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In this study, the systematic errors of an X-ray single-grating interferometer based on the Talbot effect
were investigated in detail. Non-negligible systematic errors induced by an X-ray camera were identi-
fied and a method to eliminate the systematic error was proposed. Systematic-error-free measurements
of the wavefront error produced by multilayer focusing mirrors with large numerical apertures were
demonstrated at the SPring-8 Angstrom Compact free electron LAser. Consequently, wavefront aber-
ration obtained with two different cameras was found to be consistent with an accuracy better than

M12. Published by AIP Publishing. https://doi.org/10.1063/1.5026440

I. INTRODUCTION

Focusing X-rays more narrowly and densely in syn-
chrotron radiation facilities and X-ray free electron laser
(XFEL)'? facilities leads to highly sensitive and high-
resolution X-ray analysis. Furthermore, combining focusing
optics and the excellent light sources has allowed exper-
iments and discoveries that were impossible in the past
decade. Thus, the development of X-ray focusing optical ele-
ments>~© is actively being promoted as an indispensable key
component.

Among the various X-ray focusing optical elements,
X-ray focusing mirrors are considered to be very attractive
as they can focus X-rays with high reflectivity and relatively
long working distances. In addition, total-reflection mirrors®-3
can work without chromatic aberration, and multilayer mir-
rors>! can focus quasi-monochromatic X-rays with wider
energy bandwidth than other focusing optics.*!! Furthermore,
a long footprint on an X-ray mirror makes it possible to avoid
radiation damages induced by intense X-rays such as XFELs
and pink beams (non-monochromatic undulator beam).!2

Recent developments of ultraprecision machining meth-
ods®13-15 and metrology tools'®!° allowed us to fabricate
mirrors with shape accuracy and a surface roughness of 2 nm
(peak-to-valley) and 0.2 nm (root mean square), respectively.
However, an important problem remains in terms of shape
measurement: a precise and accurate shape measurement of
large numerical aperture (NA) focusing mirrors is very diffi-
cult. This is because the tolerance of shape errors decreases
with an increase in the grazing-incidence angle, which is
proportional to NA. Furthermore, a steeply curved shape

a)Author to whom correspondence should be addressed: matsuyama@
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introduces systematic errors in metrology tools such as optical
interferometers and slope profilers.'®"!® We have attempted
to develop very large NA focusing mirrors for the SPring-
8 Angstrom Compact free electron LAser (SACLA) that can
focus XFELs down to less than 10 nm at around 9 keV. The NA
and minimum curvature radius is 14.59 (11.3) mrad and 9.0
(37.0) m in the vertical (horizontal) direction, respectively. An
acceptable shape error on the mirrors is less than 1 nm, accord-
ing to Rayleigh’s quarter-wavelength rule.?° To the best of our
knowledge, such mirrors with very large NA have never been
successfully fabricated.

To overcome such difficult fabrications of X-ray optical
elements, various X-ray metrologies”! >’ have been proposed.
X-ray metrologies can provide information on wavefront aber-
rations induced by manufacturing errors and misalignments
of optical elements; furthermore, they have a great advan-
tage in that X-rays with short wavelength are very sensitive
to slight wavefront distortions. In addition, substantial wave-
front distortions accumulated through all optical components
in a beamline can be evaluated. In this study, we focused on
single-grating interferometry”® based on the Talbot effect,” as
an X-ray metrology. Interferometers can detect the distortion
of wavefronts from the disturbance of periodical interference
patterns, which is the so-called self-image. The method is
highly advantageous for the following reasons: (i) The exper-
imental setup is very simple, leading to only a few systematic
errors. (ii) Rapid measurements are possible; the Fourier trans-
form method can complete the measurement during single
exposure because the setup has no moving components, and
even the fringe scan method®® requires only a few image
acquisitions. (iii) This method is almost insensitive to small
grating positioning errors caused by vibrations of a focus-
ing element, grating, and incident X-ray beam, which is most
important to characterize a nanobeam with a width of less

Published by AIP Publishing.
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than 10 nm. In addition, this is useful for an XFEL nanobeam
because an XFEL beam tends to have shot-by-shot position
fluctuations.’!

