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ABSTRACT
Polarimetry in the far ultraviolet (FUV) is a powerful tool for the interpretation of the role of the coronal
plasma in the energy transfer processes from the inner parts of the Sun to the outer space. FUV polarimetry
from space provides more accurate observations on the kinetics of the features and on local magnetic fields
through the Doppler and Hanle resonant electron scattering effects. Particularly interesting lines for FUV
polarimetry are H Lyman α (121.6 nm) and β (102.6 nm), along with OVI lines at 103.2 and 103.8 nm. One
key element to perform polarimetry measurements at these wavelengths is the need of efficient polarizers. A
limitation of the available polarizers, such as crystal plates of MgF2 and LiF working at Brewster angle, is
their moderate reflectance at the non-extinguished component of the electric field, which results in a modest
polarizer efficiency.
Research is underway to develop efficient polarizers operating in the short FUV based on reflective
multilayer coatings. First wavelength target is 121.6 nm. We have obtained promising preliminary results
with (Al/MgF2)3 multilayer polarizers. Their reflectance for both s (TE) and p (TM) polarization has been
measured as a function of the angle of incidence and wavelength at BEAR beamline of ELETTRA
synchrotron. The analysis of the first campaign enabled refining the designs for a second campaign, which
has resulted in efficient polarizers in a range around 121.6 nm. Future research will address the stability of
these polarizers both in atmosphere and in relevant conditions for space optics.
Keywords: polarizers, multilayer coatings, far ultraviolet, vacuum ultraviolet, polarimetry, solar corona,
Hanle effect

