
Universita’ degli studi
di Firenze

Dipartimento di Astronomia
e Scienza dello Spazio

XUVLab, Dip. Astronomia e Scienza dello Spazio, Universita’ di Firenze, Largo Fermi 2, 50125 Firenze, Italy, Ph.+39(055)2752222

The XUVLab vacuum UV linear polarization analyzer

Gianni Corti
�
a � and Marco Romoli

�
a �

�
a � Dip. di Astronomia e Scienza dello Spazio, Univ. di Firenze

Technical Report TR1–2001

November, 2001





The XUVLab vacuum UV linear polarization analyzer

Gianni Corti
�
a � and Marco Romoli

�
a �

�
a � Dip. di Astronomia e Scienza dello Spazio, Univ. di Firenze

Abstract

The problematic of making measurements in the vacuum UV spectral region is intro-
duced, together with the general features of a single reflection polarization analyzer for the
vacuum UV. The conditions for optimum polarization and throughput of a single reflection
surface in the vacuum UV are theoretically discussed. The laboratory model of a reflecting
vacuum UV polarization analyzer designed and built to measure the state of linear polariza-
tion is introduced. Scientific goals of such a device include determination of magnetic field
vector in the solar corona via the interpretation, in terms of Hanle effect, of the resonance
scattering lines polarization (the HI Lyman series lines, i.e. Lyα, Lyβ, Lyγ, and the OVI
103.2 nm line). The necessary laboratory characterization of the material properties for
astronomical application of the polarization analyzer are reported and discussed.
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1 Introduction

The scientific interest in the vacuum UV (VUV) spectral region (below approximately 190 nm)
has grown in the last few years due to the important information contained in this portion of the
electromagnetic spectrum scarcely investigated in the past. In particular, the interest in the study
of VUV polarization spans different fields of Astronomy: interstellar medium polarization,1, 2

geometry of circumstellar environment,3 estimate of white dwarf magnetic field,4 intensity and
distribution of magnetic fields in stellar envelopes by Hanle effect,5, 6 tests of accretion disk
models in quasars,7, 8 and determination of the magnetic field vector in the solar corona.9, 10

The lack of observations in this spectral band, is not only related to the need of building space-
borne instruments. The VUV, and, in particular, polarization measurements still encounter many
experimental difficulties. In fact, in this wavelength range efficient polarizers do not exist and
below the cutoff of the Lithium Fluoride (LiF), at 105 nm, there are no transparent materials (the
index of refraction, n, is complex) and therefore transmission polarizers/retarders do not exist.
The only possibility is to exploit the polarization by reflection off a mirror surface. In addition,
a complex index of refraction makes all materials behave optically like metals, that is they do
not perform as ideal polarizer at the Brewster angle of incidence. Therefore no VUV ideal
reflection polarizer can be used and the performances of a reflecting plate for VUV polarization
analysis are characterized by two factors: the throughput and the polarization efficiency. The
trade-off between these two factors, over different reflecting materials, determines the best plate
material for VUV polarization analysis. The use of a single reflection polarization analyzer is to
be preferred with respect to multiple reflections (lower throughput) for the lack of a large VUV
photon flux from astronomical sources.

The production and measurement of linearly polarized light in the VUV is a fairly standard
procedure, and the techniques involved have been known and discussed for a long time (since
1960’s).11, 12 Nevertheless, the application of these techniques to the astronomical polarimetric
observations is very rare and we do not have knowledge of spectropolarimetric astronomical
observations obtained below the LiF cutoff.13 The aim of this work is the characterization of a
selected number of materials in the VUV to be employed as reflecting plate in a VUV polariza-
tion analyzer for spectropolarimetric observations in the range 90-130 nm, where UV spectral
lines sensitive to the coronal magnetic field lie. For this purpose a polarization analyzer labora-
tory model has been developed in the XUVLab,14 a laboratory facilities for VUV measurements
of the Department of Astronomy and Space Science of the University of Firenze.15, 16
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Figure 1: Polarization by reflection geometry.

2 Theoretical Bases

The aim of this work is to select the best material and the best incidence angle of the impinging
radiation for the realization of a single reflection VUV linear polarization analyzer. In fact, the
single reflection polarization analyzer do not allows the measurement of the circular polariza-
tion but only of the incident radiation linear polarization. For this purpose, a short theoretical
description of the phenomenon to derive a quality factor that represents the trade-off between
polarization efficiency and throughput for any given material is given. Let I

�
i �

p be the intensity
of the incident radiation component having the electric vector oriented parallel to the incidence
plane (see Figure 1), and I

�
i �

s be the intensity component having the electric vector oriented per-
pendicular to the incidence plane. Let Rp and Rs be the two reflectivity components. A single
reflection polarization analyzer is a flat plate with normal axis, �n, that forms an angle, θ, with
the incident radiation. The reflecting plate is rotated around the optical axis of the incident ra-
diation to scan the entire polarization modulation curve (Fig.1). The radiation is collected, after
reflection, by a detector that rotates together with the plate and that is off-axis with respect to
the incident radiation.

