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An extremely high resolution flat field type slit less soft x-ray emission spectrometer has been
designed and constructed for the long undulator beamline BL07LSU in SPring-8. By optimizing
the ruling parameters of two cylindrical gratings, a high energy resolution E < 100 meV and/or
an E/E ∼ 10 000 are expected for the energy range of 350 eV – 750 eV taking into account
the broadening by the spatial resolution (25 μm) of a CCD detector. A coma-free operation mode
proposed by Strocov et al., is also applied to eliminate both defocus and coma aberrations. The
spectrometer demonstrated experimentally that E/E = 10 050 and 8046 for N 1s (402.1 eV) and Mn
2p (641.8 eV) edges, respectively. © 2012 American Institute of Physics. [doi:10.1063/1.3680559]
I. INTRODUCTION

In this decade, soft x-ray emission (SXE) spectroscopy
has attracted much attention because of its high potential
for probing the electronic states of a wide range of materials such as wide gap insulators, superconductors, correlated transition metal oxides, and rare earth compounds.1, 2
The use of photon polarization in SXE provides quite unique
and valuable selection rules for orbital symmetry and/or
spin states.1, 3 Moreover, recent advances in energy resolution of SXE spectroscopy4–8 enable us to observe low energy
(<0.5 eV) excitations. With the energy resolving power well
above E/E ∼ 5000, extremely low energy excitations below 100 meV can be probed, such as element- and symmetryspecific electronic,9 vibrational,10 magnon,11 spinon,12 and
orbiton13 excitations that cannot be accessed by other methods. This potential of SXE benefits studies on unexplored
electron and spin based materials. The target is also extending to liquids,14–17 electrolytes,18 corrosions19 and so on. The
ultrahigh resolution SXE also can be applied to characterize inhomogeneous systems including liquids that have many
chemical states and/or different coordinations whose binding
energies are distributed within 100 meV.
In view of the above potential, we have designed and constructed an SXE spectrometer that features an ultrahigh energy resolution E < 100 meV and/or E/E ∼ 10 000 in
the range of 350 eV – 750 eV. The spectrometer was installed
at BL07LSU20 in SPring-8 where SXE with polarization correlation could be performed using more than 99% linear polarization in both vertical and horizontal directions as well
a) Author to whom correspondence should be addressed. Electronic mail:

yharada@sr.t.u-tokyo.ac.jp.
0034-6748/2012/83(1)/013116/6/$30.00

as left- and right-handed circular polarization of the incident
beam. To achieve the ultrahigh resolution SXE, we have considered the following three points:
(a) Realizing an extremely small spot size for the incident
beam at the sample position.
(b) Using short entrance and long exit arms for the grazing
incidence flat field type optical mount spectrometer7, 21
which achieves high detection efficiency and high energy
resolution.
(c) Applying the simplified coma-free operation mode proposed by Strocov et al.22
In this paper, we describe the design concepts, numerical
optimization of the optical parameters and preliminary SXE
results demonstrated for N 1s edge (402.1 eV) of hBN and
Mn 2p edge (641.8 eV) of MnO.
II. DESIGN OF AN ULTRAHIGH RESOLUTION SXE
SPECTROMETER SYSTEM
A. Extreme focusing of the beam at the sample
position

