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Multilayer-based soft X-ray polarimeter at the Beijing Synchrotron
Radiation Facility
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Abstract: A compact high precision eight-axis automatism and two-axis manual soft-ray polarimeter with a multi-
layer has been designed, constructed, and installed in 3W1B at the Beijing Synchrotron Radiation Facility (BSRF).
Four operational modes in the same device, which are double-reflection, double-transmission, front-reflection-behind-
transmission and front-transmission-behind-reflection, have been realized. It can be used for the polarization analysis
of synchrotron radiation. It also can be used to characterize the polarization properties of the optical elements in
the soft X-ray energy range. Some experiments with Mo/Si and Cr/C multilayers have been performed by using this

polarimeter with good results obtained.
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1 Introduction

The polarization of soft X-ray synchrotron radiation
is an exciting technique for biology, chemistry, physics,
and materials science, such as soft X-ray circular dichro-
ism spectroscopy [1] and magnetic linear dichroism spec-
troscopy [2] in ferro-, ferri- and paramagnetic com-
pounds, measurement of the Faraday effect [3] and the
Kerr effect [4] in soft X-rays, spin-polarized photoelec-
tron [5] spectroscopy, etc. For these studies, it is very
crucial to measure the actual polarization state of the
incident light and characterize the polarized properties
of optical elements. To make a complete polarization
analysis of incident light, both a polarizer and an an-
alyzer are needed. Intensity is detected while the two
polarized elements rotate independently around the op-
tical axis [6]. However, owing to the high absorption
of materials for light, the polarized elements which are
used in other energy ranges fail to polarize in the soft
X-ray region. So, multilayers are chosen as polarized
elements in the light of their interference structures.
At present, there are several types of soft X-ray po-
larimeter, e.g., the polarizer and the analyzer are re-
flectors (i.e. double reflections) [7], the two polarized
elements are transmitters (i.e. double-transmissions) [8],
and the polarizer is a transmitter and the analyzer is
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a reflector (i.e. front-transmission-behind-reflection) [9,
10], etc. Nowadays, for a reflection polarizer, the multi-
layer can have high reflectivity, however, the direction
of the incident light needs to be changed during ex-
periments. So it is difficult to align the optical axis
and insert other elements. For transmission polarizer
optics, the direction of the light does not need to be
changed. It is easy to align the optical axis, consider-
ably simplify the whole system, and insert optical el-
ements. However, it is difficult to improve the fabri-
cation of the transmission multilayer. To optimize the
devices, four operational modes can be performed in
this polarimeter. They are double-reflection, double-
transmission, front-transmission-behind-reflection, and
front-reflection-behind-transmission (i.e. the polarizer is
a reflector and the analyzer is a transmitter). In this pa-
per, the compact high-precision eight-axis automatism
and two-axis manual high vacuum compatible polarime-
ter in soft X-ray range is presented. Some good results
using this polarimeter with various polarized elements
are shown.

2 The multilayer optical elements

As a reflection polarizer, a multilayer functions by po-
sitioning the multilayer interference peak near the Brew-
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ster angle [11]. This results in strong reflection of the
s-component relative to the p-component. Here the s-
component of reflective intensity can be large, while the
p-component is very small. So the grazing incident an-
gle of the polarizer is named the quasi-Brewster angle
of the multilayer mirrors. In addition, a multilayer can
also be used as a linear transmission polarizer. Near the
quasi-Brewster angle of a multilayer mirror, the strong
reflection of the s-component to the p-component, re-
sults in strong transmission of the p-component relative
to the s-component [12]. In the design and fabrication
of a reflective polarizer, both the s-reflectivity and the
extinction ratio of s-reflective intensity to p-reflective in-
tensity, I./I, where I, and I, are the reflective intensi-
ties for s- and p-polarized radiation respectively, should
be maximized. To optimize a transmission polarizer,
the p-transmissive intensities should be maximized, how-
ever, the suppression ratio of s-transmissive intensity to
p-transmissive intensity, /I, where I, and I, are the
transmissive intensities for p- and s-polarized component
respectively, should be minimized.