1. INTRODUCTION
Measuring magnetic fields in the solar corona is crucial to understanding and predicting the Sun’s generation
of space weather that affects communications, space flight, and power transmission. Most outputs of solar
activity, including high-energy electromagnetic radiation, solar energetic particles, flares and coronal mass
ejections, derive their energy from the coronal magnetic field. The corona is also the source of the solar
wind, having its own embedded magnetic field that engulfs the Earth’s magnetosphere. Because the
changing coronal magnetic field drives the processes at the origin of space weather, the ability to measure
the field changes will enable us to understand the basic underlying physics and predict space weather events.
The measurement of the solar magnetic field requires polarimetric observations in appropriate spectral lines.
Signals with partially linear polarization are expected for many of the permitted ultraviolet (UV) and far-UV
(FUV; it will refer here to wavelengths shorter than 200 nm) line-emissions from the solar corona. The lineemission linear polarization is caused by anisotropic radiation pumping processes, which induce atomic
polarization in the energy levels involved in the transition of the emitted radiation. The magnetic field
modifies this linear polarization through the Hanle effect, thus leaving information on its strength and
*
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orientation in the emergent Stokes parameters, regardless of how large the line width due to Doppler
broadening is.
Among the brightest lines sensitive to the Hanle effect is the H I Lyman-α line at 121.6 nm 1,2,3,4,5,6 . The
Hanle effect in the H I Lyman-α line is sensitive to both the field direction and magnitude between 10 and
250 G, centred on the so-called typical (or critical) field that is 53 G for this line 7 . It was shown2, 8 that a
degree of polarization of up to 20% can be expected in the H I Lyman-α line in the solar corona. Using the
SOHO/SUMER spectrograph, Raouafi et al. 9,10 achieved the first detection of the Hanle polarization signal
in the corona using the O VI doublet at 103.2/103.8 nm. These pioneering results were obtained with an
instrument that was not designed to measure polarization and they established without any ambiguity that a
dedicated instrument will be able to provide routine global coronal magnetic field diagnostics.
H I Lyman-β (102.6 nm) and Lyman-γ (97.3 nm) lines are sensitive to weaker magnetic fields than the H I
Lyman-α line, with typical fields being 16 and 7 G respectively7,3,4. Such weaker fields are expected to exist
outside of active regions. However, the H I Lyman-α line is by far the strongest line in the FUV/UV range of
the solar spectrum and will provide us with sufficient signal-to-noise ratio. Therefore, observations of the
Hanle effect in the H I Lyman-α line are the ideal tool for the coronal magnetic field diagnostics in active
regions.
Linear polarizers is one of the basic elements for polarimetry; the other is phase retarders. Linear polarizers,
which will be plainly called polarizers in the following, are able to turn incoming radiation that was
nonpolarized or elliptically polarized (or a mixture of the two) into linearly polarized in a specific direction.
Efficient polarizers at Lyman α are needed for observations to examine the solar magnetic field. Moreover,
polarizers operating at short wavelengths are needed for an always increasing number of applications,
including imaging instrumentation for solar physics and astrophysics, ellipsometry, synchrotron radiation,
lasers, particle-matter interaction, atomic and molecular physics, solid state physics, magnetic and chiralmaterial analysis, etc.
The simplest polarizers at 121.6 nm and at most of the FUV are crystal plates of transparent fluorides,
namely MgF2 and LiF, working in reflection at Brewster angle. One limitation of these elements is their
modest reflectance at the non-extinguished component of the electric field, which results in a moderate
polarizer efficiency. Thus, at 121.6 nm a MgF2 plate at Brewster angle will not reflect the p (TM) polarized
component of the incoming light, hence Rp=0, but the s component (TE), Rs, at this same angle is low for an
application where radiation is not intense. Polarizers at Brewster angle can also operate by transmittance,
due to the increased Tp/Ts ratio of the beam transmitted through a plate; FUV polarizers based on a pile of
plates in series have been prepared 11 . FUV polarizers based on the birefringence of MgF2 are also
possible 12 . They are produced in the geometry of, for instance, Rochon prisms, which deviate the
extraordinary ray and keep the ordinary ray undeviated. Rochon prisms are used in the FUV; however, the
birefringence of MgF2 is small at 121.6 nm, which makes it difficult to separate the two beams.
Efficient polarizers can be developed with the use of multilayer coatings. Not much research has been
devoted yet to polarizing coatings covering the wavelength of 121.6 nm. Hass and Hunter 13 developed a 3mirror polarizer, with the benefit of no deviation of the incoming beam; it combined two Al/MgF2 mirrors
and a MgF2 plate working close to Brewster angle; it had a good Rs/Rp efficiency ratio in a wide spectral
range including the FUV and shortwards, but it had a modest efficiency for the non-extinguished component
of ~17% close to 121.6 nm. Yang et al. 14 proposed Au-SiC-Au, 3-mirror reflection polarizers, which can be
operative in a wide band including the FUV and shortwards, with the additional gain of suppressing higher
diffraction orders. Kim et al. 15 designed a polarizer for 121.6 nm based on a 3-layer MgF2/Al/MgF2 coating
deposited on an Al substrate. Bridou et al. 16 prepared single pair polarizing coatings of AlF3 and of MgF2 on
glass, tuned at 103.2 and 121.6 nm, respectively. Bridou et al. 17 reported on efficient polarizers at 121.6 nm
based on various coatings: a single layer of MgF2 on glass, a single pair of MgF2/AlF3 on glass, a single pair
of SiO2/MgF2 on fused silica, and a (Al/MgF2)2 four layer coating on glass. Kano et al. 18 fabricated a
polarizer based on the (Al/MgF2)2 polarizer design of Ref. 17, and obtained a good efficiency at 121.6 nm.
This proceeding presents the research performed on reflection polarizers optimized to operate at the
wavelength of 121.6 nm and in the close spectral range. The coating is based on (Al/MgF2)n mutilayers.
Section 2 describes the experimental techniques used for coating deposition and polarizer characterization.
Section 3 presents some details on the material selection and the coating design and it displays the FUV
reflectance measurements on (Al/MgF2)n polarizing coatings.

