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Two APPLE II undulators installed on the Diamond 110 beamline have all four
magnet arrays shiftable and thus can generate linear polarization at any
arbitrary angle from 0° to 180°, as well as all other states of elliptical
polarization. To characterize the emitted radiation polarization state from one
APPLE II undulator, the complete polarization measurement was performed
using a multilayer-based soft X-ray polarimeter. The measurement results
appear to show that the linear polarization angle offset is about 6° compared
with other measurements at 712 eV, equivalent to an undulator jaw phase offset
of 1.1 mm. In addition, the polarization states of various ellipticities have also
been measured as a function of the undulator row phase.
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1. Introduction

Undulators are in high demand at modern synchrotron
radiation facilities since they can provide several orders of
magnitude higher flux than a simple bending magnet. Mean-
while, the polarization of the emitted radiation can be
controlled freely by using the relative position of the perma-
nent magnets to induce different periodic electron trajectories
through the undulator. This variable polarization has received
increasing interest for the study of a wide range of phenomena
in biology, chemistry, physics and materials science. Since
the 1990s, various polarization features of undulators with
different phasing modes have been proposed and developed
(Hwang & Yeh, 1999). Among them, APPLE-II-type ellipti-
cally polarized undulators (EPUs) are widely used owing to
their flexibility in varying the polarization state between
arbitrary linear polarization, left- and right-handed circular
polarization by adjusting the magnetic arrays (Sasaki, 1994;
Lidia & Carr, 1994). In principle, the polarization state of
radiation from an undulator can be derived once the magnetic
field has been calculated using numerical techniques (Chubar
et al., 1998). However, many factors, such as the non-unifor-
mity of the magnetic field along the undulator, small offsets
among the magnetic arrays and the beamline optics, can
change the polarization state at the end-station from that
predicted in the theoretical calculation. Furthermore, in many
synchrotron sources, X-rays from higher harmonics of the
insertion device are used, for which the polarization, in the
case of circular light, is not expected to be 100%. In some
cases, two undulators will be required to switch the polariza-
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tion promptly (Weiss et al., 2001). Therefore, it is essential to
measure the precise polarization state at the sample location
from both devices. In addition, it is also important to learn
about the symmetry between the left- and right-handed
circular polarization for some polarization-dependent
experiments.

In the last two decades the polarization state of synchrotron
radiation from various undulators has been characterized
using different types of polarimeters in the vacuum ultraviolet
region (Carr et al., 1995; Drescher et al., 1997; Weiss et al., 2001;
Nahon & Alcaraz, 2004; Bahrdt et al, 2010). The X-ray
absorption spectrum of an oriented polytetrafluoroethylene
thin film was also used to exhibit the variable linear polar-
ization capability of an APPLE II EPU (Young et al., 2002).
The previous study showed that the polarization measurement
can assist in compensating the beamline polarization owing to
the depolarization effects from beamline optics (Bahrdt et al.,
2010). Owing to the lack of suitable phase retarders, some
polarization measurements only employed a simple Rabino-
vitch-type polarimeter, but the depolarization cannot be
distinguished from circular polarization in this case (Carr et al.,
1995; Weiss et al., 2001). In one case the complete polarization
analysis for an APPLE II undulator was carried out at 95 eV
using an aperiodic Mo/Si multilayer (Wang et al., 2007a), and
the asymmetric effect for the linear component was noted. The
free-standing W/B,C multilayer has been proved to be
suitable as a phase retarder at photon energies between
700 eV and 1000 eV, but the complete polarization analysis
was only demonstrated for the single elliptical and linear
polarization (MacDonald et al., 2009).
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Several beamlines at Diamond Light Source (DLS) are
equipped with APPLE II undulators capable of providing
variable polarization, which are greatly beneficial to many
polarization-sensitive experiments such as angle-resolved
photoemission, studies of magnetic linear and circular
dichroism, scanning transmission X-ray microscopy and
inelastic X-ray scattering. Knowledge of the degree of polar-
ization is vital, not only for understanding the undulator or
beamline performance but also to carry out precise analysis
of experiments in order to understand material properties.
Hence, a dedicated soft X-ray polarimeter was recently
developed for accurately characterizing the polarization
performance of these beamlines (Wang et al., 2011). For this
paper, one APPLE II undulator was operated in both the
linear arbitrary mode and elliptical polarization mode, and the
variable polarization states of the emitted radiation from the
undulator were fully characterized at 712 eV using the multi-
layer-based polarimeter.

