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ABSTRACT 

Polarimetry is a powerful tool to interpret how the coronal plasma is involved in the energy transfer processes from the 

Sun’s inner parts to the outer space. Space polarimetry in the far ultraviolet (FUV) provides essential information of 

processes governed by the Doppler and Hanle resonant electron scattering effects. Among the key FUV spectral lines to 

observe these processes, H I Lyman  (121.6 nm) is the most intense. Some developing or proposed solar physics 

missions, such as CLASP, SolmeX, and COMPASS, plan to perform polarimetry at 121.6 nm. Classical solutions, such 

as a parallel plate of a transparent material, either MgF2 or LiF, result in a modest efficiency of the passing polarization 

component. The development of more efficient linear polarizers at this wavelength will benefit future space instruments. 

A research has been conducted to develop polarizers based on (Al/MgF2)n multilayer coatings in a band containing 121.6 

nm, to obtain a significant efficiency increase over plates. Coatings operating by reflectance resulted in a high efficiency 

after approximately one year of storage under nitrogen. In parallel, coating polarizers operating by transmittance have 

been prepared for the first time. Transmissive polarizers have the advantage that they involve no deviation of the beam. 

As a further benefit, the developed transmittance polarizers additionally incorporate filtering properties to help reject 

wavelengths both shortwards and longwards of a band containing 121.6 nm. Hence a polarizer combined with a filter is 

obtained with a single device. The combined polarizer-filter could enable a higher performance polarimeter for solar 

physics if the use of a separate filter to isolate Lyman  turns unnecessary.  
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1. INTRODUCTION

The magnetic field plays a crucial role in the dynamics of the solar chromosphere and corona. Hence, measuring the 

magnetic field 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. 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.  

In the high-temperature (104 – 106 K) chromosphere and corona, strong resonance lines are formed in the ultraviolet. 

Some anisotropic radiation pumping processes induce atomic polarization in the energy levels involved in the transition 

of the emitted radiation. The most interesting wavelength range for the diagnostics of solar and stellar magnetic fields via 

spectral-line-polarimetry of the Zeeman and Hanle effects is the 90-150 nm interval in the far ultraviolet (FUV). In this 

spectral range many hydrogen-like emission lines are formed in the hot (104-107 K) astrophysical plasmas, in particular 

the neutral hydrogen (HI) Lyman-series lines and the O VI and C IV lines. Among the brightest lines sensitive to the 
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Hanle effect is the H I Lyman-α line at 121.6 nm [1,2,3,4,5,6]. It was shown [2,7] 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.[8,9] 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.  

Future instruments for polarimetric observations of the chromosphere and the solar corona will require more efficient 

linear polarizers at H Lyman  at 121.6 nm. Linear polarizers operating at short wavelengths are also needed for an 

always increasing number of applications, including imaging instrumentation for astrophysics, synchrotron radiation, 

ellipsometry, lasers, atomic and molecular physics, solid state physics, particle-matter interaction, magnetic and chiral-

material analysis, etc.  

The simplest polarizers at 121.6 nm and at most of the FUV are crystal plates of transparent fluorides working in 

reflection at an angle close to Brewster angle, which gives Rp0 (p or TM component). A limitation of these elements is 

their modest reflectance at the non-extinguished component Rs (s or TE component), which results in a moderate 

polarizer efficiency. Plates must be made of basically transparent materials, most often LiF and MgF2 [10,11,12,13,14]. 

Even though polarizers at Brewster angle are good at rejecting one polarization component when they operate by 

reflection, this property has been often used in the reverse way, i.e., by transmission, due to the benefit of not bending 

the optical axis. In transmission, since the Tp/Ts ratio is not large, a series of inclined plates can be used to enhance this 

number; the drawback of this is that the combined transmittance at the passing polarization component (Tp) is usually 

small. Hence, a pile of plates of LiF [15,16,17,18] in transmission mode has been most often used; plates of MgF2 have 

been also used, in spite of its residual birefringence [19]. 

