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Abstract. A circular polarizer for the region of windowless vuv is described. The
device consists of two four-mirror assemblies, using reflectivity differences and
phase shifts at gold surfaces known from the Fresnel equations. Qwing to its
variable angle arrangement the polarizer can be used between 30 nm and 120 nm.
When operated with Hel light (58.43 nm}, a degree of circular polarization of more
than 96% was achieved. The optical constants of gold have been determined by

use of the transmitted intensity and polarization of the radiation.

1. Introduction

Due to the lack of transmitting materials in the spectral
region of photon energies higher than 12 eV one has to
use physical effects other than birefringence or dichroism
to produce circularly polarized light. One method is to
use the circularly polarized out-of-plane synchrotron
radiation (Heinzmann et gf 1982, Schifers et al 1986) or
helical wigglers (Kincaid 1977) and double undulators
(Kim 1984) at storage rings. Another method to obtain
circularly polarized vuv up to about 72 nm is the non-
linear mixing of polarized laser radiation (Hilbig and
Wallenstein 1983, Huth-Fehre et al 1990).

The aim of this work was to build a circular polarizer
in connection with a standard vuv light source and a
corresponding circular analyser for the windowless vuv
region. The effect we used was the difference of the
reflectivities for s- and p-polarized light and the phase
shift between these components while reflecting light on
a metal surface as can be calculated from the Fresnel
equations.

The use of this effect was proposed by Johnson and
Smith (1983) to convert synchrotron radiation from
linear to circular polarization. We take a four-mirror
reflection set-up as linear polarizer (Hunter 1978) and a
similar four-mirror phase retarder to obtain circularly
polarized radiation. Although being tested and charac-
terized at the Hel wavelength (58.43 nm), the polarizer
is designed to cover a wide photon energy range from
approximately 10 eV up to 40 eV, This is achieved by
means of a variable-angle arrangement.

There is a variety of applications for circular polariz-
ers and circularly polarized light. They may include
spin-resolved photoemission studies (Heinzmann 1990),
circular dichroism measurements (Allen and Bustamente
1985, and references therein), circular dichroism in
photoemission (Schénhense 1990), determination of
optical constants by ellipsemetry (Johnson et al 1989)

(957 -0233/92/010091 4+ 07 $03.50 © 1992 |OP Publishing Lid

and the use as a circular analyser (Gaupp and Mast
1989) for circularly polarized vuv radiation from
synchrotrons, undulators or sources of coherent vuv.

2. Design and experimental performance

2.1, Experimental set-up

When building a circular polarizer for initially unpolar-
ized light one has first to produce linear polarized light
and then use a quarter-wave retarder to induce the
phase shift essential for the circular polarization. Fur-
thermore, the quarter-wave retarder has to be rotated
with respect to the linear polarizer in order to optimize
the degree of circular polarization. On the other hand,
the state of polarization behind the circular polarizer
must be analysed. For this purpose we take the same
atrangement, a guarter-wave retarder and a linear polar-
izer, now acting as an analyser,

The experimental set-up is illustrated in figure 1. It
consists of the following assembly groups: windowless
rare-gas discharge source, rotatable linear polarizer,
phase retarder, second phase retarder, linear analyser,
photocathode and channeltron detector. The second
phase retarder and the linear analyser constitute a
circular analyser having the same design parameters as
the circular polarizer. Behind each optical element a
transmitting photocathode (fine moiybdenum mesh) or
alternatively a simple polarization monitor (Rabinovitch
et al 1965) can be inserted inte the optical path for beam
diagnastics.

The windowless rare-gas resonance lamp was an
improved version of the type described by Schénhense
and Heinzmann (1983). This version is fully bakeable up
to 200°C and can be operated with either one or two
differential pumping stages, the latter for UHv appli-
cations, The discharge capillary has a 2mm bore of
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Figure 1. Experimental arrangement. (a) Schematic diagram of polarizer and analyser; (b) photograph of the circular

polarizer; (c) optical path through one element.

60 mm length and differential pumping is provided
through a Pyrex capillary; for the present study a 2.2 mm
bore and 200 mm length was employed. The maximum
photon flux of the lamp is 10! photons s~ 1.

Because of the strong influence of surface contami-
nation on the polarizing quality noticed in earlier experi-
ments (Schonhense 1980) the whole set-up was installed
in an ultra-high-vacuum chamber. For pumping the
continuous gas flow from the lamp a turbo-molecular
pump (17015~ ') was used. The base pressure was of the
order of 10~7 mbar, the helium partial pressure during
lamp operation was less than 107° mbar (with one
differential pumping stage only).

