and strong object-reference modulations (cf., inset). The maximal
momentum transfer amounts to 78µm−1 corresponding to a minimal encoded
spatial frequency of approximately 80 nm. (b) Reconstruction of the above
hologram showing out-of-plane magnetic domains in opposite directions as
black and white contrast. The magnetic domains with a size of approximately
70 nm are well resolved.
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approximately q= 78 µm−1. This implies minimal encoded
spatial frequencies of 2π/q≈ 80 nm which in conjunction with
the size of the reference holes determine the spatial resolu-
tion of the experiment. The real-space image is calculated via
a two-dimensional Fourier transformation. For more detailed
information on the experimental geometry and image recon-
struction for FTH of magnetic nanostructures in the XUV
spectral range, we refer the reader to a number of recent
publications.4,40,43,44

We present the reconstructed real-space image of the
nanoscale magnetic domains in Figure 5(b). The black and
white regions within the 2 µm sized field of view correspond
to out-of-plane magnetic domains pointing in opposite direc-
tions. The width of one magnetic domain is on the order of
70 nm and still well resolved. We can estimate the performance
of the four-mirror polarizer by making a comparison with
recently recorded FTH images of the identical sample at the
free-electron laser facility FERMI which provides circularly
polarized radiation with PC > 90% with Apple-II-type undula-
tors.27 For the reconstruction of the magnetic domains shown
in Figure 5(b), the photon density corresponded to 2 × 1010

photons/µm2, approximately half the number reported in the
experiment performed at FERMI of 4.8×1010 photons/µm2.44

Here the image was recorded slightly out of resonance (E
= 61.4 eV) but showed a comparable absolute magnetic
domain contrast and image quality. We can therefore conclude
that the four-mirror polarizer fulfills its anticipated perfor-
mance and enables users at FLASH1 for the first time to
perform time resolved experiments with circular polarization,
like for instance coherent imaging experiments of magnetic
nanostructures.

V. CONCLUSION

In conclusion, we have presented a four-mirror reflection
based polarizer for the free-electron laser facility FLASH1
operating in the XUV spectral range from 35 eV to 90 eV.
Three independent measurements based on optical polarime-
try, e-TOF spectroscopy, and magnetic circular dichroism give
a consistent set of data demonstrating a high degree of cir-
cular polarization of up to 90% and a high total transmis-
sion of a few 10%. These values are in very good agree-
ment with calculations. The monolithic design with fixed
grazing incident angles allows a straightforward and fast
alignment in tightly scheduled beamtimes with rapid and
reproducible switching from left to right circular polariza-
tion. With the unique properties of FEL radiation, we envision
new types of experiments in femto-magnetism ranging from
magnetic circular dichroism spectroscopy to time-resolved
coherent imaging of magnetic nanostructures. Enabling ele-
ment specific spectroscopy of chiral light-matter interaction
in (bio-)molecules makes this new device also attractive for
a wider range of users from physics, chemistry, and life
science.
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M. Coreno, B. Ressel, A. Kivimäki, T. Mazza, L. Glaser, F. Scholz,
J. Seltmann, P. Gessler, J. Grünert, A. De Fanis, M. Meyer, A. Knie,
S. P. Moeller, L. Raimondi, F. Capotondi, E. Pedersoli, O. Plekan,
M. B. Danailov, A. Demidovich, I. Nikolov, A. Abrami, J. Gautier,
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R. Treusch, J. Feldhaus, E. Weckert, I. A. Vartanyants, M. Grunze,
A. Rosenhahn, T. Wilhein, S. Eisebitt, and G. Grübel, “Single-pulse res-
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