
X-ray wavefront analysis and optics characterization
with a grating interferometer

Timm Weitkamp,a! Bernd Nöhammer, Ana Diaz, and Christian David
Laboratory for Micro- and Nanotechnology, Paul Scherrer Institut, Villigen, Switzerland

Eric Ziegler
Experiments Division, European Synchrotron Radiation Facility, Grenoble, France

sReceived 5 May 2004; accepted 17 December 2004; published online 24 January 2005d

We present an interferometric method to measure the shape of a hard-x-ray wavefront. The
interferometer consists of a phase grating as a beam splitter and an absorption grating as a
transmission mask for the detector. The device can be used to measure wavefront shape gradients
corresponding to radii of curvature as large as several dozens of meters, with a lateral resolution of
a few microns. This corresponds to detected wavefront distortions of approximately 10−12 m or
l /100. The device was used with 12.4 keV x rays to measure the slope error and height profile of
an x-ray mirror. Surface slope variations with periods ranging from less than 1 mm to more than 1
m can be detected with an accuracy better than 0.1 mrad. © 2005 American Institute of Physics.
fDOI: 10.1063/1.1857066g

Modern synchrotron radiation sSRd sources are highly
brilliant, and their radiation has a considerable degree of
transverse coherence. X rays from these sources can there-
fore be focused into spots much smaller and more intense
than previously possible, which has led to tremendous ad-
vances in x-ray microanalysis. The coherence properties of
unfocused radiation are also exploited in techniques such as
various methods of phase-sensitive radiography1 and coher-
ent scattering.2,3 But the performance of those methods and,
more generally, of any setup relying on well-defined illumi-
nation can be strongly degraded by uncontrolled distortions
of the x-ray wavefront. Beam quality may be affected in this
way by such things as roughness or longer-range shape er-
rors of reflective or transmitting surfaces, misalignment of
components, or a miscalibration of adaptive elements such as
bendable mirrors or crystals.

While highly sensitive wavefront measurement tech-
niques for soft x rays and extreme ultraviolet radiation have
been developed in the past few years,4 few wavefront analy-
sis methods for hard x rays are available that allow the mea-
surement of wavefront curvature and distortions. Noninter-
ferometric methods are successfully applied in in-line phase-
contrast microradiography,5 but they are not very sensitive to
long-range transverse phase variations, such as those that
correspond to overall divergence. Crystal interferometers6,7

yield direct phase information, but their fabrication is de-
manding, and they are highly sensitive to vibration and me-
chanical drift.

In this letter, we present a robust grating interferometer
for hard x rays that allows wavefront analysis with high sen-
sitivity. We further demonstrate the use of this instrument for
the analysis of the wavefront downstream of an x-ray mirror
and the surface characterization of the mirror.

Figure 1 shows the principle of the interferometer used
in this study. A Ronchi phase grating splits the incident beam
into essentially two partial waves with a small shear angle
qs=2l /d1 swith l as the wavelength and d1 as the period of

the gratingd. At a distance L behind the phase grating, the
two waves with a lateral shear s=qs3L will form an inter-
ference pattern, provided the transverse coherence length ,c

at the position of the grating is sufficient, i.e., ,c*s. If the
incident wavefront is an unperturbed plane wave, then this
pattern is a set of parallel straight interference fringes with a
period that equals half the period of the phase grating. Per-
turbations of the wavefront will distort these interference
fringes. The principle of the method presented here is to
detect the fringe distortion and thus obtain information on
the wavefront perturbation. In order for the shear s to be
sufficiently large at hard x-ray wavelengths, the period d1 of
the phase grating must not exceed a few microns. The inter-
ference fringes will then have a spacing in the micron range,
which is beyond the resolution of most area detectors, espe-
cially of those with a reasonably large field of view. This
problem can be solved by an absorption grating with pitch
d2=d1 /2 placed in the detection plane. If the two gratings are
tilted with respect to each other about the optical axis by a
small angle a, the intensity distribution immediately down-
stream of the absorption grating is a moiré pattern of the
interference pattern incident on the absorption grating with
the lines of that grating. Note that here the absorption grating
is not used as a diffractive element but only as a transmission
mask. In the plane-wave case, the moiré fringes have a spac-
ing dm=d2 / f2 sinsa /2dg<d2 /a, which is much larger than
d2 and can be easily tuned by varying the tilt angle a. The
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FIG. 1. Setup for measurement of a wavefront distorted by an optical com-
ponent smirrord with an interferometer consisting of a phase grating as a
beam splitter and an absorption grating as an analyzer.
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moiré fringes can then be resolved on a conventional area
detector as used in microradiography.

The gratings for the interferometer were fabricated in a
similar way as those of a less compact device presented
earlier.8 The linear phase grating is made of silicon and has a
pitch of d1=2 mm and a thickness of 9 mm. It was fabricated
by electron-beam lithography and anisotropic wet etching
into silicon.9 Figure 2 shows an electron micrograph of the
phase grating. For the fabrication of the absorption grating,
the same process was used to make a silicon grating of pitch
d2=1 mm. Gold was then evaporated on this grating at an
incidence angle chosen such that the metal accumulated
mainly on one side of the silicon side walls. As in the earlier
interferometer,8 the effective thickness of the phase grating
was increased to a phase shift of p sand thus to optimum
efficiency, eliminating the zeroth diffraction orderd by
mounting both gratings with a tilt about the axis perpendicu-
lar to the optical axis and the lines of the grating.