2.2. Design of the polarizer

The circular polarizer consists of two components, the
linear polarizer and the phase retarder. In principle, it
is possible to build a quarter-wave retarder with only
one reflection (Westerveld 1985). In this case there is an
angle of about 115° between the incoming and outgoing
light beams and, moreoever, this angle must be varied
for optimization of the polarizer efficiency. For exper-
imental applications, however, it is usually advantageous
to have a coaxial set-up of ingoing and outgoing radi-
ation. The minimum number of reflections is then three.
For technical reasons we have chosen to construct a
retarder with four mirrors. With this set-up it is simple
to derive the phase shift of a single reflection.

In order te adjust the phase shift, a fine and precise
tuning of the angle of incidence is necessary. A schematic
drawing for the mounting of the retarder and its set-up
is shown in figure 2.
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For changing the phase shift of the retarder, the
angles of incidence of all four mirrors can be adjusted
simultaneously under vacuum. The angle of incidence
can be varied between Oggr=70° and Orgr=84°. An
ultra-high-vacuum rotation feedthrough was coupled via
copper bellows to a worm drive on the retarder. There
the corresponding two worm gears act such that their
shafts rotate in opposite directions. On each shaft there
are two further worm drives mounted; the mirrors are
coupled through a rigid support to the gears. The first
and fourth mirrors rotate directly around the gear axis,
the second and third mirrors rotate on an excentrical
mount. This provides the variation of the angle of
incidence between fgrpr=70° and BOxer=284° without
change of the optical path. Each mirror is clamped onto
its support by a spring and its position is defined by
three adjustment screws. Because each worm drive
reduces the rotation by 1:60, the angle of incidence can
be changed by only 0.1° by one turn of the rotation
feedthrough. To increase the precision of the drive,
tension springs are used and all shafts are held by two
ball bearings in a special mounting.

As mirror material a gold film of about 100 nm
thickness evaporated on a microscope slide is used. The
gold coating must have a smoothing effect on the surface
roughness, because there was no significant influence of
surface roughness on the reflectivities. Calculations using
the optical constants of other metals show that retarders
with mirrors with platinum, iridium or osmium coating
may give about two or three times more intensity.
However, the unknown change of reflectivity and phase
shift by contamination let us choose gold which is
probably the best material with regard to stability of its
optical constants, owing to its inert behaviour.
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Figure 2. Schematic drawing of the phase retarder.

For the linear polarizer a similar four-mirror arrange-
ment was utilized. Again, gold mirrors result in a high
polarization and a good transmission; in order to obtain
a high degree of polarization the angle of incidence must
be about 60° (Hunter 1978).

Being held by two large ball bearings and a bevel-
gear drive the whole linear polarizer can be rotated
about the optical axis. To change the degree of polariz-
ation and the transmission of the linear polarizer, the
angle of incidence can be varicd between #,,=50° and
f.p=77°, without breaking the vacuum, using a drive
similar to that of the retarder.

The complete unit of linear polarizer and retarder
held by an optical bench mounting is shown in
figure 1(5). By use of some small apertures the circular
polarizer has an acceptance angle of 7 mrad, its total
length is 430 mm. Before being inserted into the vacuum
chamber the complete set-up with sixteen mirrors was
aligned on an optical bench employing a laser. After
mounting in the vacuum housing the adjustment was
checked by replacing the detector by a window with a
fluorescent screen.

2.3. Detection system

For the purpose of vuv detection, a commercial photo-
multiplier turned out to be impracticable. The curved
first dynode, which served as photocathode, caused a
considerable polarization dependence. The detection
efficiency varied with the relative angular orientation of
the multiplier dynode to the electrical vector of the
incoming radiation by more than 40%. The fairly simple
arrangement of the photocathode depicted in figure |
overcame these difficulties. It consists of a planar copper

photocathode of 50 mm diameter and a channeltron
with amplifier and counting unit to detect the photoelec-
trons released from the cathode. Between photocathode
and channeltron a voltage was applied to extract the
electrons. This device showed a good linearity between
light intensity and detector signal, independent of polar-
ization and spatial beam fluctuations. To get an approxi-
mate absolute value of the photon flux, the photocurrent
was measured directly with the copper photocathode by
using a picoammeter.

Thin molybdenum meshes with an optical trans-
mission of about 81% act as transmitting photocathodes
in order to record the lamp intensity during measure-
ment. The photocurrent was measured by means of a
picoammeter. It was tested that the meshes do not
influence the polarization.

3. Measurements of the circular polarization

For measurements of the circular polarization, the exper-
imental set-up consisted of lamp, circular polarizer (i.e.
linear polarizer and phase retarder), linear analyser and
detector. Lamp, phase retarder and detector were kept
fixed in space in the vacuum chamber and linear polar-
izer and linear analyser could be rotated.