Efficient polarizers can be developed with the use of multilayer coatings. The benefit of coatings versus transparent 

plates is the degrees of freedom in the coating design that are used to increase performance above the modest value that 

can be obtained with the plate (or pile-of-plates) at Brewster angle. In the range of interest in this research, reflective 

coating polarizers have been prepared with Al/MgF2 multilayers among a few other coatings. Hass and Hunter [13] 

developed a 3-mirror 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. 

Kim et al. [20] designed a polarizer for 121.6 nm based on a 3-layer MgF2/Al/MgF2 coating deposited on an Al substrate. 

Bridou et al. [21] reported on efficient polarizers at 121.6 nm based on various of coatings, including a (Al/MgF2)2 four 

layer coating on glass. Kano et al. [22] fabricated a polarizer based on the (Al/MgF2)2 polarizer design of Ref. 21, and 

obtained a good efficiency at 121.6 nm. Other coatings have been used to make polarizers, both by reflection at a single 

mirror [23,24,25] and also at a 3-mirror [26,27,28,29,30,31] or 4-mirror [32] configuration to keep the optical axis 

unmoved, although the latter configurations result in low-efficiency polarizers that besides may be difficult to align. 

More extensive information on polarizers for the FUV can be found in various reviews [33,34,35]. 

In a recent paper, transmissive polarizers in this same range based on coatings have been developed for the first time 

[36]. In this research, the same group has attempted new designs of transmissive polarizers based on Al/MgF2 multilayer 

coatings that cover a certain spectral range around 121.6 nm. We present the new transmissive polarizers. Section 2 

describes the experimental techniques employed in this research for coating preparation and polarization measurements. 

Section 3 presents the designs and the FUV transmittance measurements for the two polarization components on various 

coatings as a function of wavelength and incidence angle, along with a summary of previous results on reflective and 

transmissive polarizers. 



2. EXPERIMENTAL TECHNIQUES 

2.1 Sample preparation 

Coating polarizers operating both by reflection and by transmission were designed and 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. Both Al and MgF2 films were 

deposited by evaporation using W boats (MgF2) and filaments (Al). 99.999% pure Al and VUV-grade MgF2 were used 

as evaporant materials. The base pressure in the chamber was 10-5 Pa.; pressure increased during deposition to ~10−4 Pa 

(Al) and ~510-5 Pa (MgF2). Substrates were pieces of polished float glass (reflective polarizers) or MgF2 crystals cut 

perpendicular to the c-axis (transmissive polarizers), which were not intentionally heated or cooled during or after 

deposition. The distance between the evaporation source and the substrate was 30 cm. Film thickness was measured with 

a quartz-crystal monitor, that had been calibrated through Tolansky interferometry, i.e., through multiple-beam 

interference fringes in a wedge between two highly reflective surfaces. Before the initial measurements, samples were 

kept in residual vacuum most of the time after preparation, and the approximate time of exposure to the atmosphere is 

specified for each sample. For samples prepared for previous campaigns in the synchrotron, after the initial 

measurements were completed, samples were stored in a box filled with nitrogen until they were taken out to measure 

them again. 

2.2 Experimental setup for reflectance and transmission measurements 

The polarization characteristics of the coatings were measured at the BEAR (Bending magnet for Emission, Absorption 

and Reflectivity) beamline at ELETTRA synchrotron (Trieste, Italy). BEAR is an apparatus intended for optical 

spectroscopic study of anisotropic systems [37], of the interfaces of multilayer systems [38,39,40] and particularly 

suitable for  characterization of polarizers [36,41]. 

