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Abstract: Several applications in material science and magnetic holography using extreme
ultraviolet (EUV) radiation require the measurement of the degree and state of polarization.
In this work, an instrument to measure simultaneously both parameters from EUV pulses is
presented. The instrument determines the Stokes parameters after a reflection on an array
of multilayer mirrors at the Brewster angle. The Stokesmeter was tested at Swiss Light
Source at different EUV wavelengths. The experimental Stokes patterns of the source were
compared with the simulated pattern.
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1. Introduction

The specifications of an extreme ultraviolet (EUV) source, such as the coherence, the etendue or
the photon energy, discriminate the kind of spectroscopy that could be realized. Multi-spectroscopy
is emerging as an enabling tool for nano-structured materials [1], where, by using short-wavelength
sources, new cutting-edge applications are made possible. Some of these require information about the
polarization properties. Linear polarization emphasizes the anisotropic absorption and the orientations
of chemical bonds, while the atomic structural information is obtained from circular or unpolarized
radiation [2].
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For instance, magnetic dichroism uses circularly-polarized radiation to study the angular momentum
in ferromagnetic materials (Fe, Ni, Co) [3]. The magneto-optics Kerr effect (MOKE) has been realized
using visible light for describing the polarization cases [4–6]. The technique resolves the changes in
the electric field rotation and ellipticity for a probe pulse and allows inferring for the actual average
magnetization of the sample. The implementation of EUV radiation allows obtaining a stronger
magneto-optics effect measured through the scattering cross-section of the beam, a higher magnetic
contrast at the absorption edges and a relatively short penetration depth [7,8]. X-ray magnetic circular
dichroism (XMCD) consists of obtaining spectral information about of the spin and the orbital magnetic
momentum. X-rays are used to excite the atoms of the studied material in order to absorb a photon and
give rise to the transition to an unoccupied higher energy level state; e.g., in CoPd, the excitation of
the 2d state to the 3d state is induced using circular polarized radiation. When the studied material is
antiferromagnetic, the dependency of the magnetization and the scattering amplitude of the spectroscopy
increases quadratically. For these cases, the technique is called X-ray magnetic linear dichroism (XMLD)
spectroscopy and uses linear polarized radiation [9,10].

Another interesting application is EUV magnetic holography, a lensless imaging technique whose
main advantage is that it can overcome the diffraction limit of both the optical and electron
microscope [2]. In this technique, the object is illuminated with coherent light, and in the case of
magnetic samples, e.g., Co/Pd or Co/Pt multilayers, the radiation must be also polarized. The scattered
light from the object interferes with a reference wave and produces a pattern. In order to reconstruct the
image of the sample, the amplitude and the phase of the scattered wave are needed. The amplitude is
proportional to the magnetic properties of the sample material, and the phase is collected through iterative
mathematical algorithms [11,12]. Although, normally, circular polarized light is used for retrieving
the magnetic domain pattern by using the XMCD technique mentioned above, in recent years, some
investigations have been based on linear polarized radiation [13,14].

Polarimeters have been used in the past to determine the polarization [15–18]. They operate using two
optical elements: (i) a transmission polarizer or retarder; and (ii) a reflection analyzer. Si/Mo and Cd/Sc
multilayers of a few nanometers in thickness and approximately 200 layers have been described as the
former [19]. They are used as quarter wave-plates to add a phase-shift between the components p and s of
the electrical field vector. As a reflection analyzer, several laboratories have used a Rabinovitch detector,
which consists of a reflecting material, normally a multilayer mirror, at the Brewster angle of incidence
with two or more orientations of the reflector with respect to the optical axis [15,20]. Commonly, the
polarizer and the detector are rotatable in order to increase the accuracy of the measurements [19].

Ellipsometry has been demonstrated to be a successful technique for the investigation of dielectric
properties in visible and vacuum ultraviolet (VUV). For such proposes, the analyzer detects the
differences in the Rp and Rs reflection components produced by the investigated sample. The technique
works by scanning the polarization using, for instance, a rotating analyzer [21]. Recently, Mo/Si
multilayers have been also used for ellipsometry, in the ultraviolet range, as analyzers by setting the
Bragg angle close to the Brewster angle [22].