The interferometer was used to measure the wavefront
shape behind a multilayer mirror and determine the surface
profile of the mirror. The measurements were carried out at
the bending-magnet beamline BM 5 of the European Syn-
chrotron Radiation Facility sESRFd. A photon energy of 12.4
keV, i.e., x-ray wavelength of l=1.00 Å, was selected by a
silicon double-crystal monochromator. The coherent beam
cross section at the experimental setup was 15350 mm sH

3Vd. The object under test was a 150-mm-long W/Si flat
multilayer mirror with a Bragg angle of q=13.5 mrad at
12.4 keV. The mirror was mounted horizontally so that the
x-ray beam was deflected upwards sFig. 1d. The gratings of
the interferometer were mounted with their lines horizontal.
The phase grating was placed 50 mm away from the down-
stream edge of the mirror. The inter-grating distance was L

=85 mm, a setting where the fractional Talbot effect gives
good fringe visibility and which corresponds to a vertical
shear of s=L3qs=2Ll /d1=8.5 mm.

The moiré intensity distribution behind the analyzer
grating was recorded using an imaging detector with a field
of view of 3.533.5 mm2. Since the longitudinal position on
the mirror surface, corresponding to the vertical position in
the detector plane, is squeezed in the images by a factor of q,
these settings allowed the entire longitudinal extent of the
mirror to fit in the field of view of the detector. The detector
was placed closely behind the absorption grating
s<10 mmd so that the unwanted effect of diffraction by this
grating could be neglected. The flat beam without the mirror
had been measured before to exclude other sources of wave-
front distortion.

A region of interest of an interferogram obtained in this
setup, with an exposure time of 10 s, is shown in Fig. 3sad.
The visibility of the fringes ranges between 3 and 5%, and

the median contrast-to-noise ratio is 8.0. The observed moiré
fringes lie nearly parallel to the projected longitudinal
mirror-position coordinate. Shape errors along the longitudi-
nal direction affect the horizontal position of the moirés.

A simple method of fringe analysis consists in the deter-
mination of moiré-fringe frequency and position si.e., fringe
phased from an ensemble of fringes over many pixel columns
of the detector, but independently for each horizontal pixel
row. In this case, horizontal sections 250 pixels s440 mmd

wide and one pixel high were analyzed using Fourier meth-
ods. Frequency and fringe positions determined in this way
are shown in Fig. 3sbd. The local radius of curvature R of the
wave along the vertical direction can then be determined
from the moiré-fringe inclination angle qm using the
relation10

R =
dm

d2
L tan qm. s1d

Figure 4 shows a map of R obtained in this way for the
entire reflected beam. Several detector shots at different hori-
zontal detector positions were patched together for this. The
moiré fringe position along the horizontal coordinate is pro-
portional to the longitudinal slope error d of the mirror and is
related to it by

d = F 3 d2/s4pLd , s2d

where F is the fringe phase, or normalized horizontal fringe
position F=2p3xm /dm swith xm as the horizontal fringe
position and dm as the horizontal fringe spacingd. The height
profile hsld along the longitudinal mirror coordinate l is then
obtained by integration: hsld=e0

Ldslddl. Figure 5 shows the
reconstructed slope error and height profile of the same mir-
ror region as depicted in Fig. 3. The bent profile is plausible

FIG. 2. Scanning electron micrographs of the phase grating used in the
interferometer.

FIG. 3. Detail of an interferogram sad and reduced image containing only
relevant fringes sbd. Fringe spacing dm and inclination qm are used in the
analysis of the pattern.

FIG. 4. Map of the local wavefront curvature radius along the vertical
direction. The dashed line represents the position for which the mirror slope
profile is shown in Fig. 5.
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given that the mirror was provisionally mounted with wax on
a central support.

The resolution along the vertical position of the detector,
corresponding to the position along the mirror surface, is
limited both by the vertical shear s and by the effective ver-
tical pixel size. In the present case, the shear is the predomi-
nant limitation and limits the resolution to approximately the
value of s, i.e., 8.5 mm, or Dl<s /q=0.65 mm in terms of
mirror-surface position. The resolution in horizontal direc-
tion is limited by the choice of the number of pixel columns
used for the moiré fringe analysis. In this example where a
relatively wide region was used, the resolution is approxi-
mately 0.5 mm. Using more elaborate analysis methods, the
resolution may be optimized to the order of one moiré-fringe
period.

The accuracy of the slope error is limited by the accu-
racy to which the moiré phase F is determined. An estimated
value for this accuracy can be obtained directly from the
experimental data: The average fluctuations of fringe phase
between adjacent pixel rows are less than 1/50 of a moiré
period. Since the phase determination for each pixel row is
completely independent of other rows, these fluctuations in-
clude all statistical contributions. The uncertainty of the de-
termined fringe phase is therefore DF,2p /50. This results
in an uncertainty of the slope error of Dd,DF3d2 / s2Ld

<74 nrad. The corresponding mechanical stability require-
ment is a relative transverse movement of the two gratings of
less than d2 /50=20 nm, which is easily fulfilled over long

times. The maximum radius of curvature that can be detected
is on the order of Rmax= sDF /2pds2 /l<35 m. In terms of
path-length difference across the resolution length s, this cor-
responds to s2 /2Rmax=10−12 m. These characteristics meet
metrology needs for modern SR optics.11 The sensitivity can
be further increased by choosing a larger intergrating dis-
tance L or smaller grating periods d1 and d2, both resulting in
a larger shear s, at the expense of lateral resolution. The
instrument is light and compact and can easily be installed as
long as the x-ray beam is accessible directly downstream of
the optic under test. We therefore believe that this interfer-
ometer is suitable for routine use in in situ, at-wavelength
x-ray mirror metrology and performance monitoring and,
more generally, for various x-ray wavefront analysis tasks as
well as phase-contrast imaging.
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FIG. 5. Reconstructed slope error smain curve and lower-right insetd and
height profile supper-left insetd along the longitudinal coordinate of the mir-
ror surface.
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