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ABSTRACT 

Exploitation of far ultraviolet (FUV, 100-200 nm) observations extends to most areas of modern astronomy, 

from detailed observations of Solar System objects, the interstellar medium, exoplanets, stars and galaxies, to studies of 

crucial cosmological relevance. Despite several developments in recent decades, yet many observations are not possible 

due to technical limitations, of which one of the most important is the lack of optical coatings with high throughput. 

Development and optimization of such efficient FUV coatings have been identified in several roadmap reports as a key 

goal for future missions. The success of this development will ultimately improve the performance of nowadays feasible 

optical instruments and will enable new scientific imaging capabilities. 

GOLD’s research is devoted to developing novel coatings with enhanced performance for space optics. Several 

deposition systems are available for the deposition of multilayer coatings. A deposition system was developed to deposit 

FUV coatings to satisfy space requirements. It consists of a 75-cm-diameter deposition chamber pumped with a 

cryopump and placed in an ISO-6 clean room. This chamber is available for deposition by evaporation of top-

requirement coatings such as Al/ MgF2 mirrors or (Al/ MgF2)n multilayer coatings for transmittance filters. A plan to add 

an Ion-Beam-Sputtering system in this chamber is under way. 

In this and other chambers at GOLD the following FUV coatings can be prepared: 

- Transmittance filters based on (Al/ MgF2)n multilayer coatings. These filters can be designed to have a peak at the FUV

spectral line or band of interest and a high peak-to-visible transmittance ratio. Filters can be designed with a peak

transmittance at a wavelength as short as 120 nm and with a transmittance in the visible smaller than 10-5.

- Narrowband reflective coatings peaked close to H Lyman  (102.6 nm) with a reflectance at H Lyman α (121.6 nm)

two orders of magnitude below the one at 102.6 nm. Other potential spectral lines at which these coatings could be

peaked are the OVI doublet (103.2, 103.8 nm).

- Narrowband reflective mirrors based on (MgF2/LaF3)n multilayers peaked at a wavelength as short as 120 nm. Target

wavelengths include lines of high interest for space observations, such as H Lyman α (121.6 nm), OI (130.4 and 135.6

nm), CIV (154.8, 155.1 nm), among others.

- Coating-based linear polarizers tuned at H Lyman α (121.6 nm) both based on reflectance or on transmittance.

Reflective polarizers present a high efficiency. Transmissive polarizers have a more modest peak performance compared

to reflective polarizers; however, they involve spectral filtering properties to reject the long FUV and even more the near

UV to the IR, which turn them competitive compared to reflective polarizers.

In this communication we present a summary of our research on the above FUV coatings developed at GOLD. 
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1. INTRODUCTION

Observations in the far ultraviolet (FUV,   in the 100-200 nm range) are expected to provide fundamental 

information to astrophysics and solar physics. The space race opened the door to FUV observations from space, which 

had been impeded by FUV radiation absorption through Earth's atmosphere. The emission of hot environments and of 

electronic transitions in primary molecules of solar corona and cromosphere, in stars, galaxies, in the interstellar medium 

can be optimally observed in the FUV. Key spectral lines bands for solar physics and astrophysics lie in the FUV, such 
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as 121.6 nm and 102.6 nm H Lyman  and  lines, O VI lines at 103.2 and 103.8 nm, O I lines at 130.4 and 135.6 nm, or 

CIV doublet at 154.8 and 155.1 nm, among others. FUV observations will help answer fundamental questions of solar 

physics and astrophysics on plasma diagnostics in solar atmosphere, galaxy formation, origin and evolution of planets 

and stars, etc. Another discipline that will benefit from in-space FUV observations is the physics of Earth's atmosphere, 

such as to analyze the flows of gases and their interaction with ionizing radiation from the sun. 

Despite several developments in recent decades, yet many observations are not possible due to technical limitations, of 

which one of the most important is the lack of efficient optical coatings. The need for coatings include narrowband 

mirrors, filters to select a narrow band of the spectrum, and efficient polarizers. GOLD’s research has been devoted to 

the development of new FUV coatings and the consolidation of others, aimed to help address challenges of astrophysics, 

solar physics, and atmosphere physics communities.  