Specular reflectance and transmission measurements of polarizers in s (TE) and p (TM) polarization incidence (Rs and 

Rp, and Ts and Tp,, respectively), were performed between 6 eV (207 nm) and 11 eV (112.7 nm) with linearly polarized 

light  [degree of linear polarization ((Is-Ip)/(Is+Ip)=0.99]. The angles of incidence for reflected or transmitted light were 

set with an accuracy of ~ (1/10)° for both reflection and transmission measurements. The degree of polarization of light, 

propagating along the x axis, was set by a variable aperture slit (see BEAR web [42]) accepting light of the bending 

magnet emission in an angle range within ±0.17 mrad with respect to the synchrotron orbit plane. The cross section of 

the monochromatic light spot at the focus position was set at 400x400 m2 horizontal x vertical, with a divergence of ~ 

20 mrad, with an energy band width of ~60 meV ( E/E=10-2) and with the incident electric field contained in the yz 

plane. The incident flux was ~ 109 photons/s. Higher order rejection was accomplished by an optical grade thick LiF 

crystal (Crystec) filter. The light polarization at the sample site was measured by using two alternate methods. In one 

case a single analyzer element – in the present case, a LiF crystal slab mounted at the Brewster angle of the energy range 

at issue– was rotated together with the light detector mounted on the specular direction as a rigid assembly around the 

impinging light x axis (see for instance Ref. [43]). In the other case Rs and Rp, were measured with the LiF slab mounted 

at the Brewster angle and the major and minor axes of polarization of the ellipses were retrieved (within the usual 

approximations). In the s incidence the sample normal was contained in the xz plane. Conversely, the normal was 

contained in the xy plane in p incidence. The detector and sample assembly rotated rigidly around the x axis in order to 

accomplish the two polarization incidence geometries without changing the relative sample-detector position. A silicon 

diode (IRD-AXUV100) was used as light detector. Measurements were taken in DC current by a picoammeter. The 

impinging flux was monitored by measuring with a picoammeter the refocusing mirror drain current.  

Transmission and reflectivity data were obtained by averaging at each energy a set of light and dark (eventually 

subtracted) measurements. The overall accuracy of this method resulted in a statistical error σ of the single measurement 

~10-13 A resulting in a lowest measurable flux (both in transmission and reflection) ~ 106 photons/s with a detection 

dynamics of three orders of magnitude. For both transmittance and reflectance measurements, the beam impinged on the 

sample from the coating side. 



3. RESULTS AND DISCUSSION 

1. Reflective polarizers 

The present research started with reflective polarizers for 121.6 nm based on Al/MgF2 multilayer coatings. The previous 

research by Bridou et al. [21] used (Al/MgF2)2 multilayers (i.e., two bilayers) and measurements were performed at the 

target wavelength of 121.6 nm. Our designs of polarizers attempted to get the largest efficiency in the broadest possible 

spectral range including 121.6 nm. This led us to design multilayers with increased degrees of freedom, i.e., the number 

of layers with their thicknesses to be optimized. Hence the number of bilayers was increased to three and even four in 

order to obtain polarizers with a larger spectral range of operation.  

The performance of two reflective polarizers prepared in this research is presented below. Both samples were designed 

with three bilayers; each design was optimized at a specific incidence angle. In a previous publication [44]. contour plots 

of both Rpar and Rper (Rpar and Rper are the reflectance measured in a plane that is parallel and perpendicular, respectively, 

to the storage ring) as a function of wavelength and angle of incidence were displayed for one polarizer, which showed 

that the polarizer could be used at any wavelength between ~113 and 134 nm by selecting the optimum incidence angle.  

In ideal conditions, Rpar and Rper would be equivalent to Rp and Rs, respectively. In practice, full light polarization is only 

available in the exact storage ring plane; however, in order to have a sufficient number of photons, a beam with some 

extension in the direction perpendicular to the storage ring must be used for measurements, which results in a beam with 

some residual elliptical polarization. The degree of polarization of the incoming beam, as it leaves the ring, may be 

slightly modified by the beamline optics and by some slight deviation of the measurement planes with respect to the 

storage ring plane (or its perpendicular). Hence the present Rpar and Rper measurements are expected to be a higher and a 

lower limit, respectively, of the real Rp and Rs, or in other words, real Rs and mainly Rp are expected to give an even 

better performance than what is plotted in the below figures. An analogous situation occurs with Tpar-Tper and Ts-Tp for 

transmissive polarizers in the next subsection. A comprehensive description of the polarization of synchrotron radiation 

can be found in the literature [45].  