The size of the emission spot should be minimized to increase the energy resolution of wavelength dispersive spectrometers. Conventionally an entrance slit is used to minimize the size of the emission spot and to fix the entrance arm
length from the light source to the grating center. However,
when placed far from the sample, the slit severely reduces
the acceptance angle, while when placed very close to the
sample it seriously disturbs sample handling. To avoid this
inconvenience, we have applied extreme focusing of the incident beam at the sample position and removed the entrance
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slit. We can apply this method by virtue of the position stability of the light source at the exit slit in BL07LSU.20 We
have applied refocusing mirror optics instead of a Fresnel
zone plate in order to gain photon flux at the sample position.
Figure 1 shows the optical layout of the refocusing optics.
Two plane elliptical mirrors are aligned in a Kirkpatrick-Baez
(K-B) configuration23 with which an aberration free elliptical
spot can be obtained at the focal position. To obtain a vertical
spot size of less than 1 μm on the sample and to maximize
the gain of the photon flux by fully opening the exit slit (S2
> 100 μm), the demagnification factor is set to L1 #2 /L2 #2
> 150. This condition corresponds to L2 #2 ≈150 mm for an
entrance arm length L1 #2 = 23 m. Thus the vertical refocusing mirror is installed in the measurement chamber. The focal
size in the horizontal direction is chosen at around 15 μm by
the ratio L1 #1 /L2 #1 ∼ 18 since less than 5 μm results in significantly high optical density (>1019 photons/s/cm2 ) at the
sample position which may easily break a thin SiN membrane
window that separates atmosphere and ultra-high vacuum for
liquid and gaseous measurements, while for more than 30 μm
it requires quite precise alignment of the spectrometer parallel
to the elliptical spot.
Table I summarizes design parameters for the refocusing optics. A symmetric elliptical profile at the focal point
was obtained using the ray tracing program code SHADOW
(available at http://www.nanotech.wisc.edu/shadow/). A vertical spot size of less than 1 μm is expected for an exit slit
width of 40 μm where the energy resolving power of the light
source is E/E ∼ 10 000 at 600 eV.

B. Three-dimensional beam monitoring system

The size and profile of the focal spot on the sample deteriorate even when displaced 0.2 mm from the focal length,
because of the narrow focal depth resulting from the large demagnification factor. We installed a three-dimensional monitoring system for rapid and precise alignment of the sample
surface to the focal point. The layout of the system is depicted
in Fig. 1. The measuring point is monitored by using an onaxis camera system24 equipped with a flat (mirror accuracy
< 2μm) on-axis reflection mirror having a 3 mm pinhole in

FIG. 1. (Color online) Optical layout of the refocusing optics for the incident
beam. To achieve extreme focusing, the vertical focusing mirror was installed
#2
#1
#2
in the sample chamber. Optimized parameters L #1
1 , L 1 , L 2 , L 2 are shown
in Table I. Lines I and II indicate camera positions for three-dimensional
monitoring of the sample position. Line III indicates on-axis monitoring of
the transmitted beam. Typical screen shots of these cameras are also shown.
(See Sec. II B.)

the center to transmit the incident beam and a zooming camera to obtain 20 μm resolution image on the sample (line II
in Fig. 1). The beam position on the sample can be detected
as a bright spot on a GaN single crystal placed at the same
focal length as the sample (line III in Fig. 1). The focal position along the beam can be determined by simply cutting the
beam using a ‘knife edge’ of the GaN crystal and monitoring
quenching process of the beam image on another GaN crystal
put on a viewing port along the beam axis. When the image
disappears simultaneously from both up and down sides, it is
the focal point. Then the focal position is marked in a monitor placed in a plane normal to the incident beam (line I in
Fig. 1). Finally the measuring point on the sample is adjusted
to the focal position as well as the beam position monitored
by the on-axis camera system. The accurate spot size is measured using two-dimensional scanning of a 1 μm pinhole with

TABLE I. Design parameters for the refocusing optics.
Name
Focus
Deflection
Shape
Substate
Dimension
Focal parameter

Slope error

Incident angle
Incident arm length (L1 )
Exit arm length (L2 )
Major axis (a)
Minor axis (b)
Center of mirror
Longitudinal
Sagittal

Unit

Mirror 1

Mirror 2

mm
deg
mm
mm
mm
mm
mm
arcsec
arcsec

Horizontal
Horizontal
Plane elliptical
SiO2
250(L) × 30(W)
89
22 000
1200
11 600
89.672
10 400
<0.2
<0.5

