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Abstract

An X-ray is the well-known probe to examine structure of materials, including our own bodies. The X-ray beam,
especially at the wavelength of nanometers, has also become significant to directly investigate electronic states of a
sample. Such an X-ray is called a soft X-ray and polarization dependence of the light-matter interaction further unveils
the microscopic properties, such as orbitals or spins of electrons. Generation of high brilliant beams of the polarized
X-ray has linked to development of our experimental science, and it has been made by radiation from relativistic
electrons at the synchrotron radiation facilities over the world. Recently, we constructed a new polarization-controlled
X-ray source, the segmented cross undulator, at SPring-8, the largest synchrotron radiation facility in the world. The
operation is based on interference of X-ray beams, which is sharply contrast to the conventional method of regulating
electron trajectory by the mechanical control of magnets. The paradigm shift opened the measurement innovations
and allowed us to design new experimental approaches to capture signals that have been hidden in materials. The
present review describes the novel X-ray source with the principle of operation and the technical details of
optimization. Examples of the frontier spectroscopies that use unique optical properties of the source are introduced,

followed by the future prospects for next generation synchrotron radiation facilities.
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1 Introduction

An X-ray has been a significant experimental probe to
investigate creatures in nature. It was named after a ray
of “something unknown (X)” by Rontgen but it became
widely known by his works [1-3]. Updates of X-ray
sources have resulted in the better understanding of sam-
ples, and it has led to developments of our science and
technology. Today, high-brilliant beams of X-rays are gen-
erated by radiation from relativistic electrons by a scheme
of Bremsstrahlung (breaking radiation) or Synchrotron-
strahlung (synchrotron radiation) [4, 5]. Facilities of syn-
chrotron radiation exist all over the world today and are
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continuously developed [6], and experimentalists are able
to use such X-rays with tunable photon energy. An X-ray
has been conventionally classified by ranges of the high
photon energy (hard X-ray, 2—10 keV) and the low pho-
ton energy (soft X-ray, 0.2-2 keV). The former has been
mainly used for structure determination, while the latter
for electronic analysis of a sample [7]. Interaction of a
matter with a polarized X-ray has found to deepen infor-
mation of the materials, such as quantum-mechanical
characterization of the spin and orbital states [7, 8]. In
order to develop material science, a polarization control of
synchrotron radiation has been an important issue in the
fields of the advanced X-ray optics at a beamline.

A control of the light polarization can now be made
by an optical element, i.e., a diamond phase retarder [9],
for the hard X-ray region. On the other hand, there is no
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practical polarizer for the soft X-ray region. Therefore,
it is inevitably necessary to control the light polarization
by an insertion device (ID) in the electron storage ring.
One example is elliptical polarization undulator (EPU),
such as an APPLE-type [10, 11]. It controls the polariza-
tion by changing the electron trajectory by mechanical
arrangements of the magnet arrays that produce the mag-
netic field [10, 11]. This type of the light source, espe-
cially APPLE-II-type, has been widely installed in various
synchrotron radiation facilities. The linear and circular
polarizations are used for experiments at beamlines.
Cross undulator is another type of ID that generates
polarization in a versatile manner. The cross undulator
was originally designed by Kim [12], in which IDs with
linear horizontal and vertical polarization (LH and LV)
are arranged in tandem and the polarization is controlled
by the phase between the IDs. If an electromagnet phase
shifter (EMPS) is used, it was proposed that the fast polar-
ization switching can be realized at 1 kHz [12], which is
much faster than the mechanical change in an APPLE-
type undulator that usually takes over minutes. It is worth
mentioning that a cross undulator with two IDs of APPLE-
II was also proposed by Sasaki et al. [13]. Cross undulators
were constructed at facilities of synchrotron radiation
and XFEL [14-23]. Polarization control was technically
realized but the degree of polarization required much
improvement for wide users. The higher degree of polar-
ization can be achieved by a segmented cross undulator
(SCU) that was designed by Tanaka et al. [24—26]. Instead
of two ID units and one PS in the original cross undu-
lator, more than four units (segments) and three PSs are
adopted in the segmented undulator. Despite the promis-
ing performance in polarization controls, construction
and operation of such a complicated light source has been
extremely challenging at a synchrotron radiation facility.
In Japan, we succeeded in developing the world’s first
SCU as an insertion device, “ID07,” at SPring-8 beamline
BLO7LSU [27-29], shown in Fig. 1, and started the user
operation since October 9, 2009. The SCU is composed of
eight undulator units and seven PSs. The undulator seg-
ment is figure-8 or vertical figure-8 undulator and it is
placed alternatively. A figure-8 undulator, Fig. 1(b), gener-
ates soft X-ray beam with horizontally linear polarization
[30], while a vertical figure-8 one, Fig. 1(c), produce that
with vertically linear polarization. It is noted that adop-
tions of the figure-8 type is to reduce heat loads at the
optical axis, which is significant for soft X-ray beamline
optics at a high electron energy ring such as SPring-8.
The light source (“ID07”) can generate various types of
the polarizations, such as linear (arbitrary azimuth angle),
elliptical, or circular (left- or right-handed) polarization
[27]. What is more, we achieved the high-degree of polar-
ization and performed the fast polarization switching
using the EMPSs. The light source has become a powerful
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probe to investigate material science. The optical charac-
ter at the beamline is summarized in Table 1 and details of
the beamline is described in the reference [27]. To achieve
the high optical performance, it has required us to develop
the specialized operation procedures.

In the present review article, we record our operations
and experiments of the novel and complicated light source
of SCU for the coming generations. Followed by the Intro-
duction (Section 1), we describe, the principle, design, and
optimization of the light source in Section 2. In Section
3, we introduce examples of experiments with the polar-
ized soft X-rays that are uniquely operated by SCU [31—
33]. At last (Section 4), we give future prospects with dis-
cussion of the technical improvements of the segmented
undulator [34] and the usage in the advanced experiments.

2 Thelight source
2.1 Principle of radiation from a segmented cross
undulator

First, we consider the undulator radiation from an SCU
under ideal conditions (no emittance and no energy
spread of the electron beam, no error in the magnetic field
of the IDs, and only on-axis X-rays are considered) [24,
25]. The simple model of the SCU is shown in Fig. 2. The
SCU is composed of M segments of IDs, and each segment
has N periods. The odd- and even-number IDs generates
horizontally and vertically polarized X-ray, respectively.
The total number of segments, M is even number. Phase
difference between odd- and even-number (even- and
odd-number) IDs is set to ¢1 (¢2), which is controlled by
PS between IDs. The flux,  and the degree of polarization,
Py, P45, and P of the 1st order undulator radiation from
this SCU is expressed by the Stokes parameters as [25, 35]

I=s5= (WAEI)zSNSM (1)
V2w,
P =s1/s9=0 2)
Prys = $3/s0 = sin(V1w/w1) 3)
Pc = s3/s9 = cos(V1w/w1) (4)
with
sin(@N (@ — w1)/w1))
Sn = |: aN((w — w1)/w1) ] ©)
Sin((M/2) (91 + Wa)w/wr) 1
Sut = [ | ] ©)
(M/2) sin((¥1 + ¥r)w/w1)
W19 = 20N + @12 (7)

where w; and E; are the fundamental energy and the elec-
tric field of the 1st order undulator radiation, and w is
the photon energy. E; in odd- and even-number IDs are
orthogonal, and for ease of discussion, the phase is set to
Ey(odd) = iEy(even) = E; and Ej(odd) = E,(even) = 0.
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figure-8 undulator segment

Fig. 1 Photos of the first segmented cross undulator, “ID07," installed at the University-of-Tokyo Outstation Beamline for Materials Science, SPring-8
BLO7LSU [27]. a A set of the eight ID segments of undulators. b,c Arrays of magnets in b the horizontal figure-8 undulator segment and ¢ the vertical

Sy is the spectral profile of the normal undulator radi-
ation, and Sy represents the interference between IDs.
Looking at the equation, I, which represents the spec-
tral profile, depends on the phase W;+W;, while P45 and
Pc depend only on W;. This can be understood that W;

Table 1 Optical parameters at SPring-8 BLO7LSU

0.25 ~2 keV
>10,000
>10"2 photons s~'(0.01%bandwidth) "

Photon energy
Energy resolution
Photon flux
Polarization control linear, circular, elliptical
Linear polarization 1.0 (horizontal)

1.0 (vertical)

0.94 (left-handed)
0.93 (right-handed)

13 Hz

Circular polarization

Polarization fast switching

controls the polarization by changing the phase between
the LH and LV IDs, while W5 only adds up the undulator
radiation of the same polarization produced by the pairs
of the LH and LV IDs and does not affect the polarization.
Therefore, when controlling polarization by changing W1,
by setting Ws to offset the amount of the change of ¥; and
keeping W;+W, constant, we can control only the polar-
ization without changing the flux. Usually, we need the
maximum flux at the desired energy, and for this case,
Vi +Wy = 2.