Figs. 1 and 2 display Rpar and Rper measured for two samples after several months of storage in nitrogen. For the sample 

plotted in Fig. 1, Rpar was slightly less than 0.01 at 121.6 nm for 60° and 65°, with a value of Rper
 as large as 0.69 at 65°; 

best performance was obtained at 65° in the range of ~120.8-128 nm. For the sample plotted in Fig. 2, Rpar=0.017 and 

Rper=0.725 were measured at 70°; with a value of Rpar below 0.02 at some incidence angle in the 117.5-125.6-nm spectral 

range; corresponding Rper stood at 0.70 and above. 

  

Fig. 1. Linear (left) and log-axis (right) plot of Rpar and Rper versus wavelength for a sample aged of 8 months in 

nitrogen (plus seven weeks in residual vacuum) at 65 from the normal 

 



  

Fig. 2. Linear (left) and log-axis (right) plot of Rpar and Rper versus wavelength for a sample aged of 13 months in 

nitrogen (plus seven weeks in residual vacuum) at 70 from the normal 

The above aged samples, consisting of (Al/MgF2)3 coatings, result in a somewhat better performance at 121.6 nm than 

coatings based on the design (Al/MgF2)2 [21]; compared with the coatings with two bilayers, sample in Fig. 1 has a lower 

Rp with the same Rs, whereas sample in Fig. 2 has a larger Rs, while Rp is in the short edge of the reported range of 

values. The present values are for aged samples whereas information on polarizer ageing was not given in Ref [21]. 

Additionally, polarizing properties were found in our research in a spectral range that extends both below and above 

121.6 nm.  

2. Transmissive polarizers 

Polarizers in a range around 121.6 nm operating by transmittance have been recently developed [36]. The idea to 

develop such a polarizer was to avoid the beam deviation (except for a minor lateral shift) entered by a reflectance 

polarizer; this property of transmissive polarizers can simplify the geometry of an instrument. The design of transmissive 

polarizers is given in Table 1. 

Table 1. Optimization angle (from the normal) and optical layer thicknesses (in quarterwaves) of transmissive polarizer multilayer 

coatings; 1: innermost bilayer; 3: outermost bilayer 

Sample Opt. angle 

Optical layer thickness (quarterwaves) 

Al 

1 

MgF2 

1 

Al 

2 

MgF2 

2 

Al 

3 

MgF2 

3 

T1 78° 0.002 0.13 0.003 0.11 0.003 0.32 

T2 75° 0.004 0.16 0.005 0.15 0.004 0.39 

T3 70° 0.005 0.22 0.007 0.21 0.005 0.52 

T4 75° 0.004 0.15 0.005 0.14 0.004 0.38 

Fig. 3 displays Tper and Tpar measured for the first developed transmittance polarizer T1 after 13 months of storage in 

nitrogen. Measurements were performed as a function of wavelength at 73° and at 78°. With transmissive polarizers, the 

role played by the two polarization components is inverted compared to reflective polarizers: now the perpendicular 

component is more suitable to be minimized. At 121.6 nm, Tper and Tpar were in the range of 0.005-0.008 and 0.096-0.11, 

respectively. Maximum polarization efficiency is obtained in the ~124-129-nm range. Some shift of the polarization 



range is observed between the two measured incidence angles; an advantage of a transmissive polarizer is that it can be 

somewhat tuned in wavelength by rotation, with no essential beam shift and no deviation.  

 
 

Fig. 3. Linear (left) and log-axis (right) plot of Tper and Tpar versus wavelength for sample T1 aged of 13 months in 

nitrogen (plus two weeks in residual vacuum) for two angles of incidence (measured from the normal) 

For transmittance polarizers we used MgF2 substrates so that the beam impinged from the coating side. Hence, the 

retardation due to MgF2 birefringence is introduced after the beam has crossed the coating, so that it does not result in an 

intensity change on the detector. To use the polarizer in a polarimeter, a LiF substrate could be used for its lack of 

birefringence; a MgF2 substrate could be also used if cut with the optics axis along the beam propagation direction in the 

material. 