2. APPLE-Il undulator

Two identical undulators were installed on beamline I10 at
DLS. They each have 40 full-size periods with period length A,
of 48 mm, and the schematics of one of the APPLE II undu-
lators are demonstrated in Fig. 1. The minimum gap is 16 mm
and the maximum deflection factor in horizontal mode is 3.49.
The undulators are able to produce arbitrary linear and
circularly polarized light from 500 to 1700 eV on the first
harmonic. In the fast polarization switching mode, each
undulator is set to one of the two polarizations that are
required (for example, left-handed circular for one undulator
and right-handed circular for the other undulator) (Bahrdt et
al., 2001; Quitmann et al., 2001; Schmidt & Zimoch, 2007).
Instead of seven steerer magnets used at the Swiss Light
Source (Quitmann et al., 2001), two magnets are placed before
the two undulators and two afterwards, and the remaining
kicker magnet is placed in the centre. The five fast-switching
chicane magnets effectively select which undulator’s light
passes through the beamline aperture, and it allows rapid
switching between polarizations at up to 10 Hz. In this
experiment the upstream undulator gap was fully open, so that
only the downstream undulator was used to generate various
polarization states.

The undulators installed on 110 have four movable magnet
arrays and a variable undulator gap. Thus all polarization
modes and energies are accessible. The analytical description
of this APPLE II undulator operation was presented by
Schmidt & Zimoch (2007). Moving diagonally opposed arrays
in the same direction (such as s; = s3) with respect to each
other changes the polarization from linear horizontal (s, = s3 =
0) through elliptically polarized and circularly polarized to
linear vertical (s, = s3 = 1,/2). If the diagonal arrays are moved
in opposition (s; = —s3), then linear polarization with a vari-
able angle between 0° and 180° can be produced. The amount
that the arrays can be moved, defined as the row phase, is
variable from 0 mm up to half a period, A,/2 = 24 mm, in either
direction. The energy can be controlled by changing the gap,
or can be controlled by a simultaneous shift of the two upper
magnet arrays (1 and 2) with respect to the two lower magnet
arrays (3 and 4). This movement is defined as the jaw phase. A
new high-symmetry mode has also been used to control the
energy and the polarization angle (Schmidt & Zimoch, 2007).
In this case the undulator gap is used to change the energy and
the polarization angle is linearly dependent on the jaw phase.

Regarding the beamline optics, a collimated plane-grating
monochromator is used for the I10 beamline. This gives flex-
ibility to operational modes of the beamline such as being able
to operate in either high-resolution mode or high-harmonic-
suppression mode. The grating line density is 400 lines mm ™"
and gold coatings were used for both mirrors and grating. The
depolarization effect from beamline optics can be neglected at
the working energy since the grazing angles for the mirrors
and grating are less than 1.5°.

To gain precise knowledge of the polarization state of the
emitted synchrotron radiation from the above undulator a
high-precision polarimeter was required to provide a precise
and complete polarization analysis of the synchrotron radia-
tion at the sample location. In the case of soft X-ray polari-
metry the alignment requirements between the polarimeter
and incident photon beam are very stringent since the multi-
layer bandwidth is usually a few milliradians or even less. The
high-precision polarimeter was supported on a hexapod to
simplify the angular alignment with resolution better than
5 prad (Wang et al., 2011). It contains a transmission multi-
layer phase retarder and a reflection multilayer analyzer. A
photodiode detector was used to collect the transmitted signal
through polarizing elements by rotating both the retarder («)

and analyzer (8) independently about

Apple II undulator Au

N the optical axis of the beam, and the
schematics of the polarimeter are also
illustrated in Fig. 1.
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Figure 1
Schematics of the APPLE II undulator and polarimeter.

by the Stokes parameters: S, (total
intensity), S; (linear polarization), S,
(linear polarization in a plane rotated
by 45° with respect to the S; plane) and
S5 (circular polarization) (Koide et al.,
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Table 1
Multilayer parameters for the phase retarder and analyzer used in the
polarimetry experiment at 712 eV.

Retarder Analyzer
Multilayer W/B,C W/B,C
Periodic number N 320 250
Periodic thickness d [nm] 1.7 124
W thickness ratio I' = dw/d 0.236 0.35
Working angle 6 (°) 30.2 448
R or T (%) 1.0 2.6
R, or T, (%) 11 0.001

1991; Schifers et al., 1999; Nahon & Alcaraz, 2004). Since the
full polarization is a self-calibrating measurement, the Stokes
parameters normalized with respect to the total intensity S
are defined as Stokes—Poincaré parameters with P; = §,/S,
(Koide et al., 1991). These parameters can be given by

Pl = (Ep2 - Es2)/(Ep2 + E52)7
P, =2E,E cos(¢, — 9,)/(E,> + EJ), 1
Py =2E Esin(p, — ¢,)/(E,> + E2).