Studies to measure wavefront aberrations of various opti-
cal elements using a grating interferometer have already been
reported.””-?%32 In this study, the systematic errors of a single-
grating interferometer were investigated in detail. In general,
metrology tools include systematic errors; one of the most
important issues to be solved is how to determine and remove
systematic errors. To the best of our knowledge, there is
no detailed report on the systematic errors of X-ray single-
grating interferometers. Therefore, systematic errors caused
by a grating and using an X-ray camera were carefully investi-
gated. Consequently, a non-negligible systematic error derived
from the distortion produced by using an X-ray camera was
detected. A novel method for determining systematic errors
caused by using cameras was proposed. A demonstration to
determine wavefront aberrations on the large NA multilayer
focusing mirrors, which are under development was carried out
at SACLA with a photon energy of 9.1 keV. The systematic
errors obtained with different parameters and cameras were
compared and discussed.

Il. FOCUSING SYSTEM AND EXPERIMENTAL SETUP

A large-NA focusing system, which has been developed
in EHS at the BL3 of SACLA, was used for this research.
Typical parameters of XFEL are as follows: a photon energy
of 9.1 keV, a pulse energy of ~400 pJ just behind a source,
a repetition rate of 30 Hz, and a pulse duration of ~8 fs.3
The focusing system consists of two Kirkpatrick—Baez (KB)
mirrors,> i.e., a two-stage focusing system,* as shown in
Fig. 1 and Table I. To prepare the high-performance mirrors,
quartz glass substrates were super-polished with computer-
controlled elastic emission machining (EEM).'? Subsequently,
the substrates for the downstream KB mirror were covered with

the Pt/C multilayer, %3¢ which has laterally graded periods (see
Table II), using a DC magnetron sputtering method. Owing
to the multilayer on the downstream KB mirror, the focusing
system can have a NA of more than 0.01. Furthermore, the two-
stage focusing system allows for a very large demagnification
factor [16 176 (Horizontal) and 18 047 (Vertical)].

With regard to the experimental setup of the single-grating
interferometer, a phase grating (NTT Advanced Technology
Cooperation) with a phase shift of 7t/2 and a period of 2.5 ym
was installed 11.63 mm downstream of the final focus. In addi-
tion, an X-ray camera (Hamamatsu Photonics) was installed
820 mm downstream of the focus. The magnification of the Tal-
bot self-images on the detector was 70.5 and the period of the
Talbot self-image on the detector was 176.25 ym. The dimen-
sions of the effective bright field at the camera position were
16.4 mm and 19.4 mm in the horizontal and vertical direc-
tions, respectively. An indirect-detection X-ray camera was
employed for acquiring self-images. It consists of a 10-um-
thick Gd,O,S scintillator, a mirror for visible light, which is
arranged at an angle of 45°, two lenses, and a two-dimensional
image detector. Visible light converted from X-rays by using
the scintillator is transferred to the 90° direction and is guided
to the detector via the two lenses. The first lens (of focal length
105 mm) is fixed to the scintillator unit, and the second lens is
fixed to the detector unit. The scintillator and detector units are
interchangeable. Table III shows the details of the two detec-
tors used for comparative experiments. The effective pixel size
was estimated, considering the focal length of the two lenses
in the scintillator and detector units. The detectors intercepted
whole of the bright field sufficiently. Since the resolution of
these X-ray cameras is sufficiently higher than the period of a
self-image, it can be directly recorded without Moiré fringes
formed by an absorption grating, which is often employed for
phase imaging with a parallel beam.?’

All wavefront measurements were performed with a
four-step fringe-scanning method.* Each self-image for the

TABLE I. Parameters of the sub-10 nm focusing system.