The transmissive polarizer plotted in Fig. 3 displays filtering properties, with a peak transmittance wavelength not far 

from 121.6 nm (in the ~125-128-nm range). In that first design, the filtering was obtained by serendipity, since no 

requirement for filtering was included in the design. In fact, no measurement was performed outside the displayed data 

but calculations predict a 121.6-to-200 nm transmittance ratio of ~7. 

In the following filter campaign, we have prepared new transmittance polarizers in whose design, the requirement of 

filtering the long FUV (at ~200 nm) has been added in the design minimization function. Three such polarizers T2, T3, 

and T4 with slight design differences were prepared. Fig. 4 displays the transmittance of T2 through T4. 

Measurements on samples T2, T3, and T4 were performed on samples only exposed to normal air for about seven, two, 

and two days, respectively, plus a storage period in vacuum of one to two weeks. For samples T2, T3, and T4 

measurements were extended up to 205 nm in order to check their capacity to reject the long FUV. This extension 

increased the time necessary to characterize each sample, which resulted in shorter time devoted to measurements at each 

wavelength and hence to a larger uncertainty, particularly for measurements with low transmittance (i.e., Tper in the 

whole range and Tpar in the long-wavelength range). To somewhat reduce measurement oscillations for Tper for 

wavelengths shorter than 160 nm, we averaged each measurement with the measurements at the next longer and shorter 

wavelength, and these averages are plotted in Fig. 4; measurements for wavelengths shorter than 130.5 nm, i.e., for 

energies larger than 9.5 eV, were performed every 0.05 eV (every 0.25 eV below 9.5 eV). Above 160 nm, data plotted in 

Fig. 4 correspond to the average of Tpar and Tper, i.e., Taver=0.5*(Tpar+Tper), which assumes that long-wavelength FUV 

light impinging on the solar-physics polarimeter is basically nonpolarized. The best sample at 121.6 nm was T4 at 70°, 

with Tpar10%, Tper0.3%, and with a transmittance in the long FUV of ~0.6%. This gives a filter performance, defined 

as Tpar(121.6 nm)/Taver(long FUV), of ~16. As a reminder, previously developed transmittance filter (T1) was estimated 

to have a ratio of ~7 for values of Tpar and Tper at 121.6 nm similar to T4, so that the objective of increasing long-FUV 

rejection has been accomplished. Anyway, some decrease of Tpar at the peak wavelength range can be expected for the 

present samples after a longer ageing period. The mentioned ratio of 16 starts to be comparable to what can be obtained 

with available transmittance filters tuned at 121.6 nm, which typically operate at normal incidence. The present 

polarizers are expected to reject radiation even better beyond 200 nm up to the visible and infrared, due to the Al content 



in the multilayer. All four polarizers have their Tpar peak at ~125 nm, rather than at 121.6 nm, which is attributed to the 

increasing transparency of MgF2 films longwards of 121.6 nm.  

  

  

Fig. 4. Linear (top left) and log-axis (top right) plot of Tper and Tpar versus wavelength for sample T4 for three angles 

of incidence. Linear plot of Tper and Tpar versus wavelength for sample T2 (bottom left) and T3 (bottom right) for two 

angles of incidence. Samples were exposed to the atmosphere for two to seven days (plus one to two weeks in 

residual vacuum). Angles are measured from the normal 

The measured filtering properties of transmissive polarizers may result in that a polarimeter operating at 121.6 nm, such 

as for space observation of the solar corona and chromosphere, may use a single device for both linear polarizing and 

out-of-band rejection, with an improved efficiency for not requiring an extra filter. The use of transmissive instead of 

reflective polarizers also simplifies the polarimeter geometry.  

Samples T2 and T3 are somewhat inferior to T4. Compared to T4, sample T3 at 50° displays a little larger Tpar at 121.6 

nm, with similar long-wavelength rejection, but with larger Tper.  