Vertical
Vertical
Plane elliptical
SiO2
200(L) × 30(W)
89
23 050
150
11 600
32.452
11 450
<0.5
<1
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They have all been used quite successfully and in full operation for liquid and gaseous SXE studies16, 27–32 at BL17SU
in SPring-8. With all these advantages, we have modified the
size of the spectrometer and optimized the ruling parameters
of the grating to achieve the energy resolving power E/E ∼
10 000 in the energy range of 350 eV – 750 eV.
We set the initial goal to achieve the energy resolving
power E/E ∼ 10 000 at 600 eV. Since the absolute energy
resolution was limited by the spatial resolution of the CCD
detector,5, 6 we considered the following two steps:
FIG. 2. Technical developments to achieve high energy resolution and high
detection efficiency in a flat field type soft x-ray emission spectrometer.12

an AXUV 100 silicon photodiode supplied by IRD Inc. Since
the SXE spectrometer is designed to realize E/E = 10 000
for the vertical spot size 2 μm, the alignment tolerance of the
sample position to the focal length is estimated to be approximately ± 0.1 mm, which is readily adjustable by a conventional translation stage.

C. Optimization of optical geometry and grating
parameters of the SXE spectrometer

The optical design of the SXE spectrometer is based on
previously developed grazing incident flat field spectrometers
using a varied line spacing (VLS) grating that compromises
high energy resolution and high detection efficiency.7, 21
Their features are summarized in Fig. 2. The optics of the
spectrometer has no entrance slit. A back illuminated charge
coupled device (CCD) with a pixel size of 13.5 μm cooled
with liquid nitrogen is employed as a soft x-ray detector.
The focal curve inclination to the normal of the exit arm is
around 70◦ , which is set to maximize the position resolution
while maintaining it immediately above a sudden drop in
the detection efficiency of the CCD detector.25 An image
processing technique called super-resolution reconstruction
is applied to the detector.7, 26 Cylindrical gratings are used
instead of spherical gratings in order to reduce spherical
aberration that may cause severe distortion of the focal line
which broadens the line image at both sides of the detector
resulting from subtle misalignment of the detector. Thus the
distortion inevitably lowers the energy resolution even when
the line curvature of the signal is corrected for by calculation.

(i) Designing the optical geometry to match the energy resolving power E/E ∼ 10000 at 600 eV limited by the
spatial resolution of the detector.
(ii) Optimizing the ruling parameter of the VLS grating at
600 eV.
Figure 3 shows the definition of the optical parameters for
optimization, i.e., the emission spot size S1 , the entrance arm
length r1 , the exit arm length r2 , incident angle α, diffraction
angle β, groove density n, grating radius R, and focal curve
inclination angle ϕ. The ruling parameters a0 , a1 , a2 , a3 of the
VLS grating are defined by
n(w) = a0 + a1 w + a2 w 2 + a3 w 3 + · · · ,

(1)

where n is expressed as a function of coordinate w tangential to the ruling of the grating. For convenience, we used
additional parameters L = r1 + r2 and ρ = r2 /r1 . First we
optimized the incident angle α taking into account the detection efficiency determined by a combination of the acceptance
angle of a 60 mm long grating separated 500 mm from the
light source and the reflectivity of the gold coating on the
grating. The numerical results for 600 eV in Fig. 4 shows a
peak at α = 87◦ . This is not optimized for other energies but
the loss is within 10% of the optimized value in the energy
range of 350 eV – 750 eV. Using α = 87◦ we explored a parameter space {L, a0 , ϕ, ρ} that satisfies the condition (i).
Two focal lines of energy E0 ( = 600 eV) and E0 + E on
the CCD detector, where E0 /E = 10 000, should be separated by an effective spatial resolution of the detector of s
= 24 μm.5 From geometrical considerations the condition can
be described as follows:
s =

r2 tan(β − β0 )
,
cos ϕ − sin ϕ tan(β − β0 )

FIG. 3. Definition of the optical parameters for the optimization of a soft x-ray emission spectrometer.