The reflective multilayers are deposited on silicon
substrates by using an ultrahigh vacuum DC magnetron
sputtering facility in Ar (purity 99.999%) at room tem-
perature. The transmission multilayers are deposited on
100 nm SizN, substrate with a window size of 5 mmx
5 mm. All multilayer are measured using a diffractome-
ter with Cu K, radiation.

3 The soft X-ray polarimeter

The polarimeter is installed at 4.2 m behind the exit
slit of Beamline 3W1B of BSRF. The beamline is a
windowless fully Ultra-high vacuum (UHV) soft X-ray
beamline [13]. It is a monochromatic focusing soft X-
ray beamline from a permanent magnetic wiggler source.
The photon energy region is from 50 eV to 1600 eV. Typ-
ically, the photon flux and the energy resolution (AE/E)
are 1x10'° photos mA~!.s7! and 8x10~*-4x10~3 at 50—
1600 eV, respectively.

The chamber of the polarimeter links to the beamline
by UHV ferrofluidics feedthrough on the upstream. It
can be rotated around the axis of the incident beam. The
chamber is supported on gimbals and installed in a rigid
bench which can move in three dimensions. Fig. 1 shows
a schematic diagram of the polarimeter. The system is
consisted of a set of z-y exact translation stages systems
(C), I detector, polarizer assembly (P) (includes rota-
tion of the grazing incident angle 6, and the azimuth
angle o), moving rocker (R), sample stage (S), analyzer
assembly (A) (includes rotation of the grazing incident
angle 6, and the azimuth angle 3), main detector (D),
data collectors and control systems. Table 1 shows its
parameters. The device is equipped with HV-compatible
stepper motors except for the sample stage and the az-

imuth of the polarizer. The device includes a two double-
angle compound framework with reflection or transmis-
sion polarizing elements when the polarizer/analyzer ro-
tates independently around the axis of the light (i.e. the
azimuth angle (o and /3)): one is the grazing incident an-
gle fp of the polarizer and the moving rocker 205 (), the
other is the grazing incident angle 6 0f the analyzer and
the detector 204 (0p). The azimuth angle « of the polar-
izer around the incident beam axis can be set manually
by rotating a rocker outside the chamber (the rocker is
not shown in Fig. 1), and the azimuth 3 of the analyzer
is rotated about the beam axis from the polarizer by
rotating the stage of the analyzer. For the reflection po-
larizer, when the grazing incident angle of the polarizer
is Op, g the angle of the moving rocker can be rotated
into 20p, meeting the relation #p-20p. However, for the
transmission polarizer, when the grazing incident angle
of the polarizer is fp, the angle of moving rocker is 0°.
Similarly, for the reflection analyzer, when the grazing
incident angle of the analyzer is set to 64, the grazing
incident angle 0 of the detector can be rotated into 260, .
For the transmission analyzer, when the grazing incident
angle of the analyzer is 84, the grazing incident angle 6p
of the detector is kept 0°. Furthermore, the detector can
be moved in a detective plane and the moving range is
+3 mm.

Fig. 1. A schematic picture of the polarimeter:
1, chamber; 2, azimuthal angle « of polarizer;
3, collimator translation z-y stage; 4, Iy detector;
5, polarizer; 6, moving rocker; 7, sample stage;
8, rotational stage to change azimuth angle of an-
alyzer; 9, analyzer; 10, main detector.