2. EXPERIMENTAL EQUIPMENT
2.1 Sample preparation
Polarizing multilayer coatings were prepared at GOLD. (Al/MgF2)n multilayer coatings (Al is always the
first layer and MgF2 the last one) were deposited in a high vacuum chamber pumped with a turbomolecular
system and a liquid-N2 cooled, Ti sublimation pump. The base pressure was 10-5 Pa. Films of Al and MgF2
were deposited by evaporation using tungsten multi-stranded filaments (Al), and W boats (MgF2); the
evaporant material was 99.999% pure Al and VUV-grade MgF2; the deposition rate was ~1.0 (Al) and ~0.7
(MgF2) nm/s; pressure during deposition was ~10−4 (Al) and ~5x10-5 (MgF2) Pa. Films were deposited onto
non-intentionally heated or cooled polished float glass substrates. The deposition source-substrate distance
was 30 cm. Film thickness was measured with a quartz-crystal monitor, previously calibrated through
Tolansky interferometry, i.e., through multiple-beam interference fringes in a wedge between two highly
reflective surfaces 19 .
2.2 Experimental setup for reflectance measurements
The polarization characteristics of the coatings were measured at Bending magnet for Emission, Absorption
and Reflectivity (BEAR) beamline of ELETTRA synchrotron (Trieste, Italy) 20,21,22 . Reflectance
measurements were performed between 8 eV (155.0 nm) and 12 eV (103.3 nm); for higher order rejection
we used a 0.5-mm thick LiF crystal made by Crystec. Measurements were performed with exit slits opened
at 900x400 μm2: with this configuration the spot size on the sample was 400x400 μm2 and the bandwidth
was 60 meV FWHM. The detector was a silicon diode IRD-SXUV100; the background was subtracted for
each measurement.
Measurements with polarized radiation are possible due to the polarization properties of the bending magnet
source, which depend on the emission angle. This radiation is linearly polarized in the storage ring plane and
elliptically polarized outside. To get linearly polarized light we used the polarization selector 23 , a variable
aperture double slit mechanism that can be positioned vertically to deliver alternatively linear, right or left
circular polarization light. Measurements have been made in linear polarization configuration, i.e. with the
polarization selector centered with respect to the beam source in the vertical direction (perpendicular to the
ring plane). The selector slits were set to have a vertical acceptance of 4 mm, which correspond to an
angular aperture of ±0.17 mrad. With this configuration, the calculated degree of linear polarization of the
beam is: (Is-Ip)/(Is+Ip )=0.99, where Is and Ip stand for the incident beam intensity with the electric vector
perpendicular and parallel, respectively, to the plane of incidence. Reflectance measurements were
performed in two perpendicular planes of incidence, for which the experimental chamber was rotated 90°
around the beam axis. The role of s and p are interchanged when the chamber rotates 90°.

3. RESULTS AND DISCUSSION
The materials considered in the design of the polarizing coating were Al and MgF2. They are a natural
choice because MgF2 is among the few transparent materials at 121.6 nm and the refractive index of Al has a
strong contrast to the one of MgF2. The other possible transparent materials are LiF and AlF3, but there is a
much more limited experience on coatings combined with Al films, except for mirrors of Al protected with a
thin film of LiF 24 ; furthermore, LiF is less stable than MgF2 in a humid atmosphere. There is also one piece
of research on Al protected with an AlF3 layer16. Another choice of material contrasting with MgF2 would be
Mg 25,26,27 ; in fact the latter has become a common material in multilayers for wavelengths slightly longer
than Mg L2,3 edge (~25.1 nm) 28,29 ; however, no literature has been found on multilayers combining Mg with
MgF2. In contrast, there is a long heritage on stable and efficient mirrors based on Al protected with a thin
film of MgF2 30 . There is also literature on the use of (Al/MgF2)n multilayer coatings 31,32,33,34,35 , mostly for
transmittance filters peaked in the FUV. Efficient polarizers based on this combination of materials were
developed by Bridou et al.17. The same material combination was selected here.