(2)
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tion using parameter values {L, ρ, α, β 0 , R, a0 , a1 , a2 , a3 }
= {2500, 3.72, 87, 83.76, 16 245, 2200, −6.03147 × 10−1 ,
−3.11735 × 10−3 , −8.99359 × 10−6 }. The simulated resolving power E/E depicted as a thin line with open circles in
Fig. 5, peaks at 640 eV, with a value of around 9000. The
energy resolving power decreases rapidly when deviating by
less than 100 eV from the peak because of strong aberration
induced by the large ρ value. We then have to prepare several
specific gratings to fully cover the energy region. However,
this is not practical. Instead, we applied a coma-free operation mode proposed by Strocov et al.,22 which was successfully used at the ADRESS beamline SAXES station in the
Swiss Light Source. By optimizing r1 and α there must be a
point where the asymmetry of the elastic scattering becomes
zero with the smallest linewidth E even at a large acceptance angle of the grating.22 For a simple operation of our
spectrometer, only one horizontal driving axis was added to
adjust r1 for the coma-free operation mode in addition to a
vertical driving axis to adjust α.6 This simplification sacrifices independent optimization of r1 and α but allows simple
adjustment using linear guides. The coma-free operation using a single grating requires large variations of r1 and α. However, the variation of r1 is limited by the optical layout of our
spectrometer. Therefore, we introduced two gratings to cover
the energy range of 350 eV – 750 eV in the coma-free mode.
We used common a1 and a3 values for the ruling parameters
of the two gratings so as not to change the focal plane, while
we used different a2 values to change the peak energy of the
resolving power. The resolving power curves simulated by ray
tracing adapting the simplified coma-free operation are shown
in Fig. 5. The results show E/E ≥ 10 000 in the range of
350 eV – 550 eV and E/E ≥ 8000 in the range of
550 eV – 750 eV. The optimized grating parameters and the
spectrometer geometry for 600 eV are listed in Table II.

FIG. 4. Detection efficiency of the spectrometer for 600 eV estimated by the
acceptance angle times the reflectivity of the grating.

where β 0 is defined as β at 600 eV. r2 is rewritten by L and ρ,
r2 =

ρL
.
1+ρ

(3)

Combining Eqs. (2) and (3) with the equation for the first
order diffraction of the grating,
sin α + sin β = a0 hc/eE,

(4)

ρ to satisfy the condition (i), is obtained as a function of
{L, a0 , ϕ}. We looked for a solution to minimize a0 in order to increase diffraction efficiency. The lowest limit of a0
is determined by a constraint on the highest limit of L that
the energy range detected by a commonly used 1 in.2 CCD
detector should exceed 50 eV. We applied a constraint on the
focal curve inclination ϕ ≤ 72◦ since ϕ = 72◦ is a condition just above the sudden drop of the detection efficiency of
the CCD detector.25 Finally we selected a parameter set {L,
a0 , ϕ} = {2500, 2200, 72} and obtained an optimized value
ρ = 3.72. The ruling parameter a1, and the radius of the grating R as a function of a0 , a1 , L, and ρ,
R(a1 ) =

III. PERFORMANCE TEST OF THE SXE
SPECTROMETER

cosα+cosβ0
,
2
2
(cos α−cos β0 /ρ)(1+ρ)/L−a1 (sinα+sinβ0 )/a0

The light source was best focused at the sample position
using two refocusing mirrors controlled by a three-axis gyroscope and a three-dimensional translation stage manufactured
by AYUMI Co. Ltd., Japan. The best focused image obtained
for the exit slit width of 40 μm is shown in Fig. 6. The image with the 1.6 μm vertical spot size is a convolution of the
1 μm pinhole and actual spot size around 1 μm. The profile
is quite symmetrical in both vertical/horizontal directions as

(5)
are determined by minimizing the deviation of the focal curve
from the detector surface in the energy range of 350 eV
– 750 eV.21 The ruling parameters a2 and a3 determine the
energy where higher order optical aberration term is minimized. Initially we have chosen the a2 and a3 values to be
optimized around 600 eV and performed ray tracing simulaTABLE II. Grating parameters and optimized spectrometer geometry for 600 eV.
r1
mm

r2
mm

α
deg

β0
deg

R
Mm

Size
Mm

Grating 1 (350 – 600 eV)
Grating 2 (500 – 750 eV)

633.0
530.9

1969
1969

86.70
87.00

83.61
83.76

16268
16268

60(L) × 30(W)
60(L) × 30(W)

Parameter
(units)

a0
mm−1

a1
mm−2

a2
Mm−3

a3
mm−4

Grating 1 (350 – 600 eV)
Grating 2 (500 – 750 eV)