Upstream KB mirror Downstream KB mirror

Vertical Horizontal Horizontal Vertical

focusing focusing focusing focusing
Average grazing incidence angle (mrad) 1.51 1.51 15.7 12.6
Mirror length (mm) 400 400 380 100
Focal length from mirror center (m) 10.10 2.70 0.320 0.070
Demagnification 17.46 65.46 247.1 1033.9
Numerical aperture (X 1073) 0.028 0.11 11.3 14.59
Focus size (nm, FWHM) 1995.2 507.9 4.87 3.8
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TABLE II. Parameters of multilayer films.

Horizontal focusing ~ Vertical focusing

Material Pt/C Pt/C
Number of periods 30 30
X-ray energy (keV) 9.1 9.1
Maximum d-space (nm)
L 7.25 (22.88) 9.10 (24.68)

[grazing incidence angle (mrad)]
Mini d-

inimum d-space (nm) 3.12 (11.58) 2.87 (10.09)
[grazing incidence angle (mrad)]
Thickness ratio (Gamma) 0.5 0.5
TABLE III. Parameters of detector units.

Camera A Camera B

Device CCD (C9300-124)  CMOS (ORCA-Flash4.0)

Pixel number 4000 x 2672 2048 x 2048
Pixel size (um) 9.0x9.0 6.5x6.5
Effective pixel size (um) 9.0x9.0 13.65 x 13.65
Focal length (mm) 105 50

F number 4.2 2.0

fringe-scan method was acquired by integrating 30 XFEL
shots. A general reconstruction protocol was employed.*”
After the reconstruction of the wavefront shape, the quadratic
function, which indicates the defocus component, was sub-
tracted from the wavefront shape. Furthermore, the coma
aberration caused by an incidence angle error of the focusing

Rev. Sci. Instrum. 89, 043106 (2018)
mirror>® was subtracted. Then, the component left is expressed
as the wavefront aberration. The coma aberration function was
experimentally obtained by accurately varying the incident
angle. The shape of the coma aberration was in good agreement
with simulation results based on Fresnel-Kirchhoff’s diffrac-
tion theory.> The repeatability of the wavefront measurements
is 0.2 rad (root mean squared: rms), which is sufficiently good.
This error comes from the shot-to-shot intensity modulation of
XFEL pulses. In the same experiments performed at SPring-8,
the repeatability was 0.096 rad (rms).

lll. SYSTEMATIC ERRORS OF A SINGLE
GRATING INTERFEROMETER

We carefully examined the systematic errors of the single-
grating interferometer. Since it is a simple setup, it is assumed
that the errors result from only the manufacturing error of the
grating and the components of an X-ray camera. The experi-
ments to evaluate the errors were carried out using the setup
shown in Fig. 1 at the BL3 (EHS5) of SACLA.

First, a systematic error derived from the grating was
investigated by changing the irradiation area of the grating
along the grating plane because unwanted distribution of a
grating period can introduce artificial wavefront distortions.
As shown in Fig. 2, the in-plane measurements were per-
formed at five positions at a 300 um pitch. The difference of
the obtained wavefront aberrations from the average is plotted
on a graph in Fig. 2. Here, the horizontal axes of the graph,
that represent the position on the camera, were normalized
by the width of the self-image at the camera position. Peak-
to-valley height and rms of the differences were 1.0 rad and

[
—

-1 1

(a) Camera
Grating
FIG. 2. Wavefront aberrations depend-
Focus ing on the irradiation position along the
® grating plane. (a) Positions of irradia-
tion on the grating and the differences
(b) ) (C) 1 of wavefront aberration at these spots,
—_ - in the (b) vertical and (c) horizontal
-g ——No.1 ——No.2 —No.3 = ——No.1 ——No.2 ——No. 3 dimensions.
2 0.5 5 05 —No.4 ——No. 5
< &
o 5
= 0 =
3 g
& &
[
2-0.5 g
o o
= a

0 0.2 0.4 0.6

0.8 1 0
Normalized position on camera

0.2
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(b)

Wavefront aberration (rad)

—— Camera A

—— Camera B

0 0.2 0.4 0.6 0.8 1
Normalized position on camera

FIG. 3. Wavefront aberrations obtained with different cameras. (a) Vertical and (b) horizontal.