For the determination of the photon helicity it is
necessary to define the orientation of the rotation angles.
The rotation angle « of the linear polarizer is defined as
the angle between the plane of incidence of the phase
retarder with respect to the plane of incidence of the
linear poiarizer (cf figure 1). The rotation angle y is
defined in the same way as the angle between the plane
of incidence of the lincar analyser and the plane of
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incidence of the phase retarder. Note that in the labora-
tory system the retarder is fixed and 2 and y have
opposite rotation directions. This way of definition
follows the notation of the Miller rotation matrices
(Hecht and Zajac 1979). In our experiment the intensity
of left- and right-handed circularly polarized radiation
was measured to be the same within the experimental
uncertainty.

Each polar plot in figure 3 shows the intensity vari-
ation of the detected signal for rotation of the linear
analyser at a certain set of parameters &, p, @rpr, L4 and
a. In this configuration 6, was 65°+0.5°, a compromise
between high degree of polarization and intensity, fger =
79.5°+ 0.5° was optimized to get a phase shitt of nearly
72 and 8, =60° was chosen to get high accuracy in
poiarization analysis.

The set of polar plots shows the variation from
totally ‘senkrecht’ linearly polarized light at an angle of
a=0° (i.e. the retarder acts as a second linear polarizer)
over elliptically polarized light (x=60°) to circularly
polarized light at an angle of a="72°, indicated by the
nearly circular polar plot. At this angle the linear
polarization direction changes and at higher rotation
angles the light is again elliptically polarized with ‘paral-
lel’ linearly polarized components (cf & =90°).

From these intensity data the degree of circular
polarization can be determined for each angle « as
described by Heinzmann (1977), corrected for the linearly
polarizing qualities of the retarder. The degree of circular
polarization against rotation angle « is shown in figure 4.
The dots represent the measured values of P,., each
corresponding to a polar plot as in figure 3. The helicity
of the circular polarization was taken from the compari-
son with values calculated by Miiller matrices. The fuil
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Figure 3. Polar plots showing the intensity variation at the
detector while rotating the linear analyser with angle .
The intensity scale at a=60° is extended by a factor of
three and at a=72° and 80° by a factor of six.
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Figure 4. Degree of circular polarization against rotation
angle «. Note that the polarization reaches almost unity at
certain angles.

curve symbolizes this calculation using the Fresnel equa-
tions based on £=0.40+1x1.56,

One can observe a change in light helicity
from right-handed circular polarization at #=72° and
e=180°+72° to left-handed for «=180°-72° and
®=2360°—72° by simple rotation of the linear polarizer.
The degree of circular polarization has been found to
be higher than 96% in these positions. There is a small
shift between calculated and measured values probably
because of the backlash of the gears when the linear
analyser was in the upside-down position,

In an extended set-up, a combination of a second
n/2 phase retarder and the linear analyser acts as a
circular analyser (Gaupp and Mast 1989). This arrange-
ment was shown in figure 1, The measurement with this
extended device showed that the second phase retarder
converts the circular polarization back into a high linear
polarization. Thus it was proven that behind the first
retarder the light is clearly circularly polarized and not
unpolarized, which could give the same results in the
polar plots (figure 3).

The transmission of the circular polarizer as a func-
tion of rotation angle « is shown in figure 5. This
measurement was made by comparing the photocurrent
from the Cu cathode directly behind the lamp with the
current from the same cathode placed behind the polar-
izer and corrected for aperture losses. A remaining
estimated scaling error of 30% to 50% is due to different
adjustment in both measurements, The measured trans-
mission was 9 x 10~ for a rotation angle of @=72°. The
full curve shows a fitted cos(2o) dependence because of
the linearly polarizing property of the retarder,

The absolute transmission value for optimized circu-
lar polarization (at a=72°) was 2.7x107* including
losses due to apertures and transmission photocathodes.
For a (reduced) photon flux of 2 x10'2 photons s~' from
the lamp this corresponds to 6x10® photons s™! with
more than 96% degree of circular polarization.

For many applications of the polarizer in experiments
it is not necessary to use the highest possible degree of
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Figure 5. Transmission of the circular polarizer for
unpolarized incident light against rotation angle =.

circular polarization, because the optimization para-
meter of a polarizer or analyser is (P,;,)* x I. Thus the
polarization can be reduced in order to gain higher
intensity. This can be achieved by changing 8, p, Ozer OF
the rotation angle a. Other possibilities for an improve-
ment of the transmission are a reduction of the aperture
losses by using focusing mirrors or an increase of the
reflectivities by use of other mirror materials, for example
by using multilayer mirrors.