Here E; and E,, are the vertical and horizontal components of
the electric field, and ¢, and ¢, denote the perpendicular and
parallel phases of the polarized light to the plane of incidence.
It the two electric field components E and E;, are equal, and
the phase shift Ap = ¢, — ¢, is 90°, the polarization is defined
as the right-handed circular polarization with P; = 1. To an
observer looking in the direction from which the light is
propagated, the electric vector would appear to describe a
clockwise ellipse for the right-handed circular polarization.
In order to perform a complete polarization analysis of
light, one needs both a retarder to introduce phase retardation
between the two electric field compo-
nents and an analyzer that transmits
preferably only one particular linearly
polarized component. For the complete
polarization in the soft X-ray region the
multilayer optical elements have been
well developed as transmission phase
retarders and reflection analyzers
(Kortright & Underwood, 1990; Scha-
fers et al., 1999; MacDonald et al., 2009;
Kimura et al., 1995, 2005; Hirono et al.,
2005; Wang et al., 2006, 2007b). The
multilayer parameters used in this
polarimetry experiment are listed in
Table 1 (Wang et al, 2011). For the
multilayer analyzer the maximum
polarizing power R(/R;, between the
s-component reflectivity R; and p-
component reflectivity R, occurs at the
quasi-Brewster angle near 45°. The
periodic thickness d of the multilayer
was chosen to be 1.24 nm according to
the solution of the Bragg equation at
the working energy of 712eV. The
measured reflectivity R, and R}, is 2.6%

Figure 2

and 0.001 %, respectively, at 712 eV. A free-standing W/B,C
transmission multilayer was used as a phase retarder at 30.2°
grazing angle of incidence. This geometry was chosen since the
roughness effects will decrease by operating the multilayers at
lower grazing angles of incidence (Kimura et al., 2005). The
s-component transmission 75 and phase shift A of this multi-
layer at 712 eV is 1.0% and —17°, respectively.
The detected light intensity / can be expressed as

1= F{ [1 + cos 2y, cos 2, cos 2(o — /3)]
+ P, [ cos 2a cos 2y,
+ %(1 + sin 24, cos A) cos 2, cos 28
+ %(1 — sin 24, cos A) cos 2, cos(4a — 2/3)]
+ P, [ sin 2« cos 2y,
+ %(1 + sin 24, cos A) cos 2, sin 28
+ %(1 — sin 2y, cos A) cos 2, sin(do — 2/3)]
+ Py [sin 24, cos 24, sin A sin 2(a — ,3)] ] 2

Here, tany, = (Tp/TS)”z, tany, = (Rp/RS)”Z, and T, and T are
the p- and s-component transmission for a multilayer phase
retarder. The scale factor F is used to adjust the scale of the
recorded intensity in the self-calibrating measurements.

Fig. 2 shows the measured intensity as a function of both the
retarder rotation « and the analyzer rotation B for linear
arbitrary angle x at (a) 0°, (b) 45° and (c) 90°. Here there are

i
o
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)

Measured intensity as a function of both the retarder rotation « and analyzer rotation § for three
linear arbitrary angles x: (a) 0°, (b) 45° and (c) 90°. (d) Measured and fitted intensity as a function of
the analyzer rotation g for linear arbitrary angles of 0°, 45° and 90° at o = 90°.
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eight settings of « from 0° to 315° and 121 settings of 8 from 0°
to 360° for one polarization scan. Fig. 2(d) is the measured and
fitting intensity as a function of the analyzer rotation § for
linear arbitrary 0°, 45° and 90° at o = 90°. A least-squares
method was used for fitting of measured data with equation
(2), and both the Stokes—Poincaré parameters and the optics
properties can be derived simultaneously. It can be noticed
from Fig. 2(d) that the data are symmetric with respect to f,
which proves that the analyzer rotation axis § is well aligned
along the incident beam. Furthermore, the peak of the ‘sine
curve’ shifts the equivalent angles as the linear polarization
rotates from 0° to 45° and 90°. It also shows that there is an
offset between peak position with the expected analyzer
rotation angle . For example, the maximum intensity should
occur at 0° for y = 0°. Therefore, this result indicates that the
arbitrary linear polarized light might not be well calibrated.
This part will be addressed in the following section.