One of the main difficulties to develop efficient FUV coatings is the strong absorption not only of normal air, but of 

most materials in nature. Few materials can be considered transparent in the FUV, with MgF2 and LiF being the 

materials that keep transparency down to the shortest FUV wavelengths: ~115 (MgF2) and ~103 nm (LiF). Another 

promising fluoride is LaF3, which combines an acceptable transparency down to ~120 nm, with a relatively high 

refractive index that contrasts with the one of MgF2; this enables the development of narrowband multilayer coatings. 

Regarding reflective materials, Al is nowadays the single choice; the high intrinsic Al reflectance all the way down to 

~83 nm is moved longwards in practice due to the necessary use of a protective coating among the above fluoride 

materials. A secondary reflective material is sputter-deposited SiC, or alternatively B4C, which are more stable than Al, 

although with a more modest reflectance. Combinations of these materials have been used by GOLD for the 

development of efficient coatings for various applications. 

This proceeding is devoted to display our recent research for the development of coatings and filters for various goals: 

- Transmittance filters for FUV space instrumentation.  

- Reflective coatings at 102.6 nm H Lyman  line with very low reflectance at the more intense H Lyman  for solar 

physics and astrophysics. 

- Narrowband reflective coatings peaked at wavelengths as short as 121.6 nm H Lyman. 

- Polarizers at 121.6-nm spectral line, for polarimetry towards measuring the magnetic field in the solar atmosphere. 

The strategic goal of the group is to keep developing novel coatings and consolidate it as a provider of space 

instrumentation. 

   

 

Fig.1. Left: 75-cm diameter, 100-cm height deposition chamber in ISO-6 clean room. Right: view of the UHV evaporation 

chamber and sputtering chamber that are UHV-connected to the reflectometer. 



 

2. EXPERIMENTAL TECHNIQUES 

The coatings presented in this proceeding were developed in three main deposition systems.  

 Multilayer coatings including MgF2 and Al were deposited by evaporation in a 75-cm diameter, 100-cm height 

cylindrical deposition chamber, pumped with a Velco 250A cryo system, with a base pressure of 10 -6 Pa. The distance 

between sources and the substrate holder was 50 cm. The chamber is placed in an ISO-6 clean room. Fig. 1-left shows a 

picture of the chamber. A bakeout at a temperature of ~373 K was sometimes applied, which improved base pressure 

down to 10-7 Pa. At present, this system is used to prepare coatings satisfying requirements for space instrumentation. 
 

 

Fig.2. View of the reflectometer-deposition system in ISO-8 clean room. 

 Multilayers alternating two fluorides were prepared by evaporation in a 50 cm x 50 cm x 50 cm cubic chamber 

pumped with a turbo-rotary system. A Ti sublimation pump with a liquid nitrogen-filled cryoshroud was used to 

minimize pressure during deposition. The distance between evaporation source and substrate was 30 cm. Base pressure 

was ~1.510-5 Pa; pressure increased during deposition up to ~410-5 Pa. Substrate temperature was set at 523 K to 

enhance fluoride layer transparency.  

 Multilayer coatings involving SiC layers were deposited in a reflectometer-deposition system. It contains two 

deposition chambers and an FUV reflectometer, all three chambers under ultra high vacuum (UHV) conditions and 

connected in vacuum. One of the deposition chambers operates by evaporation, where Al and LiF layers were deposited, 

and the other by ion-beam-sputtering (IBS), which was used to deposit SiC layers. The evaporation chamber contains 

two evaporation sources. Fig. 1-right is a picture of the two deposition chambers. The reflectometer and evaporation 

chambers are pumped with ion plus titanium sublimation pump. The sputtering chamber has a Coolvac 1500 CL 

cryopump. All three UHV chambers are baked at ~473 K. Base pressure is ~10-8 Pa (reflectometer and evaporation 

chamber) and ~8x10-8 Pa (sputtering chamber). Al/LiF/SiC/LiF multilayer coatings were prepared by moving the 

substrate between the evaporation- and the IBS-deposition chambers to deposit all four layers. Fig. 2 is a picture of the 

reflectometer-deposition system. SiC layers were prepared by ion-beam sputtering (IBS), i.e., by impinging energetic 

ions at 45° on a target placed facing the substrate. The target was placed in a rotatable target holder that hosts up to four 

targets that are cooled down with water. Ions were produced by means of a 3-cm hollow cathode ion gun working with a 

hollow cathode neutralizer; this gun and neutralizer contain no filament, which minimizes contamination. Typical 

deposition conditions were: ion energy of 1200 eV and a total ion current of 45 mA. Ar was used as a process gas. The 

target-to-substrate distance was 15 cm. The substrate was not intentionally heated or cooled. During deposition, an Ar 

flow was applied; the chamber reached a total pressure of 6×10−2 Pa.  