Figure 3 shows the energy spectra and Pc for M=4 and
10 with ¢1=¢9=27 and M x N=240. In the SCU, three
peaks are obtained due to the interference. In addition
to the center peak at w; (hereafter referred to as main
peak), two peaks appear on both sides of the main peak at
M=4 and above (hereafter referred to as side peak). When
M =2, which is the original cross undulator configuration,
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Fig. 2 Schematic layout of SCU composed of LH and LV IDs. The blue
and red sinusoidal lines represent the emitted electric field from the
LH and LV IDs, respectively. The phase of the odd and even number
ID segments are shifted by ¢1 and ¢,

no side peaks appear. This is easily understood by the fact
that Sy=1 at M=2. Looking at Pc, we can see that both
main and side peaks have 100% CP. However, the sign of
CP is opposite in main and side peaks.

The explanation so far is based on the results calcu-
lated under the ideal conditions, but the energy spectra
and the degree of polarization are affected (worsened)
due to the neglected factors such as emittance and energy
spread of the electron beam and the finite acceptance
angle of the undulator radiation. In the following, we
examine these contributions by considering a specific
case of installing an SCU into a long straight section in
SPring-8. Ring parameters at the long straight section of
SPring-8 is summarized in Table 2. For each segment ID,
Figure-8 undulators developed at SPring-8 are employed
[30]. ID parameters are summarized in Table 3. Using
these parameters, we calculated the undulator radiation
of the SCU for different combinations of M and N by the
synchrotron radiation calculation code, SPECTRA [36].

©c o @9
> o o

Intensity SySy

e
o

L

AR M M N
-0.03 -0.02 -0.01 0 0.01 0.02 0.03
Relative Photon Energy (w-w,)/w;

Fig. 3 Properties of undulator radiation from an ideal SCU. a Energy
spectra and b degree of CP, P¢ calculated for ¢1=¢,=2m and different
Mand N
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Table 2 Ring parameters at the long straight section of SPring-8

Electron energy 8 GeV
Average current 100 mA
Natural emittance 24 nmrad
Coupling 0.002
Energy spread 1.1x 1073
Bx. By 345m,9.7m
Nx, Ny 0.153m,0m

A drift space, which is the space between IDs, was set
to 0.5 m. The acceptance was set to twice the effective
divergence, o, for both horizontal and vertical directions,
instead of a constant acceptance size, because the o[; varies
with the number of segments, M. ULQ is the convolution of
the natural divergence and the divergence of the electron
beam, /0/2 4+ o'2. The phase ¢; was set to 0.57 to create
CP, and ¢ was set to 1.5 to maximize the flux.

Figure 4 shows the calculated energy spectra and the
degree of CP, Pc for different M and N. The main and
side peaks appear as in the ideal case. However, in the
realistic calculations, Pc is not 1.0, and Pc of the main
and lower-energy side peaks deteriorates due to the tail
of higher-energy peak toward lower energy. In particular,
the effect of the tail of the main peak on the side peak on
the low-energy side is significant. On the other hand, the
side peak on the high-energy side is not affected by the
tail and thus has even higher degree of CP than that of
the main peak. For more quantitative discussion, Pc of the
main peak and the side peak on the high-energy side are
shown in Fig. 5. Pc of the high-energy side peak is obvi-
ously higher than that of the main peak. When the number
of segments is set to 2 (the case of the original cross undu-
lator), only the main peak appears as mentioned earlier,
and Pc is ~0.2, which makes it completely useless in terms
of the degree of the polarization. Pc of the main peak sat-
urates at ~0.9, while Pc of the side peak is >0.9 for more
than 8 segments, and >0.95 for more than 12 segments.
From these results, when the higher degree of the polar-
ization is required, it is better to use the side peak on the

Table 3 ID parameters for the calculations

Type Horizontal and vertical figure-8
Periodic length, Ay 10cm

M x N ~240

M 2,4,6,8,10,12, 14,20, 24,30

N 120, 60, 40, 30, 24, 20,16, 12,10, 8
ey Ky

for horizontal (vertical) figure-8 1.93,341

undulator

haw 700 eV
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Fig. 4 Segmentation effect of SCU. a Energy spectra and b degree of
CP, Pc calculated by SPECTRA for the different combinations of M and

N. The number of segments, M are indicated in a

high-energy side. The number of segments will be deter-
mined by considering the decrease in brilliance due to the
drift space and the increase in Pc due to larger number
of segments. In this case, 8, 10, or 12 segments would be
reasonable.
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Fig. 5 The dependence of the degree of CP |Pc| on the number
segments M. Pc of the main and high-energy side peaks are shown
by the black and red lines, respectively. The energy of the main peak
is independent on the number of segments, and Pc of the main peak
was obtained at the constant energy, w;. The energy of the side peak
varies for the different number of segments, and Pc of the side peak
was obtained at each peak position. The sign of P¢ in the main and
side peak is opposite

Degree of Circular Polarization |Pg|
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Thus, in a real system, the original cross undulator is
useless due to the factors such as the emittance and energy
spread of the electron beam and finite acceptance angle.
This is because the ID pair is too long for undulator radi-
ation from the two IDs to interfere with each other. The
SCU, on the other hand, can set the length of each ID
pair less than the interference distance, thus improving
Pc. The interference distance can be understood as fol-
lows. Considering that the interference determines the
monochromatic nature of the undulator radiation as %2 ~

ﬁ, we can define the effective number of periods, N,

from the actual monochromatic nature, 22 =

. ﬁe“, and
obtain the effective interference distance, Lef = Neff X Ay.
Here, o, is the standard deviation of the peak at w in the
energy spectra. In the present case, Neg =~ 100, and then
Legr 210 m. In the case of M = 4 and N = 60, the length
of the ID pair is 12.5 m, which is longer than the effective
interference distance (10 m), and P¢c is 0.71. In the case of
M =6and N =40, the length of the ID pair is 8.5 m, which
is shorter than the effective interference distance, and thus
Pc is improved to 0.9. The concept of the effective inter-
ference distance can reasonably explain the result of the
calculation and would be a good guideline for designing
an SCU.

We have explained the principle of the segmented undu-
lator for the case of the SCU, where circularly polarized
X-ray is generated by two different linearly polarized X-
ray, but it should be noted that the same principle can be
applied to the case where linearly polarized X-ray is gen-
erated by two helical undulators with the opposite helicity.
In addition, although we have shown a specific example
of SCU for soft X-rays, it is not limited by the energy
region as shown in 2.1, and does not preclude its applica-
tion to the hard X-ray region. However, as shown in [25],
the effect of the emittance is relatively larger in hard X-
rays, so the emittance required to achieve the same level
of performance becomes smaller.