Let assume that the plane of incident linear polarization, Π, is known, and in the refer-
ence frame of the incident radiation, the polarization Stokes vector is

�
I � Q � 0 � 0 � . The signal

is detected at two different roll angles (ϕ) obtained with the plate oriented so that the plane of
incidence is parallel to the plane of incident linear polarization (ϕ � 0 � ) or perpendicular to the
plane of incident linear polarization (ϕ � 90 � ) so that we have:

S0 � I
�
i �

p � Rp � I
�
i �

s � Rs (1)
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S90 � I
�
i �

p � Rs � I
�
i �

s � Rp

where the intensities incident on the plate, and then the collected signals, are express in unit of
ph � s. Then the measured linearly polarized fraction is given, in terms of Stokes parameters, by

pm � Qm

Im
� S0 � S90

S0 � S90
(2)

where in the selected reference frame Um=0.
Introducing the Stokes parameters of the incident radiation Q � I

�
i �

p � I
�
i �

s and I � I
�
i �

p � I
�
i �

s ,
the modulation factor µ � Rs � Rp

Rs � Rp
, and the incident polarization fraction p � Q

I , Eqs. (1) and (2)
can be combined to give:

pm � p � µ (3)

The modulation factor accounts only for the ability, of a given material, to polarize by reflection
(for an ideal reflecting polarizer µ � 1). In order to obtain a quality factor that describes the
trade-off between polarizing efficiency (µ) and throughput (total reflectivity, R � Rs � Rp

2 ) let us
take in consideration the measured linearly polarized intensity (Qm) and its statistical poissonian
error:

∆Qm ��� S0 � S90 ��� Im

Then the squared rms relative error on Qm is given by:

ε �	� ∆Qm

Qm 
 2

� Im

Q2
m

Expliciting the time dependence of the signal, multiplying it by the total time exposure t, and
using the fallowing relations (from Eqs. (1), (2), and (3)), Im � 2 � R � µ2 � I and Qm � 2 � R � Q,
we obtain:

ε � Im

Q2
m � t

� I
Q2 � 1

2 � µ2 � R � 1
t

Thus the time required to reach a statistics ε on the polarization measurements can be expressed
as:

t � 1
ε � I

Q2 � τ ∝ τ (4)

The quantity:

κ � 1
τ

� 2 � µ2 � R � (5)

more handy than τ, represents the quality factor. In fact, for a given linear polarization in the
incident radiation, the higher is κ the shorter is the exposure time needed to achieve a given
statistics on the measurement. The quality factor κ is directly proportional to the reflectivity
and to the square of the modulation factor. Then to maximize it, in general, it is preferable to
optimize the polarization efficiency (i.e. µ) more than the throughput (i.e. R). This is an indica-
tor that dielectric materials (high µ, low R) may be preferred to metals (low µ, high R) for the
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Figure 2: Angular variation of the quality factor κ for the selected five materials (gold, quartz,
Magnesium Fluoride, Lithium Fluoride, and Calcium Fluoride) in the three H I Lyman series
lines of interest (Lyα, 121.6 nm; Lyβ, 102.5 nm; Lyγ, 97.2 nm).
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Figure 3: Same as Figure 2 for the three lines used for laboratory measurements (Kr I, 123.58
nm; Ar I, 104.82 nm; Kr II, 96.5 nm).
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construction of a reflecting polarizer. However, in the spectral region of the VUV all materials
behave like metals, with complex index of refraction that is a function of wavelength. More-
over, the absorption edge, for several dielectric materials, lies in the VUV spectral region and
this fact drastically reduces the polarization efficiency and makes the optical constants and the
overall performances of the material more wavelength dependent, with very steep variations.
This effect becomes more important for those materials (like Magnesium Fluoride) for which
the wavelengths of interest are close to a resonance frequency for electrons in the molecular
valence band. A study, based on experimental values of the refractive index reported in litera-
ture,17, 18 has been performed to select a restricted number of materials to have been tested in
laboratory. The quality factor has been computed from the refractive index using the Fresnel’s
formulae for several materials (semiconductors, metals, and dielectrics) as a function of the in-
cidence angle for the wavelengths of the H I Lyman series lines (Lyα, 121.6 nm; Lyβ, 102.5
nm; Lyγ, 97.2 nm). The quality factor is plotted in Figure 2 as a function of the incident angle
for five selected materials, for the H I Lyman series lines, and in Figure 3 for the spectral lines,
close to the H I Lyman series, used for the laboratory characterization (Kr I, 123.58 nm; Ar
I, 104.82 nm; Kr II, 96.5 nm). The different quality factor behaviour between laboratory and
observational wavelengths points out the fact that the laboratory measurement results will have
to be extrapolated, on the basis of the literature data, in order to obtain the values for H I Ly-
man series lines. Five materials have been selected for the test: gold, quartz and three fluorides
(Magnesium Fluoride, MgF2; Lithium Fluoride, LiF; Calcium Fluoride, CaF2). It is evident
from the plots of κ versus the incidence angle that there is not a material that, a priori, is better
of the others for all the lines of interest. Therefore, laboratory measurements are necessary, first
of all, to confirm the curves obtained from the literature where often are reported significant dis-
crepancies in the same material values from different authors, then to specifically characterize
the plate that, at the end, will be used as a linear polarization analyzer.