2200
2200

−6.03147 × 10−1
−6.03147 × 10-1

−2.24449 × 10-3
−3.11735 × 10-3

−8.99359 × 10-6
−8.99359 × 10-6

Parameter
(units)
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FIG. 5. Energy resolution of the spectrometer estimated by ray tracing for
the varied arm lengths r1 and incident angles α to reduce coma aberration
using low and high energy gratings. Also shown are the lines between open
symbols that correspond to the ray tracing for a fixed arm length r1 and incident angle α. (→ see Fig. 3)

expected for the KB mirror configuration. The horizontal spot
size around 13 μm is well balanced in terms of photon density
and easy alignment.
Figure 7 demonstrates SXE spectra at the (a) N 1s edge
of hBN and (b) Mn 2p edge of MnO using the gratings for
the low energy and high energy regions. The exit slit width is
set to 60 μm, where the resolving power of the light source
measured by x-ray photoemission spectra of the Ne gases is
E/Eexc = 7000 ± 100 for the N 1s edge and 5200 ± 100
for the Mn 2p edge, respectively. The total energy resolution
estimated from the elastic line Etotal is 70.0 meV (N 1s
edge: 402.1 eV) and 147 meV (Mn 2p edge: 641.8 eV). The
effective energy resolution of the SXE spectrometer Espec
is obtained by the following deconvolution:





E spec
E total 2
E exc 2
=
−
,
(6)
E
E
E
which results in Espec = 40.0 meV (E/Espec = 10 050) for
the N 1s edge and Espec = 79.8 meV (E/Espec = 8046)
for the Mn 2p edge. The experimental results plotted in
Fig. 5 exhibit approximately 90% and 80 % of the simulated
resolving power for the Mn 2p and N 1s edges, respectively.

FIG. 7. (Color online) Performance of the SXE spectrometer for the (a) N 1s
edge of hBN and (b) Mn 2p edge of MnO. The excitation energy is chosen at
the lowest peak of each absorption spectrum (not shown).

The Mn 2p SXE spectrum of MnO shows a full set
of crystal field excitations quite similar to a recent ultrahigh resolution SXE spectrum.9 The N 1s SXE spectrum of
hBN reveals detailed valence band features including not only
the prominent four peaks reported previously,33 but also a
shoulder structure in the higher energy tail of the first sharp
π band that can be compared with a recent band structure
calculation.34 The energy resolution 40 meV of the SXE spectrometer at N 1s edge is presently the best ever published and
very promising for studying the vibronic effects of organic
materials, and low energy excitations of transition metal compounds such as phonons, magnons, and orbitons through core
excitation of the light elements.
IV. CONCLUSIONS

We have designed and constructed an ultrahigh resolution
soft x-ray emission spectrometer at BL07LSU in SPring-8
based on previously developed grazing incident flat field
spectrometers. Optical parameters of the spectrometer were
designed to meet the energy resolving power E/E ∼10 000
at 600 eV which is mainly limited by the spatial resolution
of the detector. To correct aberrations that were responsible
for the asymmetric profile of elastic scattering, the coma-free
operation mode was applied using a simplest algorithm. By
ray tracing simulations E/E ≥ 10 000 in the range of
350 eV–550 eV and E/E ≥ 8000 in the range of
550 eV–750 eV were expected, and E/E = 10 050 and 8046
for the N 1s (400 eV) and Mn 2p (640 eV) edges, respectively,
were demonstrated experimentally using two gratings.
ACKNOWLEDGMENTS

FIG. 6. (Color online) Measured focal spot of the incident beam at the sample position obtained for an exit slit width of 40 μm.

This work was financially supported by the Japan
Science and Technology Agency (JST-CREST) and the New

013116-6

Harada et al.

Energy and Industrial Technology Development Organization
(NEDO). Y.H. and M.K. appreciate valuable discussions with
V. N. Strocov and T. Schmitt. The authors would like to thank
M. Saito, Y. Hiraike, and H. Kiuchi for supporting the SXE
measurements at SPring-8.
1 A.