The main limitation in these techniques is that they quantify the polarization in steps, i.e., one single
component per shot. In this sense, the Stokesmeter has a significant advantage, since it measures
simultaneously all four Stokes parameters in the EUV range from a single shot. In the case of
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shot-by-shot polarization variation, e.g., plasma-driven X-ray lasers, it is necessary to characterize all
Stokes components simultaneously.

The aim of this work is to present a measurement technique to address the requirement for
simultaneous Stokes parameter measurement in the EUV. The paper is organized as follows: in
Section 2.1, we deal with the theoretical background on polarization and the Stokes matrix, then a
detailed description of the instrument is given in Section 2.2, and Section 3 shows the experimental
calibration results obtained with synchrotron radiation.

2. Materials and Methods

2.1. Theoretical Background

The information of the state (linear or circular) and the degree (ratio between principal axes) of
polarization is given by the Stokes vector and its four parameters, I, Q, U and V, defined as follows:
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where Ex,y is the electric field component, x or y. In such cases of coordinates, δ is defined as
atan(Ex

Ey
-π
4
). The four Stokes parameters quantify the polarization state and the orientation of the pulse

polarization. The latter is an advantage in comparison with Jones matrices [23], which does not deal
with partial polarization.

2.2. Experimental Setup

The characterization of the pulse, in terms of polarization, proceeds as follows: in the first place,
the simultaneous measurement device (“Stokesmeter”), must provide the signal along an orthonormal
Cartesian base (x,y) in order to obtain ±Q. Then, given a 45◦-rotated Cartesian base (x’,y’), with the
same origin in (x,y), the signal along x’ and y’ is necessary to determinate ±U . Equation (1) describes
how the intensity along those orientations is related to the intensity of the signal. To close the Stokes
matrix, at least three components have to be known. By knowing parameters I, Q and U, then V can be
also determined in modulus. The sign of V gives the chirality of the circularly polarized light. In fact,
the circularly-polarized parameter in counter-clockwise and clockwise rotation are defined by +V and
−V, respectively.

The experiment was performed at the third-generation synchrotron light source (SLS) at the Paul
Scherrer Institute (PSI), in the X-ray Interference Lithography (XIL-II) beamline [24]. The beamline
radiates energy in the range of 70 to 500 eV. Thanks to a 5 mm × 5 mm pinhole that masks the radiation,
the XIL-II provides at the experimental chamber high spatially-coherent illumination. The brightness at
extreme ultraviolet is 1014 photons · s−1 · 0.1% Bandwidth −1 · mm−1. The radiation is linearly polarized
on the horizontal plane.
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The Stokesmeter is made up of three parts (Figure 1): (a) the source, produced at the XIL-II end station
and containing an EUV beam-splitter realized as a 2D diffraction grating; (b) a main body, realized as
a T-piece vacuum tube, carrying the optical parts; and (c) an interface to the detector and the CCD
camera. The radiation was split into four branches by using the first diffraction order of a 330-nm
period 2D grating (chessboard). Three of the branches interact with the optics. The fourth was dumped
into a witness plate to avoid the reflections. Figure 2 shows the grating. It was made using hydrogen
silsesquioxane (HSQ) as an absorber. Later, it was exposed to 500 nm of SiO2 [25]. For the membrane,
Si3N4, was deposited on the top. During the fabrication process, a blank space of HSQ of 5 nm ×
5 nm must be included in the tip-to-tip gap, for stability purposes. The grating was fabricated at PSI by
e-beam lithography.

1st order
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Primary mirrors
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Figure 1. Sketch of the Stokesmeter. (a) The X-ray Interference Lithography (XIL-II) end
station holds the beam-splitter. (b) The main body of the Stokesmeter is the mount for the
optical elements, i.e., the primary and the secondary polarizer mirrors. The primary mirrors
are inclined at the Brewster angle along the vertical (M1), horizontal (M2) and 45◦ (M3)
axis. The radiation is monitored at three different positions, i.e., before the optics (Witness
Plate 1), after the optics (Witness Plate 2) and at the detector (c).