Films of Al were deposited using W filaments. Thin films of the fluorides were prepared by boat evaporation 

using W boats. Material purity was 99.999% for Al, VUV-grade for MgF2 and LiF, and 99.99% pure LaF3. SiC was 

deposited using a 96.5-mm diameter, 99.9995% purity CVD SiC target. Film thickness in all deposition systems was 

measured with a quartz-crystal monitor, which had been previously calibrated through ellipsometry and/or profilometry 

measurements. 

FUV reflectance and transmittance of the coatings were measured in GOLD`s reflectometer system, which, as 

mentioned above, is connected in vacuum to the deposition chambers that enable combine evaporation and sputtering 



deposition. It has a grazing-incidence, toroidal-grating monochromator, in which the entrance and exit arms are 146º 

apart. The monochromator covers the 12.5-200 nm spectral range with two Pt-coated diffraction gratings that operate in 

the long (250 l/mm) or in the short (950 l/mm) spectral range. A windowless capillary discharge arc lamp was used in 

this work. The lamp is fed with various pure gases or gas mixtures with which it can generate many spectral lines to 

cover the spectral range of interest. The beam divergence was ~1.7 mrad and angle accuracy is estimated as 0.1º. The 

sample holder can fit samples up to an area of 50.8x50.8 mm2. A channel electron multiplier with a CsI-coated 

photocathode was used as the detector. Reflectance/transmittance was obtained by alternately measuring the incident 

intensity and the intensity reflected by/transmitted through the sample. Figs. 2 also shows the FUV reflectometer. 

At wavelengths longer than 190 nm, coatings were measured using Perkin-Elmer Lambda 9 and Lambda 1050 

spectrophotometers. Ellipsometry measurements were performed with a Ges 5E Sopralab Spectroscopic Ellipsometer in 

the 190-950-nm range.  

The polarization characteristics of coating linear polarizers 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 systems1, of the interfaces of multilayer systems2,3,4 and 

particularly suitable for  characterization of polarizers5. 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 ((I s-Ip)/(Is+Ip)=0.99]. 

The angles of incidence for reflected or transmitted light were set with an accuracy of ~0.1° for both reflection and 

transmission measurements. The degree of polarization of light was set by a variable aperture slit (see BEAR web6) 

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 detector and sample assembly rotated rigidly around the 

incident beam 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. MULTILAYER COATINGS 

3.1 FUV transmittancer filters 

First FUV transmittance filters were developed in the 1960`s, and were based on the Al/MgF2 system. MgF2 is 

the most common FUV spacer material down to its cutoff at ~115 nm, and Al presents high refractive index contrast 

with MgF2. The performance of these filters have been improving over this long period7,8,9,10,11,12,13,14. In the design of 

these filters, peak wavelength is a free parameter. Long-wavelength rejection can be also selected; however, an increase 

in the long-wavelength rejection results in a decrease of the peak transmittance, so that there must be a trade-off in the 

filter design. A larger long-wavelength rejection involves a narrower band too. 

 Transmittance filters for space applications based on (Al/MgF2) multilayers peaked at various FUV lines or 

bands have been developed at GOLD. Figs. 3 and 4 display the transmittance of filters peaked close to H Lyman  at 

121.6 nm and to O I line at 135.6 nm. Filters peaked at wavelengths slightly shorter than 120 nm as well as filters with a 

transmittance in the visible of~10-6 have been also prepared. 



 
 

Fig.3. Transmittance as a function of wavelength for a filter peaked at 120 nm, both at normal incidence and at 10º 

incidence angle for unpolarized radiation. Left: FUV wavelengths. Right: FUV to the near infrared in log scale. 