0.17 rad, respectively, which is much less than A/4. Thus, it was
confirmed that the systematic error derived from the grating
hardly affects the determination of wavefront aberrations. This
result implies that the grating was perfectly fabricated with a
period uniformity of at least 6 nm, which can be attributed to
the fact that the electron beam lithography system exposed a
400-um area of the grating, which is larger than the used area
[262.8 um (H) x 339.5 pum (V)] on the grating in the
experimental setup.

Next, the systematic error derived from the camera was
investigated. Two different X-ray cameras (A, B) were used,
and the results of wavefront measurements obtained by each
camera are compared in Fig. 3. It was found that the obtained
wavefront aberrations are different. Particularly in the verti-
cal direction, there was a difference of more than 2.0 rad.
This result indicates that the systematic error derived from
the camera cannot be ignored. The distortions of the lenses

Camera

Psys(m,n)

\X

Grating

Preal (m, n)

and the mirrors and the pixel-size nonuniformity of the image
detectors may cause the systematic errors.

IV. SYSTEMATIC-ERROR-FREE WAVEFRONT
MEASUREMENT METHOD

We proposed anovel method to determine and remove sys-
tematic errors from a camera system. In this method, a camera
is scanned one-dimensionally and wavefront measurements
are performed at each position. If a camera has a system-
atic error, an inconsistency among all the wavefront data is
observed. In order to extract this inconsistency, we employed
the following algorithm. If the camera is scanned in the
x-direction, a measured wavefront value at the (m, n) pixel
on the camera can be expressed as

Omeas (X, M, 1) = Preqr (M, 1) + Psys (m,n), (D

f n [pixel]

)

m [pixel]

o
~——"Pmeas(x +a-k,m,n)

Focus

e
Wavefront aberration (rad)

Reconstructed ¢,..q;(m, n)

Position (um)

FIG. 4. Schematic to determine and remove systematic errors from a camera.
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=
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Normalized position on camera

FIG. 5. (a) Simulated wavefront errors with our method. The result at N = 1 was taken without scanning. (b) Differences with the real wavefront. The result at

N =1 represents the systematic error.

where @ (m,n) and @y (m, n) are the true wavefront and
the systematic error in each pixel, respectively. Here, when
moving the camera by certain distance (a - k) equal to k pixels,
the measured wavefront can be expressed as

Omeas X +a - k,m,n) = Qreq (M +k,n) + @y (m,n).  (2)

Although the object appears to be moving in the field of
view of the camera, the object is actually static and the camera
is moving. Therefore, formula (2) can also be expressed as

Omeas X +a - k,m —k,n) = @Qreq (m,n) + Psys (m—k,n). (3)

When this scanning is performed to cover the entire field of
view of the camera at one-pixel pitch K times, the summation
of all measured wavefronts is expressed as

S (m,n) = Z Preal (M, 1) + Z Psys (m — k. n)
k k

=K - ¢reat (m, n) + constant. )

The systematic error term can be constant, which is a meaning-
less factor for the wavefront. Therefore, it is possible to extract
a true wavefront aberration and determine the systematic error
of a camera (Fig. 4).

In this method, a camera has to be scanned at one-pixel
pitch. The number of measurements exceeds 1000 and it is time
consuming. As seen from the differences between the data in
Fig. 3, the camera-derived systematic error is assumed to be
a slowly curved function. Hence, it is expected that reducing
the number of scans does not affect the results.