The optical set-up shown in Figure 1b is made-up of six Ru/B4C multilayer mirrors optimized for
a peak reflectivity at λ = 12 nm. Figure 3 shows the measured rocking curve of the polarizers. The
bandwidth covers a range between 11.5 nm and 13 nm, the FWHM being higher than 0.5 nm. Such a
wavelength has been chosen to be in the EUV lithography range and to be the color of the Sn-Laser.



Photonics 2015, 2 245

However, the fact that 12 nm is exactly 100 eV can simplify some calculations. A first array of
three primary polarizer mirrors is positioned at the Brewster angle (αB = 41.8◦) along major directions
(vertical, horizontal and 45◦), with respect to the incoming beamlets. From now on, we will refer to
the orientation of the polarizer as M1 (M, mirror) for vertical, M2 for horizontal and M3 for 45◦. In
our instrument the reflectivity of the primary polarizers is approximately 50%, as shown in Figure 3.
The Brewster angle reflections suppress the transverse-magnetic (TM) polarization (p-polarization)
component of 10,000:1. The pattern is made of three spots, which are the footprints of each projected
beamlet, M1, M2 and M3, respectively (Figure 1). The intensity of the dots describes the Stokes matrix
and the polarization case of the source.

Substrate : Si3N4

a) b)

Figure 2. (a) Scanning electron micrograph of a preliminary chessboard beam-splitter
design, with pixel dimensions. (b) Final beam-splitter specifications, with the optimized
tip-to-tip gap (sketch not to scale).
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Figure 3. Reflectivity versus wavelength of the polarizer multilayer mirrors at the Brewster
incident angle (42◦).
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The array of “Brewster multilayers” (primary mirrors, Figure 1) is completed with a second array of
multilayer mirrors (secondary mirrors, Figure 1) that project the beamlets onto the CCD. The secondary
multilayer mirrors are set at 39◦, and their efficiency is approximately 55%. They have a 1-inch diameter
and are separated from the “Brewster mirrors” by 48 mm. They project the first order of diffraction over
540 mm, where the x-ray CCD collects the radiation.

With the present system, the sign of Stokes parameter V (Equation (1)) remains undetermined, which
is redundant, since XIL-II is linearly polarized. A fourth mirror is essential for the sake of circular
polarization chirality, as was discussed elsewhere [26]. The intensity of the EUV signal decreases each
reflection. A study of the efficiency of each element is detailed in Section 3.

For radiation diagnostics, two witness plates were used as passive detectors. They were Si-wafers,
coated with EUVJ-1099 photoresist, which is highly sensitive to EUV. Witness Plate 1 was located before
the primary mirrors, while Witness Plate 2 was located after the secondary mirrors. The images were
also collected in an X-ray CCD of 1300 × 1340 pixels.

2.3. Stokesmeter Pattern Simulation

A Stokesmeter pattern simulator is written in MATLAB in order to provide guidance for the
interpretation of the results. Our code determines the pattern by setting the incident energy and the
phase difference between components Ex and Ey. The pattern is obtained by using input parameters of
distance (d) between the polarizers and the CCD, wavelength (λ) and the period of the grating (p). The
input values were d = 540 mm, (λ = 12 nm and p = 330 nm, respectively. Such parameters influence the
position of the spots. The program uses Equation (1) and the equation, θ = λ

p
, where θ is the divergence

angle of the beam-splitter and I2 = Q2 + U2 + V 2, to calculate the Stokes matrix from the electric field
components and phase difference δ.

Figure 4 summarizes five sample polarization cases showing the radiation amplitude (Ex, Ey), the
phase difference (δ), the Stokes matrix, a graphical representation and the pattern obtained with the
Stokesmeter. The cases are discussed as follows:

(a) The polarization is linear along the horizontal axis, i.e., the pulse energy is 100-times higher for the
horizontal axis than for the vertical one. Two full-amplitude spots are observed at the CCD. They
correspond to the projections of the polarizer mirrors oriented vertically (M1) and at 45◦ (M3). The
secondary mirrors produce a suppression of the total reflectivity at the X-ray CCD of 50%. The
relative intensity is marked in each spot.