  
Fig. 4. Transmittance as a function of wavelength for a filter peaked at 135.6 nm, both at normal incidence and at 10º and 16º 

incidence angles for unpolarized radiation. Left: FUV wavelengths. Right: FUV to the near infrared in log scale. 

 

 

 

 

 

 

 

 

 

 

 

  



3.2 Reflective coatings peaked at H Lyman  with low reflectance at Lyman  

 Below 115 nm, and particularly down to the Lyman β line, MgF2 becomes an absorber, so that there is further 

complication to obtain efficient narrowband coatings. In this range the only choice of a spacer material is LiF, which is 

the only transparent material down to its cutoff wavelength at ~103 nm. One further difficulty for solar physics 

observations at Lyman β is its low intensity compared with that of H Lyman α, which is the strongest line of the solar 

spectrum15,16. Hence when we want to observe Lyman  line we need optical systems that are more efficient at the weak 

line to avoid getting masked by Lyman  line. To try to overcome the lack of short-FUV narrowband coatings, 

Edelstein17 developed specific multilayers with high Lyman β/Lyman α ratio, regardless of the performance at other 

wavelengths.  

  At GOLD, we have succeeded to prepare efficient reflective coatings with a high reflectance at H Lyman  line 

and a low reflectance at H Lyman  line based on Al/LiF/SiC/LiF multilayers. Fig. 5 shows the reflectance of one of this 

multilayers measured at 5º both when fresh and after up to 10-month ageing in a desiccator. A reflectance ratio 

R(102.6)/R(121.6) larger than 100 was obtained in this sample, in which the evolution over time resulted in a shift of the 

reflectance minimum towards longer wavelengths and this had the effect of decreasing reflectance at 121.6 nm. 

Al/LiF/SiC/LiF multilayers are the first narrowband coatings peaked at wavelengths shorter than ~120 nm. Other less 

efficient multilayer coatings have been developed with peaks at 90 nm and below18,19,20. 

  
Fig. 5. Near-normal reflectance as a function of wavelength for an Al/LiF/SiC/LiF multilayer, both fresh and after 4 and after 10 

months of storage in a desiccator. Left and right: reflectance and its logarithm, respectively. 

 

3.3 Narrowband reflective coatings peaked at short FUV wavelengths  

 MgF2 and LaF3 have been used in FUV narrowband multilayer coatings due to their low 

absorption21,22,23,24,25,26,27. Literature reports (MgF2/LaF3)n multilayer coatings for a peak wavelength as short as ~135 nm, 

other than the multilayer peaked at H Lyman  that is reported in the previous sub-section and it is based on different 

materials. In view of the lack of narrowband coatings for short FUV wavelengths, we prepared multilayer coatings 

peaked at wavelengths close to the materials cutoff. In Fig. 6 we display the reflectance of two multilayer coatings 

prepared at GOLD, deposited onto glass substrates heated at 573 K. One of the multilayers is peaked at 121 nm and the 

other at 130 nm. Reflectance was measured both after a short contact to atmosphere of ~1 h and after ageing in a 

desiccator for 12 months. One of the multilayers had a peak reflectance of 0.653 at 121.1 nm, with a bandwidth of ~13.5 

nm. After 12 months of ageing, a peak reflectance of 0.627 at 121.7 nm and a bandwidth of 13.2 nm were measured. The 

other multilayer had a peak reflectance of 0.818 at 130.5 nm when fresh, with a bandwidth of ~11.5 nm. After 12 months 

of ageing, a peak reflectance of 0.699 at 131.5 nm and a bandwidth of 12.6 nm were measured. The multilayer tuned at 

121 nm resulted to be more stable than the one tuned at 130 nm, which is not well understood and it would require 

further research. To our knowledge, these are the first multilayer coatings based on two fluorides that are centered at 

wavelengths shorter than 135 nm. 



  

Fig. 6. Reflectance of the fresh and aged multilayer coatings nominally tuned at 121 nm (left) and at 130 nm (right). The inset on the 

left figure plots reflectance measurements of the fresh multilayer versus the logarithm of wavelength extended to the near IR. 