2.2 Design of “ID07” in SPring-8

Schematic layout of “ID07” is shown in Fig. 6. “ID07”
is an SCU consisting of four horizontal and four vertical
figure-8 undulators arranged alternately in a long straight
section of SPring-8 and can generate LH, LV, and CP

D1 [ D2 D3 __ID4 D5 D6 D7__| 108
PS1 PSZ‘ PS3 PS4 PS5 F‘SG‘ Ps7
v,

: Horizontal Figure-8

: Permanent Magnet Phase Shifter

: Vertical Figure-8

: Electromagnet Phase Shifter
Fig. 6 Schematic layout of the SCU installed in SPring-8 BLO7LSU.
Four horizontal and four vertical figure-8 undulators are arranged
alternately with seven PSs between each segment. Two types of PSs
are installed: PMPSs and EMPSs
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Fig. 7 A photo of the phase shifters of two types: a permanent

magnet, PMPS, and b electromagnetic coil, EMPS

(elliptical polarization) by controlling the phase with
permanent magnet and electromagnet PSs (PMPSs and
EMPSs) placed between IDs [27, 29], as shown in Fig. 7.
Eight segmentations were employed considering the bril-
liance and the degree of the polarization. The parameters
of the horizontal and vertical figure-8 undulators are sum-
marized in Table 4. The numbers of periods are different
between the horizontal and vertical figure-8 undulators,
because the length of the vertical figure-8 undulator was
reduced to install special octupole magnets after the
installation of the horizontal figure-8 IDs to keep the
injection efficiency. Two different types of PSs, PMPSs,
and EMPSs are installed in all the seven drift spaces. The
periodic length and the number of the periods for the
PMPSs are 100 mm and 1, respectively. The seven PMPSs
can set the path length independently. The EMPSs, on
the other hand, are designed to be used together with
the PMPSs: first, the PMPSs are used for the static phase
matching, and the EMPSs are used only for fast polar-
ization switch. As explained in the previous section, the

Table 4 1D parameters of horizontal and vertical figure-8
undulators comprising the SCU installed in SPring-8 BLO7LSU

Horizontal Vertical

figure-8 figure-8
Device length (m) 26 2.0
Periodic length (mm) 100 100
Number of regular periods 24 18
Regular magnet length (m) 24 1.8
Minimum gap (mm) 28 20
Maximum gap (mm) 150 150
Peak magnetic fields, By (T) 012 0.68

Peak magnetic fields, B, (T) 0.71 0.15
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phases at PS1, PS3, PS5, and PS7 are modulated in the
same way, and the phases at PS2, PS4, and PS6 are modu-
lated to cancel the phase modulation by PS1, PS3, and PS5.
Therefore, the EMPSs are divided into two groups (odd-
and even-number EMPSs) and controlled by two power
supplies.

In the normal operation of “ID07,” the following three
modes are used to generate LH, LV, and CP. In LH (LV)
mode, ID1, ID3, ID5, and ID7 (ID2, ID4, ID6, and ID8)
are used, and in CP mode, all eight IDs are used. In LH
and LV modes, because the polarization of each ID is the
same, the phase between each ID only changes the flux
but not the polarization. In contrast, in CP mode, because
the LH and LV IDs are used, the degree of CP changes
depending on the phase between the LH and LV IDs. The
energy spectra and the degree of the polarization was cal-
culated by SPECTRA [36] at hw1=700 eV in CP mode
using eight IDs with different phase between the LH and
LV IDs. Figure 8 shows the calculated energy spectra and
the degree of the polarization. When the phase at the odd-
number PSs, ¢; was changed, the sum of the phases ¢; and
@9 at the odd- and even-number PSs was kept 27r. Conse-
quently, the energy spectra are the same for any ¢;. The
best degree of CP is 0.94 at ¢;=0.57, while at ¢;=0.47 and
¢1=0.37, the degree of CP significantly decreases to 0.88
and 0.74, respectively. Because the energy spectra do not
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Fig. 8 Spectra of “ID07." Calculated a energy spectra and b degree of
polarization for “ID07" at fiw1 =700 €V in CP mode using eight IDs. g1
is the phase at the odd-number PSs. The sum of the phases ¢1 and ¢
at the odd- and even-number PSs is 27r. Solid and dashed lines are Pc
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change with the polarization, it is essential to adjust ¢; by
measuring the degree of the polarization. What is worse in
the real operation, if ¢; is not adjusted properly, the polar-
ization of each pair becomes different, resulting in more
chaotic situation. Thus, the precise phase control is very
important to obtain the high degree of the polarization.

2.3 Precise phase optimization

The precise control of the phase is crucial to obtain high
flux all over the energy range with high degree of the
polarization. In this section, we will explain how to opti-
mize the phase in “ID07” to maximize the flux and the
degree of polarization by the PMPSs and how to realize
fast polarization switch by EMPSs.

2.3.1 Static phase control by permanent magnet phase
shifters

In “IDO7, the phase shift between each ID is optimized by
maximizing the flux in LH and LV modes, while the phase
shift is optimized by measuring the degree of the polariza-
tion in CP mode. The conditions of the phase matching in

LH, LV, and CP modes are

LH and LV modes:
pQ) + Any(A) = (mpy +1/2)2 (8)
CP mode:
pP@ + Ach) = (nc £1/4)1 )

where p(g) is a path length induced by PS, g is the gap
of PMPS, A(}) is a path length independent of the gap of
PMPS, such as the path length at a drift section and the
effect of the end magnetic field of ID, A is the fundamental
wavelength of ID, and # is an integer. The addition of 1/2
in LH and LV modes is due to the fact that the magnetic
field polarities of adjacent IDs with the same polarization
(e.g., ID1 and ID3) are inverted with respect to each other.

The phase at PS is optimized based on these conditions.
In LH and LV modes, the phase only changes the flux and
has no effect on the polarization because only IDs with
the same polarization are used. Therefore, the phase dif-
ference can be investigated by measuring the flux, and the
gap of PS can be easily and experimentally determined
in the whole energy range. On the other hand, to deter-
mine the gap of PS in CP mode, it is necessary to measure
the degree of the polarization by some method such as
polarization analysis or X-ray magnetic circular dichroism
(XMCD). However, the polarization analysis and XMCD
require a polarizer and a sample which shows the XMCD
signal for each desired energy, respectively, and hence, it
is impractical to determine the gap of PS in CP mode at
many energies in the entire energy range. Therefore, it is
required to analytically determine the gap of PS for CP
mode using the results of the PS optimization for LH and
LV modes.
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As an example of the PS optimization in LH mode, the
variation of the flux as a function of the PS gap is shown
in Fig. 9. The gaps of ID1 and ID3 were set to hw=980 eV,
and the gap of PS1 was scanned. Since ID1 and ID3 are
both LH IDs, the flux is maximized when the phase is
matched, and the variation of the flux shows a sinusoidal
intensity modulation. Thus, there are multiple PS gaps
satisfying the phase matching equation at a given energy.
By performing similar measurements in the 7w range of
250-2000 eV with other pairs of IDs, we obtain many sets
of g and A satisfying the phase matching equation for all
seven PSs. The result of the PS1 optimization for a pair
of ID1 and ID3 is shown in Table 5. From these sets of g
and A, p(g), Any(X), and npy has to be determined. Since
p(g) was estimated from the measurement of the magnetic
field in PMPS, p(g) was first determined.

When the optimal gaps for a given wavelength, A; are g;1,

gi2s +** &ij» * - » the phase matching equations are
p(gin) + ARy = (n; +1/2)), (10)
pg2) + A) = (i +1) +1/2)A; (11)
and can be transformed to
P&i+1)) — p(gj) = A (12)

Introducing the amount of the phase shift, P;(g) =
27IPT(g), we have

Py, (gig+1) — Pa;(giy) = 2m.