(b) The polarization is linear along the vertical axis, i.e., the pulse energy is 100-times higher for the
vertical axis than for the horizontal one. Two full-amplitude spots are observed at the CCD. They
correspond to the projections of the polarizer mirrors oriented horizontally (M2) and at 45◦ (M3).

(c) The polarization is an elliptical axis, i.e., the ratio of the pulse energy of Ex to Ey is 4 to 3. Three
partial-amplitude spots are observed at the CCD. They correspond to the projections of the polarizer
mirrors, M1, M2 and M3. For a phase difference 3π/2 <δ< π/2, the ellipse of polarization is oriented
toward the right.
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(d) The polarization is elliptical, i.e., the ratio of the pulse energy of Ex to Ey is 1 to 2. Three
partial-amplitude spots are observed at the CCD. They correspond to the projections of the polarizer
mirrors, M1, M2 and M3. For a phase difference π/2 <δ< 3π/2, the ellipse of polarization is oriented
to the left.

(e) The polarization is circular, i.e., the pulse energy of Ex is equal to the pulse energy of Ey. Three
partial-amplitude spots are observed at the CCD. They have equal intensities. They correspond to
the projections of the polarizer mirrors, M1, M2 and M3. The phase difference is π/2.
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Figure 4. Sample patterns for various polarization cases. The first column shows the
incident electrical field of two plane waves (Ex and Ey) and the phase difference δ. The
second column shows the Stokes matrix. The third column has a graphic of the ellipse
of polarization. The last column gives the simulated pattern of the Stokesmeter for the
polarization case with normalized intensities. Black corresponds to the poor signal of the
p-polarization (0) and white (1) to the full signal. The distance L depends on the wavelength.
A larger wavelength means a longer distance between spots.

3. Results and Discussion

The validation of the Stokesmeter performance was done at a well-characterized EUV source, i.e.,
the synchrotron radiation of the Swiss Light Source (SLS). This experiment permitted verifying (i) the
obtainment of all Stokes parameters in single acquisitions at (ii) reasonable efficiency in the EUV. For
the former, the design parameters of 2D gratings (Table 1) were studied. For the latter purpose, the
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beam-splitter efficiency at the first diffraction order was maximized along with the minimum to the
higher orders. Besides, the efficiency is also related to the reflectivity of the multilayer polarizers, which
is also discussed.

Table 1. Parameters studied in the calculation of the optimal maximum efficiency of the
grating. See Figure 2 for a parameter sketch.

Grating Period (nm) Tip-to-tip Gap (nm) Calculated efficiency(%)
A 290 5 4.8
B 290 25 3.9
C 290 50 0.1
D 330 5 4.7
E 330 25 4.1
F 330 50 0.7
G 370 5 4.8
H 370 25 4.5
I 370 50 1.5

3.1. Efficiency of the Stokesmeter

The diverging beam-splitter signals are collected onto the CCD by means of the secondary multilayer
mirrors (Figure 1). These produce no further suppression of polarization information, but a certain
reduction of reflected amplitude. Considering the discussed efficiency of 5% for the beam-splitter, and
50% of each of the multilayers, an overall throughput of approximately 1% is obtained. However small,
such efficiency is sufficient to detect a Stokesmeter pattern on the CCD, being the signal-to-noise ratio
(SNR) approximately 3.3 ± 0.3. Nevertheless, we attempted to maximize the efficiency of each optical
component, in order to avoid additional degradation of the pattern, e.g., by means of optics aging [27].
For instance, the 2D grating (beam-splitter) could not be manufactured with a tip-to-tip gap below 5 nm
for reasons of mechanical stability (Figure 2). Therefore, the effect of deviation from the theoretical
optimum had to be investigated. Further, alternative grating designs were investigated to improve the
first order efficiency.