 

3.4 Polarizers at 121.6 nm H Lyman  line 

 Polarimetry is a fundamental tool for the interpretation of the role of coronal plasma in the processes of energy 

transfer from the solar interior to outer space. Local magnetic fields, which are responsible for these phenomena, 

produce a certain radiation polarization through processes governed by the Doppler and Hanle effects, so that 

information on the magnetic field can be obtained using polarimetry. Among the key spectral lines for the observation of 

these phenomena, H Lyman  line is the most intense. 

One difficulty to perform polarimetry at H Lyman  is the limited efficiency of polarizers. This is a motivation to 

improve the efficiency of polarizers for the next generation of solar instruments. A simple option is the use of plates of 

transparent materials (MgF2 or LiF) operating at Brewster angle, although the efficiency at the passing polarization 

component is modest. It has been demonstrated that efficiency can be increased with the use of coating polarizers28,29. 

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

121.6 nm, to obtain a significant efficiency increase over plates. Coatings were designed and prepared at GOLD and sent 

to BEAR beamline of Elettra synchrotron to measure them with polarized light. 



  

Fig. 7. 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) measured at 65 from the normal incidence. 

 Coating polarizers were developed operating either by reflectance or by transmittance. Figs. 7 and 8 display an 

example of each sort of polarizers. Reflective polarizers combine a high reflectance for the polarization component 

perpendicular to the plane of incidence (Rs) and a high ratio of this component to the one within the plane of incidence 

(Rs/Rp). Transmissive polarizers have more modest performance, because light must propagate through Al layers, which 

absorb FUV radiation. However, transmissive polarizers involve the advantage of not deviating the light beam, which 

simplifies the construction of a polarimeter. But a second advantage was found for transmissive polarizers: they can 

naturally filter off the out-of-band, as it is displayed in Fig. 8. This results in that a single optical element operates both 

as a linear polarizer and as a filter to help reject wavelengths both shortwards and longwards of a band containing 121.6 

nm. The combined linear polarizer-filter can provide a higher performance polarimeter for solar physics if the use of a 

separate filter to isolate H Lyman  turns unnecessary, with the advantage of not deviating the beam. 

  

Fig. 8. Linear (left) and log-axis (right) plot of Ts and Tp versus wavelength of a transmittance polarizer at 70º from the normal. The 

sample was exposed to the atmosphere for about one week (plus about one week in residual vacuum) 

SUMMARY AND CONCLUSIONS 

 GOLD’s research is devoted to developing novel coatings with enhanced performance for space optics. 

GOLD’s capacity to prepare coatings for the FUV includes various deposition systems operating either by evaporation or 



by ion-beam-sputtering. The deposition chamber of largest dimensions is placed in an ISO-6 clean room and it is used to 

prepare coatings satisfying requirements for space instrumentation. 

GOLD’s activity has aimed both at reproducing consolidated FUV coatings as well as at developing novel coatings with 

improved performance for specific applications. This proceeding summarizes some of the coatings that have been 

developed recently: 

- Transmittance filters. Both narrowband and broadband transmittance filters based on (Al/MgF2)n multilayer coatings 

have been developed. These filters can be designed to have a peak at the desired FUV spectral line and can be made with 

a high peak-to-visible transmittance ratio.  

- Narrowband reflective coatings peaked close to H Lyman  (102.6 nm) with a reflectance at H Lyman α (121.6 nm) 

two orders of magnitude below the one at 102.6 nm. Other potential spectral lines at which these coatings could be 

peaked are the OVI doublet (103.2, 103.8 nm). 

- Narrowband reflective mirrors based on (MgF2/LaF3)n multilayers peaked at a wavelength as short as 120 nm. These 

coatings can be designed with a peak at any wavelength longer than 120 nm. Compared to transmittance filters, 

reflective coatings have a much larger efficiency at the peak, with a more modest rejection of the out-of-band. 

- Coating-based linear polarizers tuned at H Lyman α (121.6 nm) operating either by reflectance or by transmittance. 

They are also based on Al and MgF2 multilayer coatings. Reflective polarizers present a high throughput. A new concept 

of transmissive polarizers has been demonstrated. Transmissive polarizers have a more modest peak performance 

compared to reflective polarizers; however, they involve spectral filtering properties to reject the long FUV and even 

more the near UV to the IR, which can provide an overall competitive efficiency for a polarimeter compared to one 

operating with reflective polarizers.  
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