Since all the operations must be done under vacuum
conditions in the soft X-ray region, the chamber volume
is limited. In addition, the size of the detector must be as
small as possible with high efficiency and uniformity in
the sensitivity over the whole range of the detective area.
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Table 1. The parameter of the rotation angle for the polarimeter.
symbol range of angle/(°) resolution/(°)

polarizer: azimuth angle « —180-190 0.1
incident angle of the polarizer (%) 0-90 0.015
azimuth angle of the analyzer B —180-190 0.01
incident angle of the analyzer (N 0-90 0.02
moving rocker incident angle Or 0-140 0.03
main detector 0p 0-140 0.04

incident angle of the sample stage Og 0-90 0.1

A micro-channel plate (MCP) meets these demands. In
order to improve the gain and prevent ion feedback, a
chevron arrangement of two MCPs with the diameter of
detective area ¢18.8 mm is used. The applied potential
of the MCP detector is fixed in the measurements so that
the gain of MCP detector is consistent. In addition, a
photodiode also is used as the main detector. The signal
of main detector is measured by an electrometer (6517A,
KEITHLEY, USA). A computer is used for the data ac-
quisition and all of the controlling units.

4 Experiment

For the reflective optical elements, the quasi-Brewster
angle of the multilayer mirrors fp,p is that both the
s-reflective intensity and the extinction ratio of s- and
p-reflective intensity, I,/I, take the maximum at 0pp.
Firstly, I, the reflective intensity s component of inci-
dent light as a function of the grazing incident angles of
the polarized element is measured by the double-angle
scanning (I-0) method. When I, is measured, at a fixed
energy, the azimuth angle a of the polarizer is 0°, the
grazing incident angle of the polarizer and the moving
rocker (the angle of the detector at 0°) are set to 6p and
20p, respectively. Secondly, I, is measured when « is
90°. So, the extinction ratio of s- and p-reflective in-
tensity I./I, is obtained. Then, 0p,p of the polarizer is
confirmed.

In addition, for the transmissive polarizing elements,
the quasi-Brewster angle of the multilayer mirrors is that
both the p-reflective intensity and the extinction ratio of
p- and s-transmission intensity, I, /I, take the maximum
at Opqs. When the azimuth angle a of the polarizer is
0°, the transmissive intensity (I,) is relative to the p
component of the incident light.

In measurement, a Si filter is used. The Si filter
(thickness: 400 nm) has a transmission of 30%-50% over
the range 55-95 eV.

5 Results and discussions

5.1 The double-reflection mode

Firstly, the quasi-Brewster angle p.,p of the polar-
izer (Cr/C, N=100; d=4.318 nm) is measured at 206 eV

by using the method described in Section 4.2. The an-
gle 45.2° is fp,p of the polarizer. Secondly, the grazing
incident angle of the polarizer is set at 45.2°, and the
moving rocker is set to 90.4°. The azimuth angle o of
the polarizer is 0°. Then, the quasi-Brewster angle 0pqs
of the analyzer is measured. Fig. 2(a) shows the reflec-
tive intensities of A (Cr/C, N=100; d=4.35 nm) for s-
and p-components and extinction ratio I, /I, with reflec-
tion multilayer at 206 eV. Both the s-reflective intensity
and the extinction ratio I,/I, take the maximum at the
grazing incident angle 6, of the analyzer 45.2°.
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Fig. 2. Signals measured in double-reflections

mode with Cr/C (N=100; polarizer, d=4.318 nm;
analyzer, d=4.35 nm) reflection multilayer
@206 eV. (a) double angle scanning; (b) azimuth
angle scanning.

Figure 2(b) shows the curve of the azimuth angle of
the analyzer scanning (I-3) at the energy of 206 eV,
corresponding to a rotation range from —180° to 190°.
The grazing incident angles of the polarizer and the ana-
lyzer (6p and 6,) are fixed at 45.2°, which are the quasi-
Brewster angle of the polarizing elements. During the
azimuth rotation, fp —0y and 6, —60p are satisfied with
a two double-angle relation, respectively. A maximum
signal is obtained for the azimuth of the analyzer 5=0,
+180°, which corresponds to s geometry; 8=+90° cor-
responds to p geometry. In order to show the difference
of the minimum signal, Fig. 2(b) adopts the logarithm
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coordinate in y direction. The results show that there is
some difference at @+90°. However, the fit results are
little affected by this difference. According to the data
in Fig. 2(b), the degree of linear polarization of the beam
reflected from the polarizer is more than 0.995.