Figure 5 shows the efficiency of three gratings versus the tip-to-tip gap. The efficiency, defined as
the ratio between the intensity of the first order and the zeroth order, decreases from the tip-to-tip gap of
5 nm, which is also the one chosen for the experiment. A tip-to-tip gap distance shorter than 5 nm is not
feasible, due to constraints in nano-fabrication process, i.e., the strong charging effects in the thick layer
of the resist. One must not lose sight of the purpose of the grating, which is to act as a beam-splitter.
Although smaller periods mean slightly higher efficiency, 0.1% to 1.5%, larger periods mean a compact
Stokesmeter. The grating period of 330 nm was chosen to have a beam-splitting aperture of 2◦, allowing a
compromise between the total size of the setup and the beam-splitting resolution. The distance between
the beam splitter and the primary mirrors is given (the dimensions of the XIL-II room). The angular
aperture (2◦) between the beam splitter and the mentioned primary mirrors is also given. Therefore, the
grating (beam splitter) period for the 12-nm wavelength to obtain an aperture of 2◦ must be 330 nm. The
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size of the CCD chip does not control the characteristics of the beam splitter, e.g., the aperture or period.
The secondary set of mirrors is aligned to project the spots inside the chip surface. The dimensions of
the full chip were 26.8 × 26 mm.

Figure 5. Efficiency versus tip-to-tip gap for three gratings with different periods. The
efficiency decreases as a function of the tip-to-tip gap and increases as a function of the
period (p).

The high-order efficiency transmission grating proposed in [28] was also studied. It consists of a series
of zig-zag profiled strips. This grating presents up to second order diffraction suppression efficiency,
compared to a normal linear grating. However, the improvement in the first order compared to a 1D
linear grating is not significant (<0.5%). The design is limited to 1D applications. Moreover, in order to
obtain a 2D zig-zag grating, one must cross two of them, reducing the illumination by 50%. Furthermore,
the slight distance between the two 1D cross-grating does not provide an equal diffraction angle for the
four first orders, which make it useless as a beam-splitter.

3.2. Simultaneous Stokes Parameters for EUV Pulses

Calculated and experimental Stokesmeter patterns were monitored before the polarizer optics
(Witness Plate 1, Figure 1) and right after them (Witness Plate 2, Figure 1). Figure 6a shows the
simulated pattern at Witness Plate 1 with four main spots rotated exactly π/2 around the zeroth order.
Figure 6b shows the corresponding experimental pattern with two sets of four spots with a π/4 rotational
offset. These patterns emerge from the diffraction of the 1D periodicities present in the grating along the
horizontal, vertical and oblique direction. The intensity is symmetrically identical for all spots, indicating
that the beam-splitter is not biasing the amplitudes. Any effect on the intensity of the detected spot is
thus only due to the polarization (see below). The pattern mismatch between simulation and experiment
is due to the exposure time of Witness Plate 1 to the EUV radiation. The accumulative intensity allows
one to observe only those orders with the highest amplitude. The pattern is not fully symmetric, since
the tip-to-tip gap remodels the pattern in a non-symmetric one.
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Figure 6. Stokesmeter pattern at Witness Plate 1 (Figure 1). (a) Simulation obtained with a
tip-to-tip gap of 5 nm; (b) experimental pattern on the photo-resist.

Figure 7a shows the simulated pattern at Witness Plate 2. Two full-intensity spots (M1 and M3) and
an extinguished spot (M2) are observed. These spots are in agreement with the polarization of the SLS
source and with the theoretical discussion made above. Figure 7b shows that the related experimental
pattern is in agreement with the calculation. The XIL-II end station is known to have linear horizontal
polarized EUV light (Q = +1), which is also obtained and shown in Figure 7b. This pattern actually
resembles the sample case discussed in Figure 4a.
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Figure 7. Stokesmeter pattern at Witness Plate 2 (Figure 1 (a) Simulation obtained for a
linear polarization (Q = +1); (b) experimental pattern obtained on the photo-resist.