Fig. 1. Contour plots of Rp (top) and Rs (bottom) of sample 1 as a function of wavelength and normal incidence
angle. The dashed line is at 121.6 nm

Designs with various numbers of Al/MgF2 bilayers have been evaluated. The polarizing coatings will be
described through their reflectance in the two planes of incidence, Rs and Rp. Increasing the number of
adjustable parameters favours an increase in the spectral and angular bands with both a high Rs and Rs/Rp
ratio. For this reason, designs with at least three bilayers were selected. There is a higher limit to the total Al
thickness that can be accumulated through the different layers in order to enable radiation to penetrate in the
multilayer; there is also a lower limit in the minimum film thickness in each layer for the film to be
continuous and to be described through a uniform refractive index. These constraints result in an upper limit
to the maximum number of bilayers that can be used. For the above reasons, designs with not more than four
bilayers have been selected here. Summarizing, coatings with 3 and 4 Al/MgF2 bilayers have been designed
and prepared in this research. The coatings were optimized to have simultaneously the largest possible Rs
and Rs/Rp ratio around 121.6 nm and around the target incidence angle. To satisfy this, it is critical to obtain
values of Rp close to 0. When the incidence angle is large enough, a large Rs value can be obtained at the
same wavelength and angle that the minimum Rp; all incidence angles are here referred to the normal to the
coating surface. Rp and Rs for a fraction of the prepared samples has been measured so far, and
measurements on (Al/MgF2)3 coatings are presented below.

This research has been conducted through two campaigns; in each campaign we designed and prepared
polarizing coatings that were measured at the beamline. Fig. 1 displays the reflectance measured for an
(Al/MgF2)3 sample prepared in the first campaign, which is here called sample 1; the figure displays both Rp
(top) and Rs (bottom) as a function of wavelength and the incidence angle. In Fig. 1, the angle step was 1º
and the spectral scanning was made in photon energy steps of 0.05 eV. The sample was measured ~2 weeks
after deposition; the sample was in contact with normal air for about one week. The coating had been
optimized at 121.6 nm at 60º, where it was measured Rp=0.048 and Rs=0.53. Fig. 1 shows that a lower Rp
was measured at wavelengths longer than 121.6 nm. A reflectance below 0.01 was measured in the 127.5130.0-nm range for angles in the 54°-62° range, where Rs stood in the range of 0.63 (127.5 nm at 54º) to
0.70 (130 nm at 62º).
The experience accumulated in the first campaign helped in refining the designs for the second campaign. A
sample similar to the one presented in Fig. 1 was prepared in the second campaign for which the MgF2 film
thicknesses were somewhat reduced to try to shift the low Rp region down to 121.6 nm; this sample is here
called sample 2. The sample was measured ~2 months after deposition; the sample was in contact with
normal air for about one week, and the rest of the time was stored in residual vacuum. The reflectance of this
sample is presented in Fig. 2; the angle step was 2º and the spectral scanning was made in photon energy
steps of 0.05 eV. The structure that is observable in Fig. 1 can be seen to have been correctly shifted to
shorter wavelengths in Fig. 2, as expected. Rp at the wavelength of 121.6 nm and at the target angle (60º)
was in the 0.01-0.02 range, but a value smaller than 0.01 was measured at the same wavelength and at angles
in the 62º-68º range, with Rs in the range of 0.69 (62°) to 0.75 (68°). A value of Rp below 0.01 was measured
at wavelengths between 119.8 nm (at 64º, Rs=0.68) and 129.1 nm (at 68º, Rs=0.76).

Fig. 2. Contour plots of Rp (top) and Rs (bottom) of sample 2 as a function of wavelength and normal incidence
angle. The dashed line is at 121.6 nm

Fig. 3. Rp and Rs of sample 2 versus the normal incidence angle measured at 121.6 nm