4. Polarimetry results

The diagonal arrays were firstly moved in antiphase with
respect to each other (s; = —s3 = 15.4 mm), and the linear
arbitrary polarization angle x can vary from 0° to 150°. The
gap between the top row phase and bottom row phase is fixed
at 17.412 mm to keep the energy at 712 eV. The jaw phase
was changed to tilt the polarization angle x. The polarization
angle was previously calibrated using the analyzer mounted in
the RASOR diffractometer (Beale et al., 2010), which is one of
the permanent endstations on beamline 110. The measured
Stokes—Poincaré parameters of the undulator radiation with n
as a function of x using the soft X-ray polarimeter are shown
in Fig. 3. The jaw phase n depends linearly on the linear
polarization angle x with a slope of 0.13 mm per degree. This
can only be moved from —A,/4 to A,/4. Therefore, once the
required travel range for n is larger than one-quarter of an
undulator period, then n has to subtract A,/2. The linear

Polarization

€ o o on A
‘EE 10 % 2]
20 1 . . y ——Fit 1
0 45 90 135 180
Linear Arbitrary Polarization Angle y(°)
Figure 3

Measurement of the Stokes—Poincaré parameters of the undulator
radiation and the jaw phase 1 values as a function of the linear arbitrary
polarization angle x for the first harmonic at 712 eV photon energy.

polarization P, is 98.0% at x = 0°, and it decreases to —99.9%
as the linear polarization angle x changes to 90°; then it
increases again as x increases from 90° to 180°. Meanwhile, the
polarization P, (linear polarization in a plane rotated by 45°
with respect to the P; plane) reaches the minimum and
maximum close to 45° and 135°, respectively. However, it
clearly shows that there is an offset compared with the
measured polarization (symbols) with the measured values
using RASOR (solid lines), and the angular offset is around 6°
from the fitting. In other words the measured polarization
angle x is 6° off compared with that measured using RASOR
for linear horizontal polarization. The corresponding jaw
phase offset is 1.1 mm. After shifting the curve (solid line) by
6° the measured polarization results agree well with the
theoretical curve (dashed lines). It also confirms that the slope
of linear fitting for n and yx is correct, and only the intercept
has to be corrected with the offset of 1.1 mm.

The undulator row phase p was then changed by altering
the diagonally opposite arrays into the same direction (s; = s3)
with respect to each other in order to change the polarization
state between the left-handed circular (Ic), right-handed
circular (rc), linear horizontal (lh) and linear vertical (lv)
polarization. The measured Stokes—Poincaré parameters
together with the jaw phase n as a function of the undulator
row phase p are shown in Fig. 4. The above polarizations are
indicated by the dotted lines. The linear polarization compo-
nent P; varies from 100.1% to —99.3% linear vertical when
the top and bottom row phase change together from 0 to A, /2.
The measured circular polarization P; at rc and Ic are 100.5%
and —99.9%, respectively. The linear Stokes—Poincaré para-
meter P is 5% and 2% for rc and Ic polarization, respectively.
In addition, we note that the unpolarized light rate is less than
1% for the above measurement indicating that the non-zero
emittance effects and magnetic inhomogeneities of the inser-
tion device can be neglected.

Furthermore, the circular component P; varies from —3%
to 4% for the linear polarization cases in Fig. 3, and the linear
component P, varies from 2% to 3% for all datasets in Fig. 4,

Iv Ic Ih rc v
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Figure 4

Measurement of the Stokes—Poincaré parameters of the undulator
radiation and the jaw phase 7 values as a function of the undulator row
phase p for the first harmonic at 712 eV photon energy.
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which means that the phase shift between E|, and E is not
precisely 90°. The estimated uncertainty in each Stokes—
Poincaré parameter is £1% (Wang et al., 2011, 2012). Various
sources can contribute to the contamination of either linear
or circular polarization components such as undulator end
effects, or small deviations between the beam and polarimeter
rotation axes at these energies. Therefore further tests will be
required to address this issue in the near future.

5. Summary and future work

An APPLE II undulator has provided variably polarized
beam by adjusting the four magnet arrays. The polarization
states were accurately measured using a soft X-ray polari-
meter with a W/B,C multilayer phase retarder and analyzer.
This work has shown that a jaw phase offset of 1.1 mm can
compensate the linear polarization tilt angle offset of 6° found
between the polarimeter and the measured values from the
RASOR. The source of this discrepancy is still under inves-
tigation. In addition, a small amount of beam contamination
has been found through the above polarization measurements.
The measurement further verifies the theoretical calculation
for the APPLE II undulator symmetry mode operation in
the soft X-ray range, and it also proves the importance
of complete polarization analysis for polarization-sensitive
experiments. Polarization measurements will be carried out
when the two I10 undulators are working simultaneously so
that the polarization state can be monitored in situ in the fast
polarization switching mode, and in the future the polarization
performance for other APPLE II beamlines and undulators
will also be checked.
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Malandain, Mark Sussmuth, Mark Booth, Linda Pratt, Hiten
Patel and Jason Giles for their technical assistance. The
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