In the case of laboratory-scale sources, e.g., plasma-driven EUV sources, the bandwidth may not be
as narrow as in the present case of synchrotron radiation or for X-ray lasers [29]. This has two important
implications to take into account, namely: (i) the Stokesmeter pattern efficiency and contrast may be
degraded by the combination of wavelengths; and (ii) at a given imaging plane, the spot-to-spot distance
may vary, as a consequence of different diffraction apertures for different wavelengths.

Figure 8 shows the Stokesmeter patterns for a set of nine acquisitions in the wavelength range between
12.0 nm and 13.0 nm. The color scale, representing the intensity of the radiation, was normalized for
each image, such that it should not be compared from one image to the other. The interpretation of the
patterns is given on the top of each experimental image. The pattern is here generated as a combined
effect of wavelength and beam-splitting angle, which can alter the angle of incidence on the polarizing
multilayer. This effect can eventually lead to modified reflectivity and/or polarization contrast between s
and p-components. Indeed, it is only at the Brewster angle that the polarization contrast is maximum (see
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below). For cases where the suppression of polarization component “p” is not maximum (Figure 8a–h),
the pattern may suggest elliptical polarization, which is, however, a measurement artifact, if the real
polarization is linear. This effect can be handled in the data processing following the discussion below,
leading to a correct polarization reconstruction. For cases where the distance between spots is higher
than the CCD chip size, i.e., Figure 8a–c, only the reflection of M2 is observed.
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Figure 8. Selection of experimental pattern acquisitions at various wavelengths and
simulated patterns as a consequence. Two effects are observed: firstly, (a–i) the distance
spot-to-spot varies, being larger at (a) and shorter at (i). Secondly, the polarizer M2, which is
oriented horizontally, acts as a horizontal spatial filter and leads to an elliptical spot (shown
inside the dashed circle).
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Besides, the polarizer multilayer M2, which is oriented horizontally, acts as a horizontal spatial filter
and leads to a streaked spot (shown inside the dashed circle). In order to eliminate such an artifact
in combination with large bandwidth sources, spectral filtering is required. However, for the case of
plasma-driven X-ray lasers, the linewidth is as narrow as ∆λ/λ ≤ 10−4, such that spectral filtering is
not required.

In order to investigate the effect of the operating wavelength on the performance of the Stokesmeter,
we studied the relation between the angle of incidence and reflectivity, as well as the wavelength and the
angle of incidence. Figure 9a shows the angle of incidence (α) versus the wavelength (λ) of the polarizer
mirrors for the full bandwidth. At the slope α

λ
= 6, the highest reflectivity is observed, i.e., approximately

50%. Beyond the axis of the maximum reflectivity (white range), the intensity within a bandwidth of a
few tenths of nm decreases. Such a change in the total reflectivity affects also the relative polarization
contrast, as shown in Figure 8. The ellipse of polarization appears more intense at 13.0 nm, although the
reflectivity of the mirror is only 7% at such a wavelength and angle. Figure 9b shows the reflectivity of
the components “p” and “s” versus the angle of incidence. The contrast at the Brewster angle is 1:10,000.
The contrast of reflectivity decreases to 1:100, 0.2◦ apart from the Brewster angle.
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Figure 9. (a) Angle of incidence on the polarizer mirrors versus wavelength. The maximum
reflectivity is approximately 50% for each wavelength for a specific angle of incidence.
(b) Reflectivity versus incident angle (parallel, Rs (dashed line), and perpendicular, Rp

(continuous line)) on the EUV range. (a) and (i) refer to Figure 8. The reflectivity has
been calculated using the equation of [30].

4. Conclusions

A self-designed Stokesmeter was tested measuring all four Stokes parameter simultaneously in the
EUV pulses. The polarization pattern acquired on the X-ray CCD is formed by experimental spots in
agreement with our simulations. Such a pattern reproduces the linear horizontal behavior of the XIL-II
source. The design, realized with three polarizer multilayer mirrors and three secondary multilayer
mirrors, was optimized for energy incising at 42◦, to obtain approximately 50% of the reflectivity in
each mirror. The 2D grating, used to split the source, was designed to have a small tip-to-tip gap, i.e., 5
nm, approximately equal to the e-beam diameter.
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