As expected, the phase difference at neighboring g that
gives the maximum flux at a given photon energy is 27,
regardless of the energy. The pairs of g;; and gj(;11) taken
from the results in Table 5 are shown in Table 6. We
approximated p(g) = exp(Ko + Kig + Kg?) and opti-
mized Ko, K1, Ky to satisfy Py, (gij+1) — P (gy) = 27

(13)

”

Photon Intensity (arb. units)

40 50 60 70 80
PS gap (mm)

Fig. 9 Flux from ID1 and ID3 as a function of PS1 gap. The gaps of ID1
and ID3 were set to hw=980 eV, and the gap of PS1 was scanned

w
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Table 5 Optimal gaps of PS1 at each energy determined by maximizing the flux from ID1 and 1D3

Energy  gi gi2 gi3 gia gis gie gi7 gis gio gino gin gin2 gi13
(eV) (mm)  (mm)  (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)  (mm)  (mm)
250 63.500 36.314

275 43.791

300 53.599 35.408

325 65.929 40.881

355 49.711 35519

390 62.093 42.048 32.086

420 49.396 37.001

460 62311 44218 34.691

500 52.346 40.241 32.649

545 65.501 47.628 38114 31.689

570 79.786 53.694 42.165 34.806

610 64.659 48.607 39.568 33.350

665 59.481 46.854 39.012 33372

715 76.870 55.761 45.297 38389 33.220

760 66.038 51.676 43.153 37.157 32532

820 62.295 50.365 42.790 37.250 32923

870 78400 59.261 49.036 42225 37.080 33013

930 74.551 58.082 48815 42431 37.549 33.629

980 66.851 54572 46.863 41.216 36.817 33.186

1035 63.115 52.821 45.969 40.790 36.668 33.253

1095 77.758 61.502 52.260 45.859 40976 37.016 33.725

1140 69.811 57.646 49.988 44.340 39.939 36.290 33.225

1195 66453 56.060 49.145 43928 39.771 36.316 33.368

1255 64.784 55.442 48939 44017 40.007 36.677 33.807 31.320

1310 74.950 61.855 53.823 47953 43403 39.668 36.509 33.779 31.384

1360 70.063 59.375 52.286 46.983 42.747 39.255 36.244 33.655 31.351

1410 66.347 57347 50.985 46.142 42.184 38.888 36.031 33.545 31.337

1460 75.268 63.098 55385 49.703 45.241 41.573 38452 35.760 33373 31.260

1510 71.035 60.893 53.989 48810 44628 4077 38.197 35.621 33.347 31.282

1565 68.484 59.539 53184 48334 44379  41.064 38211 35.706 33514 31.493

1620 77.587 65.462 57.667 51.991 47490 43813 40.672 37.968 35.564 33450 31.519

1675 74.988 64.238 56.986 51.643 47336 43798  40.755 38.118 35.776 33.690 31.804

1725 70.014  61.247 55.005 50.185 46267 42960  40.133 37.620 35411 33405 31.603

1780 79.938 67.854 59.953 54214 49,672 45.961 42.778 40.064 37.629 35.487 33.531 31.775
1835 76.053 65.706 58.595 53320 49.065 45.548 42.522 39.900 37.569 35479 33.593 31.873
1895 73.791 64.476 57.898 52.908 48.861 45456 42.553 39.993 37.729 35.677 33.840 32138
1950 71.464 63.052 57.040 52317 48490 45.231 42429 39.949 37.744 35.753 33.952 32299
2000 79.123 68.314 61.004 55614 51274  47.680 44.623 41951 39.593 37.465 35.560 33.804 32.209
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Table 6 Pairs of PS1 gaps giving phase difference of 27 at a
given energy obtained from the PS optimization with ID1 and ID3

Index Energy (eV) gi (mm) giG+1) (mm)
0 250 36314 63.500
1 300 35.408 53.599
2 325 40.881 65.929
3 355 35519 49.711
4 390 32.086 42.048
5 390 42.048 62.093
6 420 37.001 49.396
7 460 34.691 44.218
8 460 44218 62311
9 500 32.649 40.241
10 500 40.241 52.346
11 545 31.689 38.114
12 545 38.114 47.628
13 545 47.628 65.501
14 570 34.806 42.165
15 570 42.165 53.694
16 570 53.694 79.786
17 610 33.350 39.568
18 610 39.568 48.607
19 610 48.607 64.659

at all the pairs for seven PSs. The optimized p(g) for at
seven PSs is shown in Fig. 10. Although the values of the
optimized p(g) are slightly larger than that estimated from
the measurements of the magnetic field in PS, the opti-
mized p(g) are in good agreement among the seven PSs.

10 L T T T T T T T T T T T T T
Estimation by‘ Magnetfc Field —— i
PS1 ——
T8 PS2 B
£ r PS3 1
< 6 PS4 ———
‘@ | PS5 |
24 PS6 ——
= PS7
=
[a 2
O L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L
30 40 50 60 70 80

PS gap (mm)

Fig. 10 Optimized and estimated p(g) of the seven PSs. Relationship
between gap and path length in PMPSs. The black line indicates the

estimated p(g) from the magnetic field measurements, and colored

lines are optimized p(g)
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Figure 11 shows the phase difference, Py, (gi(+1)) — Pi; (gi)
for the pairs in Table 6 calculated from the optimized and
estimated p(g). Although the phase differences calculated
from the estimated p(g) deviates significantly from 2, the
phase difference calculated from the optimized p(g) are
240.027 for all pairs. Thus, it was confirmed that p(g)
was successfully optimized, and the path length of PS is
determined only by the gap of PS and not affected by the
ID gaps.

The path lengths for A and g obtained from the PS1 and
PS6 optimization in the LH and LV modes were calculated
by the optimized p(g) and are shown as circles in Fig. 12.
A and g obtained from the PS1 optimization was summa-
rized in Table 5. From the phase matching Equation (10),
p@) = (n+ 1/2)A — A(}X), and the dependence of A(}L)
on A is expected to be small, linear relationship with slope
of ~ (n + 1/2) and intercept of ~ A should be found for
a certain n. Accordingly, a set of path lengths for the same
n was estimated and fitted with a line (straight lines in
Fig. 12). The linear fitting is very good, suggesting that
A(A) is constant or linear. The slope obtained from the fit-
ting is shown in Fig. 13. In LH mode, the slope is almost
equal to n + 1/2, while in LV mode, the slope is slightly
different from n + 1/2. When n=4 (n=5) was set to the
smallest integer in the LH (LV) mode, all the points were
connected with best-physically reasonable A(L). Thus, n
was determined for both LH and LV mode. Using these #,
A(L) = (n+1/2)1 — p(g) was calculated and are shown in
Fig. 14. As expected from the fitting results, A (1) is con-
stant, while A,(A) becomes longer at longer wavelength,
which can be understood that the influence of the magnet
field at the end of the vertical figure-8 ID is not negligible
at the small gap.

From the PS optimization in the LH and LV, p(g)
was optimized, and Ap(X) was found to be constant,
while Ap(A) had approximately-linear relationship with

2.3 T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
B Estimation by Magnetic Field -
2.2 -
_ Optimized
21 o % ’ © g g oo © @ |

o
@ O
@ o

P P P

100 150 200
Index

Fig. 11 Accuracy of the optimized p(g). Phase differences of PS1

were calculated by the optimized and estimated p(g) using the pairs

shown in Table 6
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Fig. 12 Path length at the optimal gaps as a function of A. The path length of PS1 (left) and PS6 (right) in LH and LV mode, respectively, are shown.
Calculated values from the optimal gaps are shown in circles. Solid lines are the results of linear fitting

Path Length (nm)
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A. From these results, we determine A. (1) and n. in
CP mode. In the PS optimization for CP mode, the PS
gaps were optimized from polarization and flux mea-
surements at four energies: 298, 398, 708.2, and 740 eV.
In the PS optimization for CP mode, PS1 (PS3, PS5,
PS7) between ID1 and ID2 (ID3 and ID4, ID5 and ID6,
ID7 and ID8) were first optimized by measuring the
degree of the polarization. Next, PS2 (PS6) between ID1-
PS1-ID2 and ID3-PS3-ID4 (ID5-PS5-ID6 and ID7-PS7-
ID8) were optimized by measuring the flux. Finally, PS4
between ID1-PS1-ID2-PS2-ID3-PS3-ID4 and ID5-PS5-
ID6-PS6-ID7-PS7-ID8 was optimized by measuring the
flux. As mentioned before, among the three peaks appea-
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Fig. 13 Slope parameters in the LH and LV modes. (bottom) Slope of
linear fitting of path length vs A plot and (top) difference of slope
from n + 1/2. Squares and circles are the results of the linear fitting,

and the black solid line is n + 1/2

ring in the energy spectra, the degree of CP is the high-
est at the high-energy side peak [27]. Therefore, we first
optimized the CP for the main peak to find out the energy
position of the side peak. Then, the main energy was set
so that the side peak appears at the desired energy, and the
gap of PSs were optimized in the same way.