We evaluate the efficiency of a polarizer in providing linearly polarized light in terms of the modulation factor: 

sp

sp

TT

TT




       (1) 



In an ideal polarizer,  approaches 1 and simultaneously Tp is large. A useful parameter encompassing these two 

quantities is called the figure of merit , which is defined as [46]: 

averT       (2) 

where T is the transmittance averaged over the two polarizations: Taver=(Ts+Tp)/2, which will be referred to as 

throughput.  provides information on the trade-off between polarization efficiency and throughput. We want  to be as 

large as possible, keeping in mind that the maximum possible  value (for a perfect polarizer) is 1/20.5= 0.71. 

Figs. 5 through 8 display  and  versus wavelength for the transmissive polarizers T1 through T4, where Ts and Tp of 

Eq. (1) were replaced with Tper and Tpar, respectively; as a reminder T1 was measured after a long storage time in 

nitrogen, whereas T2 through T4 were measured after a short contact with the atmosphere. Using  as an evaluation 

parameter, the best transmissive polarizer at 121.6 nm is T4 at 70°, with =0.95. Using  as the evaluation parameter, 

best samples are T4 at 70 with and T1 at 73 with =0.21, although measurements for T4 were taken for a fresh sample 

and these numbers can somewhat decrease over time. If such a decrease were negligible, present sample T4 would 

provide an enhanced efficiency  with a similar throughput  compared to the original transmissive polarizer T1, with 

the addition of an increased long-wavelength rejection. For sample T1,  and  versus wavelength present a relatively 

flat shape, whereas for samples T2 through T4,  presents a faster decrease above 126 nm, which is attributed to the 

added requirement of long-wavelength rejection for the latter samples.  

Let us compare the present results with the performance reported in the literature. Walker [15] used sets of four or six 

LiF piles of plates; his measurements result in =0.82, =0.17 (6 plates), and =0.68, =.23 (4 plates). Compared to the 

present results for T4 and 70º, the coating polarizer is superior to the 6-plate system both on  and , and it is also far 

superior to the 4-plate system in , although it is slightly inferior to the 4-plate system in . But the good numbers of the 

coating polarizer combine with its rejection capacity of the long wavelengths. 

  

Fig. 5.  (left) and  (right) versus wavelength for aged T1 sample 



 
 

Fig. 6.  (left) and  (right) versus wavelength for fresh T2 sample 

 

  

Fig. 7.  (left) and  (right) versus wavelength for fresh T3 sample 



 

  

Fig. 8.  (left) and  (right) versus wavelength for fresh T4 sample 

SUMMARY AND CONCLUSIONS 

Efficient linear polarizers at 121.6 nm based on (Al/MgF2) multilayer coatings have been designed, prepared, and their 

efficiency measured in two perpendicular planes of incidence. Polarizers operating by either reflectance or transmittance 

have been developed. A summary of a previous research on reflective polarizers has been given, where polarizers with 3 

or 4 bilayer coatings are more efficient than previously deposited polarizers with 2 bilayer coatings. Furthermore, a 

research to develop transmittance polarizers has been conducted because of their advantage of inducing no light-beam 

deviation. A previously developed polarizer operating by transmittance showed that it simultaneously involved some 

filtering properties. New transmissive polarizers have been developed with the added requirement of a high rejection of 

the out-of-band. Best result are obtained for a shortly aged transmissive polarizer operating at 70°, with the following 

parameters: Tp(121.6)10%, Ts(121.6)0.3%, and a Tp(121.6 nm)/Taver(long FUV) ratio of ~16. The figure of merit of 

the coating polarizer (=0.21) is very similar to what can be obtained with a polarizer based on a pile of plates (0.23), 

but the former operates also as a bandpass filter. The measured filtering properties of transmissive polarizers may result 

in that a polarimeter operating at 121.6 nm, such as for space observation of the solar corona and chromosphere, may use 

a single device for both linear polarizing and out-of-band rejection, with an improved efficiency for not requiring an 

extra filter; the use of transmissive instead of reflective polarizers also simplifies the polarimeter geometry.   
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