Kotani and S. Shin, Rev. Mod. Phys. 73, 203 (2001).
J. P. Ament, M. van Veenendaal, T. P. Devereaux, J. P. Hill, and J. van
den Brink, Rev. Mod. Phys. 83, 705 (2011).
3 F. Gel’mukhanov and Hans Ågren, Phys. Rev. A 49, 4378 (1994).
4 T. Hatsui, H. Setoyama, E. Shigemasa, and N. Kosugi, J. Electron Spectrosc. Relat. Phenom. 144, 1059 (2005).
5 G. Ghiringhelli, A. Piazzalunga, C. Dallera, G. Trezzi, L. Braicovich,
T. Schmitt, V. N. Strocov, R. Betemps, L. Patthey, X. Wang, and M. Grioni,
Rev. Sci. Instrum. 77, 113108 (2006).
6 T. Tokushima, Y. Harada, H. Ohashi, Y. Senba, and S. Shin, Rev. Sci.
Instrum. 77, 063107 (2006).
7 M. Agaker, J. Andersson, C.-J. Englund, A. Olsson, M. Strom, and
J. Nordgren, Nucl. Instrum. Methods Phys. Res. A 601, 213 (2009).
8 V. N. Strocov, T. Schmitt, U. Flechsig, T. Schmidt, A. Imhof, Q. Chen,
J. Raabe, R. Betemps, D. Zimoch, J. Krempasky, X. Wang, M. Grioni,
A. Piazzalunga, and L. Patthey, J. Synchrotron. Radiat. 17, 631 (2010).
9 G. Ghiringhelli, A. Piazzalunga, X. Wang, A. Bendounan, H. Berger,
F. Bottegoni, N. Christensen, C. Dallera, M. Grioni, J.-C. Grivel,
M. Moretti Sala, L. Patthey, J. Schlappa, T. Schmitt, V. Strocov, and
L. Braicovich, Eur. Phys. J. Spec. Top. 169, 199 (2009).
10 F. Hennies, A. Pietzsch, M. Berglund, A. Föhlisch, T. Schmitt, V. Strocov,
H. O. Karlsson, J. Andersson, and J.-E. Rubensson, Phys. Rev. Lett. 104,
193002 (2010).
11 L. Braicovich, J. van den Brink, V. Bisogni, M. Moretti Sala, L. J. P. Ament,
N. B. Brookes, G. M. De Luca, M. Salluzzo, T. Schmitt, V. N. Strocov, and
G. Ghiringhelli, Phys. Rev. Lett. 104, 077002 (2010).
12 S. Glawion, J. Heidler, M. W. Haverkort, L. C. Duda, T. Schmitt, V. N.
Strocov, C. Monney, K. Zhou, A. Ruff, M. Sing, and R. Claessen, Phys.
Rev. Lett. 107, 107402 (2011).
13 C. Ulrich, L. J. P. Ament, G. Ghiringhelli, L. Braicovich, M. Moretti Sala,
N. Pezzotta, T. Schmitt, G. Khaliullin, J. van den Brink, H. Roth, T. Lorenz,
and B. Keimer, Phys. Rev. Lett. 103, 107205 (2009).
14 J.-H. Guo, Y. Luo, A. Augustsson, J.-E. Rubensson, C. Såthe, H. Ågren,
H. Siegbahn, and J. Nordgren, Phys. Rev. Lett. 89, 137402 (2002).
15 J.-H. Guo, Y. Luo, A. Augustsson, S. Kashtanov, J.-E. Rubensson,
D. K. Shuh, H. Agren, and J. Nordgren, Phys. Rev. Lett. 91, 157401 (2003).
16 T. Tokushima, Y. Harada, O. Takahashi, Y. Senba, H. Ohashi, L. G. M.
Pettersson, A. Nilsson, and S. Shin, Chem. Phys. Lett. 460, 387 (2008).
2 L.

Rev. Sci. Instrum. 83, 013116 (2012)
17 O.