Figure 15 shows the path length when the gap of PS1
was set to obtain CP from ID1 and ID2. By the same anal-
ysis as for LH and LV mode, . was determined. As shown
in Fig. 15(a), 1. = 2 was estimated to be the smallest inte-
ger. A, for the seven PSs obtained from this 7, is shown
in Fig. 15(b). A, for the even-number PSs is smaller than
that for the odd-number PS. Since the vertical figure-8
undulators are shorter than the horizontal figure-8 undu-
lators, the length of the drift section at the even-number
PS is shorter than that at the even-number PS, and A,
is smaller for the even-number PS. Based on the results
of the PS optimization for LH and LV modes, A.(}) was
determined by linear fitting, assuming that A.(4) also had
a linear dependence on A.

From the analysis of the PS gap optimization for CP
mode, n., and A.(1) have been determined, and the ID
and PS gaps for CP mode in the entire energy range can
be analytically determined. In CP mode, the fundamental
energy of ID has to be offset to use the high-energy side
peak in the energy spectrum of ID to obtain high degree of
CP. The energy position of the side peak at a given energy
can be found from Fig. 2 to be (w — w1)/w1 = 1/2N +
¢1/7). In the case of “ID07) (w — w1)/w1 = 1/2N +
Qr(ne £1/4))/7) = 1/(2(N + nc) + 1/2), and it should
be noted that the energy position of the side peak slightly
changes depending on #n.. However, when n. <« N, the
change in the energy position due to the difference in n,
is negligible, also considering the spectral width. While
the parameters for the ID gap are prepared taking this
into account, the analytically determined parameters for
the PS gap allow the use of CP mode in the entire energy
range.
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In order to confirm the validity of the obtained ID and
PS gaps for CP mode, we measured the energy depen-
dence of the photon flux. In CP mode, the flux does not
give us any direct information about the degree of the
polarization, but by confirming the smooth variation of
the flux with the photon energy, we can evaluate whether
the phase is in the aforementioned chaotic situation or
not. Since we have confirmed that the degree of the polar-
ization at the four energies used for the PS optimization
is comparable to the design value, we can conclude that

the ID and PS gap parameters are reasonable if the flux
curve does not show unnatural intensity changes at the
energies in between the four energies. The measured pho-
ton flux in CP mode is shown in Fig. 16. For comparison,
the flux in LH mode is also shown. The photon flux in
CP mode also shows the smooth intensity change as in
LH mode. In particular, the photon flux in CP mode does
not show any unnatural intensity changes at energies other
than those four energies. The ID energy spectra in CP
mode are shown in Fig. 17. The energies of the side peaks

Path Length (nm)

|
N
T

PS3 PS5 PS7 o
PS4 » PS6 ¢

PST x
PS2

\

(b)

1 2 3 4 5
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Fig. 15 Results of PS optimization in CP mode. a Path length at the optimal gaps as a function of A for PST in CP mode. Calculated values from the
optimal gaps are shown in circles. Red and blue solid lines are the results of linear fitting for nc = 1/4.b A< (1) for the seven PSs calculated from the

optimized p(g) and the determined nc in CP mode
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match the desired energies even for the different # in the
result of hw=708.2 eV, indicating that the ID gap has been
properly determined. Thus, we concluded that the ID and
PS gap parameters for CP mode were well determined by
the analytical method.

2.4 Rotation of linear polarization

The SCU at BLO7LSU of SPring-8 [27] consists of eight ID
segments and seven PSs as depicted in Fig. 18(a). Horizon-
tal and vertical polarization can be produced by selectively
activating corresponding IDs that are positioned alter-
nately (Figs. 18(b) and (c)). In order to produce linear
polarization at a demanded azimuthal angle, we super-

tion. A relative phase difference is controlled by the PS in
between [PS4 in Fig. 18(d)].

The principle of polarization-angle rotation can be
readily understood from the following consideration. The
electric field vector of left and right circularly polarized
light, E1, and Eg, are expressed as follows:

= ()=

When each circular polarization is superimposed with a
relative phase shift of 26, resulting electric field is given by

cos wt sin wt

sin wt (14)

cos wt

impose a set of circularly polarized light with opposite E = (C?s wt) + ( sin (wf — 26) )
helicity. In this operation mode, the front four IDs [Set A] sinwt cos (wt — 20)
are designated to yield right (left) circular polarization and [ 2cos (0 +m/4) sin(wt — 6 + /%) (15)
the rear four IDs [Set B] to left (right) circular polariza- ~ \ 2sin(@ +7/4) sin(wt—0 +7/4) )’
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Fig. 17 Energy spectra in CP mode for different energies. At haw=708.2 eV, energy spectra for different n¢ are also shown
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Fig. 18 Polarization control using an SCU at BLO7LSU of SPring-8 [33]. a Schematic of the undulator composed of eight insertion device (ID)
segments and seven PSs. b,c Production of horizontal and vertical polarization by activating odd- and even-numbered IDs only, respectively. GFO
means the gap full open. d Azimuthal-angle rotation of linear polarization. Circularly polarized light with opposite helicity yielded by the front and
rear four IDs are superimposed with a phase difference set by PS4 in between

The ratio between x and y components,

Ey/Ex = tan(0 + 7 /4),

is independent of time, indicating that outgoing light is
linearly polarized but rotated by 6+ /4 from the horizon-
tal direction. The rotation angle 6 is solely determined by
the relative phase shift, which is controllable in a contin-
uous fashion. Thus, the present SCU can deliver linearly
polarized light at any azimuthal angles on demand from

experiments.

2.5 Dynamic phase control by electromagnet phase
shifters

First, we calibrated the relationship between the current

and the phase shift of EMPS. In LH mode, the gap of

PMPS], i.e., PS1 with PM, was first optimized by the flux

measurement for the pair of ID1 and ID3, and then the

flux was measured by varying the current of EM at PS1,
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Fig. 19 Flux from ID1 and ID3 as a function of the current of EMPST.
hw =600 eV and hw = 950 eV were chosen

(16)

i.e, EMPS1 (Fig. 19). hw=600 eV and hw=950 eV were
chosen. The path length was calculated assuming that the
phases at local maxima and minima are 2n7 and (2n+1)7,
respectively (Fig. 20). The fitting with a quadratic function
was very good, and we obtained a calibration curve of the
EMPS. Since the phase shift in the EMPS is proportional
to the square of the current, the required current mod-
ulation becomes smaller if the current is modulated at a
higher current. Therefore, for the fast polarization switch,
the current is modulated around 25 A in “ID07”

For the fast polarization switch, how to set the gap of
PMPSs and EMPSs is explained below. In the fast polariza-
tion switch, the phase is modulated with +/2 at around

14
121

—
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Fig. 20 Path length of EMPST as a function of current. The black line is

the fitted
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the current of 25 A. For example, at 700eV, based on the
relationship in Fig. 20, the oscillation of 25+ ~ 0.59 A is
required to obtain the amplitude of /2 or A/4 at 25 A.
The pattern of this AC current is shown in Fig. 21. By
making the amplitude very small, the requirements on
the switching power supply becomes relatively low. As
shown in Fig. 22, it would be easy to understand that the
phase of the LH and LV polarization is aligned without
the phase modulation, and the polarization is set to 45°
linear polarization. In this setting, the phase modulation
of £ /2 continuously switches the polarization from 45°
linear polarization to left and right CP via elliptical polar-
ization. To set up the PMPSs and EMPSs in this way, first
the current of EMPSs are set to the center value of the
modulation. Then, PMPS1, PMPS3, PMPS5, and PMPS7
have to be set to generate 45° linear polarization in pairs
of ID1-1D2, ID3-1D4, ID5-ID6, and ID7-1D8, and PMPS2,
PMPS4, and PMPS6 are set to maximize the photon flux,
resulting in 45° linear polarization by eight IDs. For the
polarization switch, EMPS1, EMPS3, EMPS5, and EMPS7
oscillate the phase by £ /2. This results in the polariza-
tion modulation in each ID pair as shown in Fig. 22. At the
same time, EMPS2, EMPS4, and EMPS6 should be modu-
lated to keep @1 +¢2 = 27 by canceling the modulation by
EMPS1, EMPS3, EMPS5, and EMPS7. “ID07” allows such
polarization switch at up to 13 Hz. This continuous polar-
ization modulation is the main feature of the polarization
switch by the SCU.