2.0 L1
—A— IOCP'O\ —4 16
Py Q
1, P 4 14
~ 151
s 112
=
X =4 10
B Q”’
ii 1.0 4 8 =
G ! Iy
g Wd‘j 1
=1
= 0.5 A 4 4
MMM 172
0 T T T T T T T T T T T 0
40 42 44 46 48 50
grazing incident angle 6, of analyzer/(°)
Fig. 3. Signals with Mo/Si @92.5 eV measures in

front-reflection-behind-transmission mode.

5.2 The front-reflection-behind - transmission
mode

Firstly, the quasi-Brewster angle fp,p of the polarizer
(N=25; d=9.5 nm, Mo/Si) is 47.2° at 92.5 eV by using
the method in Section 4. Secondly, the grazing incident
angles of the polarizer and the moving rocker are set to
47.2° and 94.4°, respectively, while the azimuth « of the
polarizer is set 0°. The grazing incident angle of the ana-
lyzer is set to 64, and the grazing incident angle 0, of the
detector is kept to 0°. Then, the quasi-Brewster angle
Opqp of the analyzer is measured. Fig. 3 shows the trans-
missive intensities of the analyzer, (IN=25; non-periodic
wideband multilayer, Mo/Si) for p- and s-components
and extinction ratio I, /I, at 92.5 €V in front-reflection-
behind-transmission modes. The p-component transmis-
sive intensity, I,,, and the ratio I,,/I; take the maximum
value when the grazing incident angle 6, of the analyzer
is 48.6°. So this angle is named the quasi-Brewster angle
of the analyzer.

5.3 The front- transmission- behind - reflection
mode

The quasi-Brewster angle p,p of a polarizer (d=
9.715 nm; N=21, Mo/Si) is 47.2° at 99 eV by using the
method in Section 4. The grazing incident angle of the
polarizer is set to 47.2°, and the grazing incident angle
of the moving rocker is set to 0°. For the reflective ana-
lyzer, the grazing incident angle of the analyzer is set to
0, and the grazing incident angle 6 of the detector can
be rotated into 26,. Fig. 4 shows the reflective intensi-
ties of the analyzer (d=9.5nm; N=25, Mo/Si) for p- and
s-components and extinction ratio I,/I, at 99 eV when
the azimuth angle « of the polarizer is 90°. Both the

s-reflective intensity and the extinction ratio I/, take
the maximum with 6, at 47.2°. So the quasi-Brewster
angle of the analyzer is 47.2°.
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Fig. 4. Signals measured with Mo/Si at 99 eV in

front-transmission-behind-reflection mode.
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Fig. 5. Signals measured in double transmission

mode with Mo/Si at 92.5 eV.

5.4 The transmission multilayer in double

transmission mode

The quasi-Brewster angle 60p,s of the polarizer
(N=21; non-periodic wideband multilayer, Mo/Si) is
51.5° at 92.5 eV by using the method in Section 4. The
grazing incident angle of the polarizer is set to 51.5°,
and the grazing incident angle of the moving rocker
is set to 0°. For the transmission analyzer, when the
grazing incident angle of the analyzer is 64, the graz-
ing incident angle 6p of the detector is kept 0°. Fig. 5
shows the transmissive intensities of the analyzer (non-
periodic wideband multilayer, N=25, Mo/Si) for p- and
s-components with transmission multilayer at 92.5 eV in
double-transmission mode. Fig. 6 also shows that the
extinction ratio I/I, takes the minimum value when a
grazing incident angle 6, of the analyzer is 51.4°. So
this angle is selected as the quasi-Brewster angle of the
analyzer.
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6 Conclusions

Measurements of polarization are important for
polarization-sensitive studies. This polarimeter with
multilayers can perform four operational modes based on
a variety of optical elements. The high precision eight-
axis electromotion and two manual-axes HV-compatible
polarimeter can be used as a device for the analysis of
the polarization characteristics of the beamline at the
Beijing Synchrotron Radiation Facility. It may be also
used to characterize the reflection and the transmission
properties or the polarization and the phase-retarding
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