Simple simulations were carried out to investigate real-
istic scanning steps. It was assumed that a one-dimensional
camera with 400 pixels can directly measure the wavefront
aberration and that the camera has a systematic error with a
slowly curved shape. Wavefront aberrations estimated using
the above method are compared in Fig. 5. Meanwhile, the
number of scans of the camera was changed between N = 1
(i.e., no scanning) and N = 50. In the case of N =20, the calcu-
lation error was 0.3 rad (peak-to-valley) on the reconstructed
wavefront aberration. Of course, this error gradually decreases
with an increase in V, and finally converged to zero at N = 800,
in which case the scan step is equal to 1 pixel. Therefore, it

was found that the condition of N = 20 is suitable for practical
cases.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

First, the number of steps in this method was experimen-
tally investigated using X-rays at 9.1 keV at the B29XUL*
(EH4) of SPring-8. A one-dimensional focusing optical sys-
tem and a single-grating interferometer, which are the same
as the horizontal focusing mirror and the grating interferom-
eter mentioned above, were constructed. The camera motion
was controlled by motorized stages with an accuracy of sev-
eral microns, in which stage-derived systematic errors can be
ignored. Wavefront aberrations depending on N were recon-
structed using formula (4). Deviations from the averaged data
of N =50 and N = 94 are shown in Fig. 6. The experimental
results were consistent with the simulation results. In the case
of N = 20, the scanning pitch is 1.56 mm in the horizontal
direction and 1.79 mm in the vertical direction.

Next, at the BL 3 (EH5) of SACLA, demonstration
experiments were carried out using the optical system shown
in Fig. 1. The camera was scanned under the condition of
N = 20. Systematic-error-free wavefront aberrations were

3
. N=6 N=10 N=20
~ 9
£ 2 [—N=30 N=50 ——N=94
% 1

)

o

2 0

[+

5 -1
=]

g 2t

=1
m

_3 L L L L

0 0.2 0.4 0.6 0.8 1
Normalized position on camera

FIG. 6. Reconstructed wavefront aberrations depending on a step number.
The data were subtracted from the average obtained using N = 50 and N = 94.
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(b)

Wavefront aberration (rad)

—— Camera A

—— Camera B

0 0.2 0.4 0.6 0.8 1
Normalized position on camera

FIG. 7. Wavefront aberration obtained by each camera (after systematic error correction). (a) Vertical and (b) horizontal.
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reconstructed using formula (4). The wavefront aberrations
obtained by the two different cameras are compared in Fig. 7.
The inconsistency between the wavefronts is only 0.5 rad
(=M12), which is negligibly small to obtain diffraction-limited
focusing.

Furthermore, in order to examine the details of the sys-
tematic errors, camera setups with different scintillator and
detector units, which are the same product model but were
manufactured in a different year, are compared in Fig. 8. Setup |
is the same camera setup as the one used for Fig. 7. Setups I and
I used the same scintillator unit, but a different detector unit.
Setups II and III used different scintillator units, but the same
detector unit. It was found that even a similar camera setup
with the same product models introduced different systematic
errors, and therefore error sources exist in the scintillator and
detector units.

VI. SUMMARY AND OUTLOOK

In this study, we carefully investigated the systematic
errors of a single-grating interferometer based on the Talbot
effect. It was found that a grating has no systematic error,
but a camera introduced non-negligible systematic errors. In
order to overcome the problem, a new method to determine
the systematic errors was proposed. Our demonstration exper-
iments confirmed that this method works correctly and can
provide wavefront aberrations without systematic errors with
an accuracy of less than 0.5 rad.

Normalized position on bright-field

The method that is used to determine the shape error of a
mirror surface will enable us to develop a large-NA multilayer
focusing mirror that cannot be fabricated using the conven-
tional techniques. We will proceed to correct the mirror shape
with a differential deposition*! based on the obtained shape
error data. When the workflow (wavefront measurement =
shape correction = perfect focusing) has been established, it
is expected that a large-NA multilayer focusing mirror will be
available for general users in the future. Applications using
synchrotron radiation and XFEL will reach a resolution of
less than 10 nm. The combination of large-NA focusing optics
and next-generation light sources will allow experiments and
discoveries that are currently not feasible.
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