Here, we will discuss the effect on the electron orbit and
the light source position during the polarization switch-
ing in SCU. From the results of the off-line measurements
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Fig. 21 Current modulation pattern at 700 eV
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Fig. 22 Schematic representation of the fast polarization switch

realized by the SCU

[29], the deviation angle during the switching was evalu-
ated to be much smaller than the beam divergence, and
no influence on the electron orbit was expected. After
installing into the ring, the scheme of the orbital correc-
tion has been improved and the disturbance to closed
orbit distortion is now under detection. On the other
hand, in the case of the polarization switching for a twin-
helical undulator combined with kickers, for example,
ID25 in SPring-8 inevitably disturbs the COD by a few
pum. Concerning the source position, in the SCU, it is the
phase that the EMPS changes, and since the light source
positions of the eight IDs do not change at all, the posi-
tion of the light source obtained from those eight IDs does
not change at all during the switching. This is in contrast
to the switching with the kickers, where the polarization
is changed by switching the IDs placed at different posi-
tions that produce different polarizations, so the position
of the light source is generally shifted by the order of
meter. Recently, a different approach for the faster polar-
ization switching was proposed [37], but this also changes
the light source position during the polarization switch-
ing. It should be emphasized that the advantage of the
SCU is that the effect on the electron orbit is very small,
almost negligible, and that the position of the light source
does not change.

3 Examples of unique experiments

Synchrotron radiation has various advantages and offers
highly brilliant, energy-tunable, and polarized X-ray. The
beam has become indispensable probe for a wide vari-
ety of experiments and applications. Among a numerous
number of the methods, developed at the synchrotron
radiation facilities, X-ray absorption spectroscopy (XAS)
is the most fundamental one in the soft X-ray region [5, 7].
An experiment of XAS is made by measuring amount of
the light absorption of a sample typically at the absorp-
tion edges of the composing elements. The spectral data
directly reflect electronic structure of a matter and the
polarization dependence further reveals the microscopic
picture, such orbitals and spins of the electronic state.
XMCD is well known as a measurement using the polar-
ization switching, and we have also demonstrated the
power of the polarization switching of ID07 to detect the
very weak XMCD signal. We have confirmed that XMCD
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of ~0.1% XMCD signal, which could not be observed by
the static measurement, can be observed by using polar-
ization switching. In this section, we introduce examples
of the XAS experiment with the unique polarization con-
trols by SCU.

3.1 Soft X-ray magneto-optical spectroscopy

A well-known example of the polarization-dependent
XAS experiment is a measurement of XMCD [5, 38—41].
XMCD data are obtained by difference of XAS spec-
tra taken at opposite helicity of circularly polarized light
at absorption edges of magnetic elements. On the other
hand, irradiation of linearly polarized light on a mag-
netic sample results in magneto-optical Kerr or Faraday
effect. The magneto-optical Kerr effect (MOKE) is reso-
nantly enhanced when the probing photon energy is tuned
at the absorption edge (X-ray MOKE, XMOKE) [31, 42].
These magneto-optical spectroscopies with soft X-ray
provide magnetic information of a sample with element-
selectivity. Polarization controlled undulator, such as
APPLE-II, allows us to make such an experiment of
XMCD or XMOKE. On the other hand, SCU is able to
make simultaneous measurements of both XMCD and
XMOKE that leads to quantitative determination of the
element-specific complex permittivity. The experiment
carried out by a combination of the fast polarization
switching and a measurement geometry of MOKE. Thus,
we begin the description by recalling experimental proce-
dure of RMOKE of a magnetic sample.

Figure 23(a) presents the geometric setup for an exper-
iment of longitudinal MOKE (L-MOKE), performed at
SPring-8 BLO7LSU [31]. A sample, the magnetic het-
erostructure of Ta/Cu/Fe/MgO, was illuminated by the
s-polarized light at an incident angle (¢p;) of 80° with
respect to the surface normal. A magnetic field was
applied along the in-plane direction since the buried Fe
nanofilm has an in-plane easy direction of magnetization.
In MOKE, the reflected beam changes its polarization
axis and the rotation angle corresponds to the magneto-
optical Kerr rotation angle, 6. A measurement of 6y is
made by the rotating-analyzer ellipsometry (RAE). A unit
of RAE rotates with x around the beam axis and it is
composed of an analyzer (multilayer mirror) and a detec-
tor (microchannel plate). Figure 23(b) plots variation of
intensity at the detector with x. The 20; value is deter-
mined from the angular difference in the ellipsometry
curves taken at the opposite magnetic fields. As shown
in Fig. 23(c), a spectrum of 6; of the buried Fe nanofilm
was taken at the Fe Lj 3 edges, resulting in negative (—18°)
and positive (7°) values at the L3 and Lj absorption edges,
respectively.

An SCU at SPring-8 BLO7LSU is composed undulator
segments of horizontally and vertically linearly polarized
light. The SCU source is capable to make polarization
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Fig. 23 Soft X-ray MOKE experiment [31]. a A measurement setup of
the L-MOKE measurement with a unit of the rotating-analyzer
ellipsometry (RAE), which consists of an analyzer (multilayer mirror)
and a detector (multi-channel plate). b Intensity variation at the
detector with rotation angle, x, of the 30-nm-thick Fe film taken at hv
=710eV (Fe L-edge). The red and blue solid lines represent the data
taken under the magnetic fields of magnetic flux density at +0.3 T
(+B) and —0.3 T (—B), respectively. The magneto-optical Kerr rotation
angle, Bk, can be determined from 26 = 6(—B) — 6(+B). ¢ A spectrum

of O of the Fe nanofilm at Fe L, 3 edges

switching continuously [32]. Figure 24(a) shows a rela-
tion between the phase modulation (—/2 — 7/2) and the
light polarization at a frequency of pg. The phase retar-
dation varies periodically by §=(7)sin2mpkt. The light
polarization changes continuously from linear to right-
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Fig. 24 Polarization switchings for the magneto-optical effects [32]. a
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and t represent the modulation frequency and time, respectively. The
polarization of light with retardation § varies sequentially: skew
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SL. b, € Schematic drawing that describes why the px and 2pk
components represent MCD and the Kerr rotation, respectively.
Projections onto the x-axis of the electric field, reflected from samples
b with MCD and ¢ with the Kerr rotation

or left-handed circular. Using this polarization-modulated
beam in magneto-optical experiments, the ellipticity (ex)
appears in signals at the px frequency by the magnetic
circular dichroism (MCD), while the Kerr rotation angle
(Bk) at the 2pk frequency by the optical rotation. Con-
sequently, XMCD (ex) and XMOKE (fx) are measurable
simultaneously by extracting the px and 2px components
in the reflection intensity.

At the RAE geometry of the s-polarized light configura-
tion (x = m/2, Fig. 25(a), intensities at the detector, 1(0),
I(pr), and I(2pg), are described as follows:

10) = G [1+62 + €2 +2000(x/2]  (17)

I(px) = 4Csep)1(/2) (18)
12pK) = 4Cs0)2(r/2) (19)

where C; is a constant for the s wave and J,(7r/2) is
the nth order Bessel function at 7 /2. In the p-polarized
light configuration (x = 0, Fig. 25(b)), the intensities are
given as:
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10) = G [ 1+ 6 + > +26Do/n)]  (20)

I(pK) = 4CyetJ1(/2) (21)
12pK) = 4C,00a(/2) (22)

where C, is a constant for the p wave. Details of the
equations are described elsewhere [32].