3 Experimental Setup

The experimental setup used for the VUV polarization measurements is sketched in Figure 4.
The radiation source is a hollow cathode lamp (HCL), i.e. a continuous gas discharge lamp that
emits radiation at the spectral lines of several ions of the buffer gas (usually a inert gas). The
HCL can be operated windowless directly on the entrance slit of a monochromator requiring
only modest differential pumping systems.19 The dispersing element is a 0.5 m Johnson-Onaka
monochromator optimized for the spectral region from 30 nm to 200 nm. The radiation emerg-
ing from the exit slit of the monochromator is then reflected by a gold toroidal mirror that polar-
izes and focuses the beam on the entrance pinhole of the polarization analyzer, that is placed in
a vacuum chamber. Owing to the off-axis reflection by the gold mirror, the reflected radiation
is partially plane polarized. The whole system is vacuum sealed by Viton O-rings and it can be
dry evacuated, via turbomolecular pumps, down to 10 � 6 mbar. The polarization analyzer (Fig-
ure 5) consists of an entrance pinhole, a polarizing/reflecting plate, and a detector. A vacuum
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Figure 4: Experimental setup in the XUVLab for the VUV polarization measurements.

stepper motor rotates the assembly around the optical axis of the incident radiation to detect the
entire polarization modulation curve. The polarizing plate holder and the detector holder can be
manually adjusted to allow different incidence angles (45 ��� 70 � ) on the polarizing plate. The
detector is a photomultiplier (PMT)(Hamamatsu Mod. R5600U-06), working in the photon
counting regime to detect also very weak signals, coupled to a Tetraphenyl Butadiene (TPB)
phosphor to improve its sensitivity at short wavelengths.20

4 Results

The laboratory measurements are performed for the five materials selected on the basis of the
preliminary study made on the available literature data. The wavelengths for the characteri-
zation of the materials are chosen as near as possible to the wavelengths of the H I Lyman
series lines. The following buffer gases have been used in the HCL: Krypton (for Lyα and
Lyγ) and Argon (for Lyβ) (see Table 1). The measurements were performed for fifteen dif-
ferent values of the roll angle ϕ equally spaced by 18 � in the range � 108 ��� 108 � respect to
the slit orientation. This angular range allows to acquire the complete modulation polarization
curve that have a π rad period. In fact,the general relation for the observed signal from a sin-
gle reflection surface, as obtained from the Muller matrix formalism, has the following form: 14

Sϕ ∝ Rp � Rs
2 � I � Rp � Rs

2 � cos
�
2ϕ � � Q � Rp � Rs

2 � sin
�
2ϕ � � U . Two incidence angles, 60 � and 70 � , that

according to the preliminary curves give the best quality factors (Figures 2 and 3) have been
investigated. The modulation polarization curves obtained by background subtraction are then
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Figure 5: XUVLab polarization analyzer laboratory model.

Table 1: Hollow cathode lamp lines and operational parameters for the polarization measure-
ments.