4. Experimental determination of reflectivity and
optical constants

For a quantitative comparison of the experimental data
with theory, based upon the Fresnel equations, one has
to know the complex refractive index of the material at
the photon energy used. There exist, however, several
values for these constants in literature. They depend on
the methods used for preparation and the model used
in the evaluation of measured data. We determined the
optical constants of the 100 nm evaporated gold coatings
in the polarizer at 58.43 nm by inversion of the Fresnel
equations. This requires measurement of the absolute
transmission and the polarization power of the linear
polarizer against the angle of incidence. For calibration
of the linear polarizer, the rotation of a linear analyser
with the same angle of incidence was performed in order
to get the degree of polarization by the square root of
the asymmetry factor in the intensity variation. Knowing
the degree of polarization at a certain angle, the polariz-
ation versus angle of incidence can be measured by
changing the angle of incidence of the polarizer. This
dependence of polarization and transmission for the
linear polarizer is shown in figure 6,

In figure 6(a) the measured degrees of linear polariz-
_ation of a four-mirror polarizer for unpolarized incident
light are plotted (dots). Note that there is a large range
of angles of incidence between 50° and 70° which leads
to a high polarization. Figure 6{(b} shows the measured
transmission of the linear polarizer for unpolarized light
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Figure 6. Polarization {a) and transmission (b} of a four-
mirror linear polarizer with gold mirrors at the Hel
resonance line (58.43 nm) for unpolarized incident light.

versus angle of incidence (dots). At the grazing incidence
end of the angular scale the full aperture of the linear
polarizer cannot be used and thus the transmitted
intensity is decreased.

The measurements are compared with data calcu-
lated from the Fresnel equations based on
£=040+ix1.56 {full curves) without correction for
losses due to roughness of the surface.

The reflectivities for s- and p-polarized light can be
calculated from the polarization and transmission data
of the four-mirror polarizer according to

R,=[T(1+P)]"®
R =[T(1—P)]*®

with T being the transmission and P the linear polariz-
ation power of the polarizer. In figure 7(a) the reflectivi-
ties measured for ‘senkrecht’ linearly polarized light R,
and for ‘parallel’ linear polarization R, are plotted. They
are determined from the measurement of linear polariz-
ation and transmission of the four-mirror polarizer with
variable angles of incidence. The experimental results
(dots) are compared with calculated values using the
Fresnel equations based on 6 =0.4041 x 1.56 {full curves).

Deviation of the experimental points from the theor-
etical curves for angles of incidence below 60° is most
likely due to scattered unpolarized light. The phase shift
derived from the circular polarization measurements
{figure 7(b)) is piotted for a single surface reflection, the
four-mirror phase retarder has a phase shift of nearly
n/2. Knowing the data of R, and R and the angle of
incidence, it is possible to calculate the complex dielec-
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Figure 7. Reflectivities and phase shifts for gold mirrors at
58.43 nm. {a) The reflectivities for s-polarized light {A,) and
for p-polarization (R,). (b) Phase shift between the s and p
reflected waves. These data for the four-mirror retarder
{(dots, this work) and for a one-mirror retarder (open circle,
Westerveld et al 1985), are compared with the calculation
{full curve).

trical constant by inversion of the Fresnel equations
(Querry 1969). Average values of the dielectrical con-
stants of ¢, =040+0.03 and ¢, =1.56+0.05 were deter-
mined for the gold films used. The deviations between
our data and different values in the literature of
£,=0.33 and &, =1.86 (Weaver et al 1981), &, =0.33 and
£;,=1.80 (Windt et al 1988) or ¢, =064 and ¢,=1.52
(Samson 1967) probably reflect the influence of the
different preparation methods.

5. Conclusions

A circular polarizer for vuv radiation has been designed
and investigated. This device consists of two four-mirror
arrangements, one acting as a linear polarizer and one
as a phase retarder, Gold films of about 100 nm thickness
evaporated on microscope slides served as mirrors. By
simultaneous variation of the angle of incidence, the
wavelength optimization may be changed between 30 nm
and 120 nm. The circular polarizer was tested with Hel
radiation from a windowless rare-gas discharge lamp. A
second gold-mirror arrangement served as a circular
analyser for characterization.

When operated with Hel light (58.43 nm), degrees of
circular polarization of more than 96% have been
measured for both helicities. By rotation of the linear

96

polarizer the helicity of the light can be easily reversed.
The whole circular polarizer has a transmission of
2.7 x10~* with respect to an unpolarized incident Hel
light beam, including aperture losses, With a (reduced)
lamp intensity of 2 x10'2 photons s~ !, a photon flux of
6 x 10° photons s~ ¢ has been obtained behind the polar-
izer with a degree of circular polarization of more than
96%. For future investigations, the intensity might be
increased by focusing mirrors, optimization of mirror
materials or by reducing the degree of polarization by
variation of the impact angles.

In addition, the polarization and the transmission of
the linear polarizers were determined for different angles
of incidence. From these measurements the reflectivities
and the complex dielectrical constant of the gold mirrors
used have been determined at a wavelength of 58.43 nm,

It has been demonstrated that the polarizer may be
a useful device to produce circularly polarized light for
many experiments. It can also be used as an analyser
to determine the degree of circular polarization of other
sources.
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