Figure 25 summarizes results of the simultaneous mea-
surement of 6; and ¢, for the Fe nanofilm, obtained from
1(0), I(px) and I(2pg) [32]. The ac current at the EMPS
was set at 25 + 0.588 A and frequency px = 12.987 Hz.
A phase shift of 7/2 corresponded to the current of
0.588 A. The spectra are inverted between s and p wave
configuration. The 6; spectra in Fig. 25 is consistent with
the 6 spectrum in Fig. 24. Thanks to the high-sensitive
measurement by the lock-in detection by the frequency
modulation, fine spectral features can be measured in the
spectra in Fig. 25. The 6; and €; spectra appear to be
derivatives of each other, which is consistent with the rela-
tionship expressed by the Kramers-Kronig relations. One
can compare results of Fig. 23(c) and Fig. 25 that were
taken by the conventional/static measurement and by the
switching experiments with the lock-in detection, respec-
tively. The novel approach significantly reduces the mea-
surement time, increases the datapoints, and improves the
signal-to-noise ratio.

A combination of the 6; and ¢, values benefits determi-
nation of the complex permittivity, ., of the Fe nanofilm
[32], as shown in Fig. 26(a). The Kramers-Kronig relations
is confirmed again between the real and the imaginary
parts. For a comparison, the permittivity of bulk Fe (bcc)
was calculated based on first-principles within the KKR
formalism (Fig. 26(b)). One can find good agreement
between the experimental and theoretical &4, spectra. The
present method with the polarization control by SCU reli-
ably outputs the off-diagonal component of permittivity
in the SX region and the apparent reproduction from
the first-principles calculation indicates that it is useful
in evaluating the spin-polarized electronic structure of
materials. Through a deep comparison, the dip in the
Im curve and the peak in Re curve at the L3 edge were
additionally found in the experimental &4, spectra. The
spectral feature is due to the interference effects and it
further carries information non-uniform properties of a
sample, such as nano-structures and interfaces [32].

3.2 Near-edge X-ray absorption fine structure

Among modern X-ray techniques, near-edge X-ray ab-
sorption fine structure (NEXAFS) has been recognized
as a canonical tool to determine orbital configuration
of materials [8]. From the intensity, width, and energy
position of absorption peaks, one can obtain essential
information about chemical bonds such as species, length,
and orientation. Recent years have witnessed application
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of NEXAFS to diverse systems, ranging from bulk crys-
tals [43] to mono-layer sheets [44, 45] and chemisorbed
atoms and molecules at a surface [46]. Being indispensable
for condensed-matter physics/chemistry and surface sci-
ence, NEXAFS has now been developed into a new direc-
tion to combine with nano-scale imaging and operando
experiments [47—-49], which will allow us, for example, to
optimize functionalities of molecular nano-devices.

The cross section o of X-ray absorption from a state |i)
to |f), under the dipole approximation, is described by the
Fermi’s golden rule,

o o |{f IE - pl i)

where E is the electric-field vector and p is the momentum
operator of electrons [8]. Let us assume that the absorp-
tion occurs at the K-edge of light elements like C and
N. In such cases, the above matrix element is reduced
to a function of the angle between final-state 2p-orbital
orientation and incident-light polarization [8]. One can
therefore determine the orientation of unoccupied, anti-
bonding orbitals by inspecting the angular profile of the
absorption intensity either with rotating samples or light
polarization. Due to the difficulty of rotating linear polar-
ization, a conventional approach has been to change the
sample polar angle as shown in Fig. 27(a). One shortcom-
ing of this method is the deviation of beam spot due to

2

, (23)

inevitable misalignment of the rotational center. Whereas
uniform samples with reasonably large area are measur-
able, unreliability of the spot position hampers measure-
ments of small-size crystals or nano-structured devices.
Moreover, under operando condition, the movement of
the sample itself is severely constrained. To meet a grow-
ing demand to study nano-structured functional devices
in various conditions, therefore, the development of an
alternative method is desired for carrying out NEXAFS
measurements.

In this section, we describe the implementation of rota-
tional linear polarization at SPring-8 BLO7LSU by use
of an SCU, which enables NEXAFS measurements while
totally fixing the sample position and angle (Fig. 27(b)).
Its operation principle and recent application to a NEX-
AFS measurement of hexagonal boron nitride (h-BN) are
presented [33].

To demonstrate the feasibility of NEXAFS measure-
ments using rotational linear polarization, we here present
our recent NEXAFS study on h-BN [33], a typical two-
dimensional material. Figure 28(a) and (b) display the
results of conventional N K-edge NEXAFS measurement
conducted at room temperature by varying sample polar
angles(Fig. 27(a)). When horizontal polarization is used,
the spectra obtained at grazing (80°) and normal inci-
dence exhibit sharp contrast in the peak intensity at
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Fig. 26 Determination of the soft X-ray complex permittivity [32].a
Experimental spectra of the complex permittivity, &, for the Fe
nanofilm at the L-edge. Solid (red) and open (blue) circles represent
the real and imaginary parts, respectively. b Calculated e, spectra of
bulk Fe (bcc) at the L-edge by the first-principles calculation. Red and
blue lines represent the real and imaginary parts, respectively

401.5 eV and 408.0 eV (Fig. 28(a)). From the matrix ele-
ment in Equation 23, grazing (normal) incident light is
supposed to promote electrons into the 2p 7 * (o*) orbital,
which is pointing out-of-plane (lying in-plane). We hence
assign the peak at 401.5 (408.0) eV to the transition into
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the 7* (0*) orbital. On the other hand, relative peak inten-
sity does not depend significantly on the incident angle
when vertical polarization is selected (Fig. 28(b)). This
observation is in accord with the electric-field vector of
the vertical polarization lying always in-plane.

Having acquired reasonable results from the conven-
tional NEXAFS, polarization-rotation NEXAFS measure-
ments (Fig. 27(b)) were attempted at fixed incident angle
and photon energies. The red curve of Fig. 28(c) repre-
sents the absorption intensity at 401.5 eV (7* orbital),
measured with grazing incidence. In this geometry,
azimuthal rotation of the polarization vector changes its
in- and out-of-plane components with respect to the sam-
ple. The absorption intensity is thus expected to show
a cos’6 dependence [8]. The intensity oscillation with
a periodicity of w— observed in Fig. 28(c) — therefore
assures that the polarization angle is under control as
designed. Upon swapping left and right circular polariza-
tion, i.e., reversing the relative phase difference, the same
occurs to the intensity maxima and minima [33]. This can
be understood by considering the operation & — —6 in
Equations 15 and 16, which converts vertical polarization
(6 + /4 = /2) to horizontal one (6 + 7 /4 = 0).

Turning to the absorption into the o* orbital (the blue
curve in Fig. 28(c)), one finds intensity oscillation of the
same periodicity but with the rotation angle shifted by
/2. This is in perfect agreement with the switch of the
target orbital, from 7* to o*. At the normal incidence,
the signal is virtually insensitive to the rotation of the
polarization vector in all the conditions [33]. This result
is again consistent with the fact that the polarization vec-
tor has an in-plane component only, irrespective of the
polarization angle, in the normal-incidence condition. In
summary, Fig. 28(c) shows the central results from the
rotational NEXAFS measurement, highlighting clear con-
trast between o* and 7* orbitals. This kind of plot pro-
vides thorough information about the orbital orientation

(2)

angle of linear polarization while fixing the sample position and angle

Fig. 27 Measurement setup of NEXAFS. a Conventional method where the sample polar angle is varied. b Our approach to rotate the azimuthal

(b)

Sample
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and hence will serve for determining precise electronic
configuration of the sample.