Line λ (nm) i (A) ∆V (V) P (mbar)
Kr I 123.58 0.5 -510 6 � 10 � 2

Ar I 104.82 0.5 -390 1 � 10 � 1

Kr II 96.5 0.5 -510 6 � 10 � 2

fitted by a non linear procedure based on the Marquardt method21 (see Figure 6). The resultant
maximum and minimum values are used to calculate the quality factor of interest according to
Eq. (6). However, the quality factor calculated with Eq. (6) is only possible in case in which
the the polarization properties of the incident beam are known. In this experimental setup, the
polarization fraction of the incident beam is not known and, as it is confirmed by measurements,
due to the geometry of the experimental setup and to the axial symmetry of the radiation source,
the beam polarization is expected to be perpendicular to the grating dispersion plane. However,
it is possible to make a relative comparison between the different material measurements as-
suming that the linear polarization of the incident beam is constant for each sample. Therefore
we rewrite Eq. (6) as it follows:

κ �	� pm

p 
 2 Im

I
(6)

and indicating with η the product p2 � I, we can rewrite the previous equation as:

κ � ηm

η
∝ ηm (7)
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Figure 6: The best fitting curve for the polarization experimental data scan of the Quartz plate
at 70o for the Ar I line (104.82 nm).

which shows that the quality factor ratio between two different materials (i and j) is given by
the respective ηm ratio:

κ
�
i �

κ
�
j � � η

�
i �

m

η
�
j �

m

having assumed that the linear polarization of the incident beam (η) is constant. Now, the ηm

ratio only depends on measurable quantities (S0 and S90).

5 Discussion and Summary

The relative comparison of the quality factor is plotted in Figure 7, where only the best three
materials are shown. Due to the relative nature of the acquired polarization measurements the
data are plotted relative to a reference material, that in this case is quartz. As theoretically ex-
pected the 70 � incidence angle quality factor is better than the 60 � one for every material. The
experimental data match the theoretical data for 70 � incidence angle with a good agreement
for the Kr II line and they are near these values for the other laboratory lines. The best ma-
terial, to be selected for the final version of the polarization analyzer, is the Calcium Fluoride
that is better than the other materials for the H I Lyγ line and it is comparable for the other
wavelengths. This choice is dictated by two fundamental reasons. First of all, the H I Lyγ is
the magnetic field line more sensitive to the Hanle effect9 and then the possibility to have a
polarization analyzer with a good photon statistics for this faint coronal line allows to extend
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the magnetic field sensitivity down to few gauss, values in agreement with the indirect magnetic
field strength estimates.22 Latter, the Lithium Fluoride, that seems to be better than CaF2 for the
H I Lyβ line, it is known to be hygroscopic23 and then it is subjected to have his optical prop-
erties modified by in fly release of water vapour trapped in the instrument mechanisms. It is
interesting to compare the theoretical behaviour of the quality factor (normalized to the Quartz
value) for the different wavelengths. In Figure 8 is evident that the laboratory measured values
for the quality factor, obtained for the HCL lines of the corresponding buffer gas, there are not
representative of the LiF values for the H I Lyβ and Lyγ lines. The same consideration is true
for the CaF2 H I Lyβ line. However, taking the laboratory measurements as in good agreement
with the corresponding expected theoretical values then the above considerations and conclu-
sions about the best material are forth worthing for the H I Lyman series lines extrapolated
values. Finally, it is shown in Figure 9 the quality factor against the incidence angle for a triple
reflection polarizer. This kind of polarization analyzer is the most used in the present studies
of synchrotron radiation24, 25 because of the high polarization degree introduced. Nevertheless,
for the VUV measurements from the solar corona it has to be take into account the low photon
flux that affects much the quality factor. In fact, the comparison between the single and triple
reflections analyzer (Fig. 9) shows that the first one is much better than the other for the H I
Lyman series lines and for the CaF2 material.

The whole study is related to the development of a UV polarimeter to exploit the linear
polarization modification induceed by the coronal magnetic field in the resonance lines to re-
cover, via the Hanle effect interpretation, the vectorial magnetic field of the solar corona. The
UV polarimeter14, 26 is part of the MIDEX/Advanced Solar Coronal Explorer (ASCE) NASA
project,27 a coronagraph designed to address the fundamental questions in solar corona physics
only partially resolved by SoHO.
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Figure 7: Results of the polarization measurements for incidence angles of 60 � (asterisks) and
70 � (open squares) for the three more promising materials. There are also reported the ex-
pectation theoretical values for a 70 � incidence angle (filled triangles) for the laboratory line
wavelengths.
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Figure 8: Theoretical curves for the quality factor κ (normalized at the Quartz value) vs. wave-
length for the five materials investigated at 70 � . The vertical lines represent the three lines used
for laboratory measurements (dotted) and the H I Lyman series lines of interest (solid). The
materials identification is the same as for Figure 2.

Figure 9: Quality parameter vs. incidence angle for a three reflections polarizer (dotted) in
comparison with a single reflection polarizer (solid). The reflection plates material is CaF2 at
the HI Lyα line wavelength, similar behaviours hold for the HI Lyβ and Lyγ lines.
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