Fuchs, M. Zharnikov, L. Weinhardt, M. Blum, M. Weigand,
Y. Zubavichus, M. Bar, F. Maier, J. D. Denlinger, C. Heske, M. Grunze,
and E. Umbach, Phys. Rev. Lett. 100, 027801 (2008).
18 A. Augustsson, M. Herstedt, J.-H. Guo, K. Edström, G. V. Zhuang,
P. N. Ross, Jr., J.-E. Rubensson, and J. Nordgren, Phys. Chem. Chem. Phys.
6, 4185 (2004).
19 J. Forsberg, L.-C. Duda, A. Olsson, T. Schmitt, J. Andersson, J. Nordgren,
J. Hedberg, C. Leygraf, T. Aastrup, D. Wallinder, and J.-H. Guo, Rev. Sci.
Instrum. 78, 083110 (2007).
20 Y. Senba, H. Ohashi, A. Harasawa, M. Fujisawa, T. Okuda,
I. Matsuda, S. Takahashi, N. Nariyama, T. Matsushita, T. Ohata, Y.
Furukawa, T. Tanaka, K. Takeshita, S. Goto, H. Kitamura, A. Kakizaki,
and M. Oshima, Phys. Res. A 649, 58 (2011).
21 T. Tokushima, Y. Harada, M. Watanabe, Y. Takata, E. Ishiguro, A. Hiraya,
and S. Shin, Surf. Rev. Lett. 9, 503 (2002).
22 V. N. Strocov, T. Schmitt, U. Flechsig, L. Patthey, and G. S. Chiuzbˇaian,
J. Synchrotron. Radiat. 18, 134 (2011).
23 P. Kirkpatrick and A. V. Baez, J. Opt. Soc. Am. 38, 766 (1948).
24 T. Muro, Y. Kato, T. Kinoshita, and Y. Watanabe, J. Synchrotron. Radiat.
16, 595 (2009).
25 For an E2V 42-40 thinned back-illuminated CCD chip, more than 84%
of the detection efficiency at normal incidence is maintained at incidence
angle below 70o , while it drops less than 67% above 80o .
26 H. Tsunemi, S. Nomoto, K. Hayashida, E. Miyata, H. Murakami, Y. Kato,
G. Yuan, K. Murai, R. Kodama, and H. Daido, Appl. Phys. B: Photophys.
Laser Chem. 57, 331 (1993).
27 T. Tokushima, Y. Horikawa, Y. Harada, O. Takahashi, A. Hiraya and
S. Shin, Phys. Chem. Chem. Phys. 11, 1679 (2009).
28 Y. Horikawa, T. Tokushima, Y. Harada, O. Takahashi, A. Chainani,
Y. Senba, H. Ohashi, A. Hiraya, and S. Shin, Phys. Chem. Chem. Phys.
11, 8676 (2009).
29 Y. Harada, M. Taguchi, Y. Miyajima, T. Tokushima, Y. Horikawa,
A. Chainani, Y. Shiro, Y. Senba, H. Ohashi, H. Fukuyama, and S. Shin,
J. Phys. Soc. Jpn. 78, 044802 (2009).
30 T. Tokushima, Y. Harada, Y. Horikawa, O. Takahashi, Y. Senba, H. Ohashi,
L. G.M. Pettersson, A. Nilsson, and S. Shin, J. Electron Spectrosc. Relat.
Phenom. 177, 192 (2010).
31 Y. Horikawa, T. Tokushima, A. Hiraya, and S. Shin, Phys. Chem. Chem.
Phys. 12, 9165 (2010).
32 M. Oura, O. Takahashi, T. Gejo, T. Tokushima, Y. Horikawa, Y. Senba,
H. Ohashi, and S. Shin, J. Phys.: Conf. Ser. 235, 012016 (2010).
33 J. B. MacNaughton, A. Moewes, R. G. Wilks, X. T. Zhou, T. K. Sham,
T. Taniguchi, K. Watanabe, C. Y. Chan, W. J. Zhang, I. Bello, S. T. Lee,
and H. Hofsäss, Phys. Rev. B 72, 195113 (2005).
34 R. Ahmed, Fazal-e-Aleem, S. J. Hashemifar, and H. Akbarzadeh, Physica
B 400, 297 (2007).