4 Future outlook
4.1 Phase Interferometric Ensemble of APPLE-type
undulator

A concept of an SCU can be extended to adopt the
APPLE-II undulator as their segments. The detailed
design and a simulation of the optical performance were
reported by Matsuda et al. [34]. At an electron storage ring
of the low-emittance (e=1nm-rad) ring, the SCU can have
total length of 4 m and it is composed of four undulator
units and three PSs, as shown in Fig. 29. Compared to the
SCU developed at SPring-8 BLO7LSU, a segmented undu-
lator of the Phase INterferometric Ensemble of APPLE
(PINEAPPLE) undulator is much compact and generates
soft X-rays with much varieties of the light polarization
thanks to ID segments of the APPLE-II undulator.

As mentioned in the introduction, under the ideal con-
ditions, the degree of the polarization is 100% even for
the four-segmented undulator as shown in Fig. 3. How-
ever, in reality, the emittance value is practically so large
that a degree of the polarization is consequently lower, as
shown in Figs. 4 and 5. Thus, more segments are required
in a typical synchrotron radiation ring. Therefore, the low

phase shifter

M) — e

#1 #2 #3 #4
segments

Fig. 29 Schematic drawing of a new type of the SCU [34]. The light
source is composed of four undulator (ID) units and three PSs
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emittance ring is very desirable for the segmented undu-
lator, where higher degree of polarization can be obtained
with the fewer segmentation.

The flux and Pc for the same parameters as in [34]
except for the emittance are shown in Fig. 30. The accep-
tance is 20 x 20 of the side peak around 717 eV at each
emittance. The larger the emittance, the larger the effect
of the tail on the lower-energy side, and the degree of
the polarization is severely deteriorated. Figure 31 shows
the maximum Pc of the side peaks for different emit-
tance and acceptance. As the emittance is reduced from
100 nmrad to 10 nmrad and from 10 nmrad to 1 nmrad,
the degree of the polarization becomes much better, and
at 1 nmrad, the degree of the polarization is almost close
to the diffraction-limited value at 0.1 nmrad. Thus, the
lower emittance is directly related to the improvement
of the degree of the polarization, which shows the good
compatibility with the segmented undulator for the next
generation ring.

Figure 32 lists examples of polarized X-rays, produced
by various combination of polarization modes in the
APPLE units. In a configuration of an SCU, circular polar-
ized light is generated with the horizontal linear undu-
lators (#1 and #3) and the vertical linear undulators (#2
and #4). Since the individual segments simultaneously
generate the intense higher-order beams of the linearly
polarized light, higher order (e.g., third order) circular
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i 1 nmrad — |
X 4 10 nmrad —— |
xo 3 A\ 100 nmrad .
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Fig. 30 Emittance effect on the energy spectra and the degree of CP.
a Energy spectra and b degree of CP, Pc calculated by SPECTRA for
the different emittance
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polarized light can be produced, extending available pho-
ton energy range for experiments at a beamline. This
optical feature is sharply contrast to a conventional helical
undulator that has limited to use only the photon energy
range of the first order light. Adopting the PSs with elec-
tromagnetic coils, unique switching mode, described in
the previous section, can be operated.

Linear polarized light is generated with the helical (+h)
undulators (#1 and #3) and the opposite helical (—h)
undulators (#2 and #4). Since the higher order beam from
a helical undulator is negligible, the linearly polarized soft
X-ray is intrinsically used only for the first order beam.
This has an advantage of suppressing the high-order light
and reducing the heat load at the on-axis beam that often
becomes problems for a conventional linear undulator. A
unique polarization mode of the angular rotation of the
linear polarization can be operated as described in the
previous section.

The segmented undulator with the APPLE units, of
course, is flexible to take a configuration in which all the
segments are the same type: for example, circular polar-
ized light by four helical (+h) undulators (#1-#4) or linear
polarized light by the four linear (horizontal) undulators
(#1-#4). The optical performance is equivalent to a long
undulator that is solely a helical or linear undulator.

Beside a list in Fig. 32, the APPLE undulator segment
leaves a possibility of combining a different set of polar-
ization modes. For example, a researcher can set one type
of segment in helical mode and the other in linear mode.
This configuration allows us to generate photon vortices
and also to characterize the topologically polarized modes
[50-53]. Higher harmonics, produced by a helical undu-
lator, are known to have a singularity at the center of the
beam and carry orbital angular momentum (OAM) that
can be defined by the topological numbers. Recently, a
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Fig. 32 A list of polarization examples that are prepared by combinations of polarization modes in the units of a segmented undulator (U) [34]. A

soft X-ray photon beam with OAM was observed in the
second harmonic off-axis radiation of the helical undula-
tor. Generation of the photon vortex was demonstrated
by detecting a spiral pattern of photon intensity that is
the result of interference between the second harmonic of
the helical undulator and the fundamental light of the pla-
nar undulator. Therefore, the combination of helical and
planar units within a segmented undulator can generate
and, at the same time, characterize photon vortices for the
beamline experiments, such as imaging of the topological
samples [54].

4.2 Towards 1 kHz switching

The maximum frequency of the polarization switching at
SPring-8 is currently 13 Hz, which is limited by an oper-
ation policy of the storage ring. As for the performance
of the EMPSs itself, we have already confirmed in off-line
experiments that the disturbance to the electron trajec-
tory should be small enough up to 50 Hz as shown in [29],
and in principle, we believe that the polarization switching
at this frequency can be realized soon. The reason why the
frequency is limited to 13 Hz in the operation is to ensure
the smooth commissioning and stable operation of the
ring. In order to increase the frequency towards 1 kHz, it
is necessary to prepare the powerful and accurate switch-

ing power supply and examine the effect of eddy current
on the chamber. The faster the polarization switching,
the larger the self-inductance, and the more power is
required, indicating the more difficulty to achieve the
accurate current control. These will require careful prepa-
ration and adjustment and may require a development.
In addition, the performance of EMPSs at fast switching
will be confirmed at the off-line experiments, but it will
be necessary to monitor whether the electron orbit is not
really disturbed by the fast switching. This means that the
sampling frequency of the electron beam position mon-
itor should be higher than the switching frequency with
enough accuracy. The fast switching such as 1 kHz can
only be achieved through comprehensive development of
the ring, not just ID, and we believe that continuous devel-
opment is necessary for the faster polarization switching
in the future.

4.3 Application in soft X-ray free electron laser

The present segmented undulators offer a promising
application of polarization control for a soft X-ray free
electron laser (SXFELs). The regulation has been a cen-
tral issue in XFEL technology because there is no suitable
polarizer at this photon energy region, which is in con-
trast to a case of the hard X-ray FEL [9]. Recently, there
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has been reports of design and demonstration of polar-
ization control by a cross undulator for soft X-ray FEL in
the saturation regime at FERMI@ELETTRA [17-21]. The
research has shown schemes for full and rapid control of
X-ray polarization in a high-gain FEL. It is worth men-
tioning that a PS, controlled by EMPS, can be operated at
50 Hz. Since a SXFEL basically generates optical pulses at
order of 10 Hz, e.g. 10-60 Hz, installation of the PS should
make switching at any polarization mode at each SXFEL
shot [29]. A combination of SXFEL with a cross or SCU
will definitely provide much sophisticated and extensive
experiment with the soft X-ray pulses.

4.4 Advanced experiments

This review article has shown that SCU allows us to
change the soft X-ray beam at any polarization mode with
fast-switching. An SCU has also advantage to keep a posi-
tion of the light source during the polarization control.
This important property of the light source makes the sta-
ble beam positioning at the beamline and the good com-
patibility with recent techniques of nano-focusing, spatial
imaging, and spectromicroscopy [47-49]. Furthermore,
the measurements can additionally be high-sensitive by
combining with the lock-in amplification techniques by
introducing the defined current into an electromagnetic
coil in PS [29, 31]. Thus, a user station at the SCU beam-
line promisingly becomes a new platform for operando
experiments to detect a faint dynamical change in a non-
uniform functional material, such as catalysts, nanode-
vices, or biomaterials.
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