Fig. 3 displays Rs and Rp versus incidence angle measured for sample 2 at 121.6 nm. The figure displays the
wide angle range at which important linear polarization is produced. Comparing data in Fig. 3 with the data
measured by Bridou et al.17 for an (Al/MgF2)2 polarizer, the increase from two to three Al/MgF2 bilayers
results in a lower Rp in the whole angle range displayed and a larger Rs in the angle range above 56°, and
similar below this angle. The (Al/MgF2)2 coating designed in Ref. 17 was reproduced by Kano et al.18; the
latter resulted in Rp ~0.01 at 121.6 nm at 68º, lower than the original displayed in Ref. 17, and similar to the
one measured here for sample 2; however, the coating of Ref. 18 displays a narrower angular band than the
present one. Additionally, the coating of Ref. 18 displays a significantly lower Rs in the whole angle range.
The present data also result in a larger Rs than all the one-layer or two-layer polarizers developed in Ref. 17.
Let us concentrate on the uncertainty in the measurement of small values on Rp. The aforementioned degree
of linear polarization that is calculated for the vertical acceptance selected for the present measurements was
0.99, which means that the intensity ratio for the two perpendicular planes of incidence is ~200; this results
in a theoretical contribution of 0.005 of the non-extinguished component when trying to measure the
extinguished component, so that a virtual Rp=0 of an optimum coating would apparently increase to
~0.005xRs. Furthermore, the weak signal that is available when Rp<~0.01 results in a source of uncertainty.
The latter explains why a few measured data were slightly negative; as an example, in the low Rp range
plotted in Fig. 2, 15 measurements were negative out of a total of 61 measurements below 0.01. When the
signal is small, random variations of the background result in a significant uncertainty at low Rp, which can
be either positive or negative. Since the present polarizing coatings provide a low value of Rp that is
measured with a significant uncertainty in the current measurement conditions, two direction of
improvement are envisaged. One is to reduce the vertical acceptance in order to increase the degree of
polarization of the beam; unfortunately this results in still fewer photons. The other direction is to increase
the detector integration time, even more if the beam is going to be weaker due to a smaller acceptance, and
to do more measurement repetitions of the signal and the background to reduce statistical errors.
Fig. 4 displays Rp and Rs of sample 2 versus wavelength measured at 64º. At this angle, the spectral range
with high Rs/Rp ratio is extended from 119.8 nm to 127.2 nm. As mentioned above, some spectral tuning is
possible by changing the incidence angle.

Fig. 4. Rp and Rs of sample 2 versus wavelength measured at 64º

Fig. 5. Contour plots of polarizance measured for sample 2 as a function of wavelength and normal incidence angle. The
dashed line is at 121.6 nm.

A parameter often used to evaluate the efficiency of a polarizer in providing linearly polarized light along a
given direction of the electric field is the polarizance:

P=

Rs − Rp

Rs + Rp

(1)

In the definition of P the opposite sign is often used; the present sign has been selected so that P is positive
in the interesting cases. Other names have been used in the literature for the same magnitude represented by
P, such as degree of polarization or polarizing power. We avoid using the term degree of polarization
because it is also used in the literature with different meanings, and in fact it has been used above to state the
proportion of linear polarization of the incoming beam. An optimum polarizer would have P=1. Fig. 5 plots
P as a function of wavelength and the incidence angle. The more remarkable areas in Fig. 5 are those of P
larger than 0.95 and 0.99.

Reflectance measurements were performed on samples that had been exposed to the atmosphere for about
one week. At this time, no ageing studies have been performed on the polarizing coatings. Such studies are
expected to be carried out in the near future.

CONCLUSIONS
Efficient polarizers based on (Al/MgF2)3 multilayer coatings have been designed, prepared, and their
reflectance measured in two perpendicular planes of incidence for the purpose of developing a polarizer
tuned at 121.6 nm. A first sample resulted in high Rs and Rs/Rp at the 127.5-130-nm spectral range. These
results were used to refine the multilayer design in order to shift the spectral range of good polarization
properties towards shorter wavelengths. A second sample so prepared resulted in excellent polarization
properties with Rp<0.01 not only at 121.6 nm, but from ~119.8 nm (at 64º, Rs=0.68) to 129.1 nm (at 68º,
Rs=0.76). A wide angle range of small Rp was measured at 121.6 nm. The measured performance is better
than what had been reported in the literature so far. Measurements were performed on coatings that had been
exposed to the atmosphere for about one week. New measurements on aged samples are expected in the near
future.
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