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Deformation of the first crystal of an X-ray monochromator under the heat load
of a high-power beam, commonly referred to as ‘heat bump’, is a challenge
frequently faced at synchrotron beamlines. Here, quantitative measurements
of the deformations of an externally water-cooled silicon (111) double-crystal
monochromator tuned to a photon energy of 17.6 keV are reported. These
measurements were made using two-dimensional hard X-ray grating inter-
ferometry, a technique that enables in sifu at-wavelength wavefront investiga-
tions with high angular sensitivity. The observed crystal deformations were of
the order of 100 nm in the meridional and 5 nm in the sagittal direction, which
lead to wavefront slope errors of up to 4 prad in the meridional and a few
hundred nanoradians in the sagittal direction.
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1. Introduction

Insertion devices at current third-generation synchrotron
radiation facilities produce a total radiation power up to the
kilowatt range. While a large fraction of this power is cut off
by front-end windows, apertures and slits, the remaining
radiation power of up to several hundred watts reaches optical
elements farther downstream. When using a Bragg mono-
chromator, most of this power is absorbed in the first mono-
chromator crystal and leads to local heating which induces
crystal deformations, also referred to as ‘heat bump’. The
consequences of the deformation are observed as a broad-
ening of the rocking curve, but they also result in an inho-
mogeneous intensity distribution and deformations of the
wavefront. These deformations can be reduced by cooling the
first crystal; in many cases silicon monochromators are cooled
by liquid nitrogen (Marot et al., 1992; Chumakov et al., 2004),
though in some cases water or liquid metal cooling is suffi-
cient.

Here, we investigate a Si-111 double-crystal mono-
chromator that is water-cooled from the sides, measuring the
heat bump in situ, at-wavelength and under experimental
conditions by means of a two-dimensional grating inter-
ferometer. Unlike approaches based on crystal shape moni-
toring using visible-light sensors (Revesz et al., 2007,
Thomasset et al., 2010), at-wavelength measurements are
easily implemented and measure the effects of the crystal
lattice deformations rather than the shape of the crystal
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surface. A first appreciation of the shape of the first crystal
could also be gained from rocking curves, using the second
monochromator crystal as an analyzer similar to a diffraction
enhanced imaging experiment (Davis et al., 1995; Mocella et
al.,2003). However, such an experiment is limited to observing
the slope of the first crystal in the meridional direction only;
thus such an analysis can only provide an incomplete picture
of the heat load effects on the wavefront.

The technique we apply here, hard X-ray grating inter-
ferometry, measures the slope of an X-ray wavefront. Since its
invention a decade ago (David et al, 2002; Momose et al.,
2003), it has become widely used, especially in X-ray imaging
of biomedical samples both at synchrotrons (Weitkamp et al.,
2005a; McDonald et al., 2009; Schulz et al., 2010) as well as at
conventional X-ray tube sources (Pfeiffer et al., 2006; Donath
et al., 2010; Stampanoni et al., 2011). Recently, grating inter-
ferometry has been extended to two dimensions, enabling the
simultaneous measurement of the wavefront slope in two
perpendicular directions (Zanette et al, 2010; Wen et al.,
2010).

Grating interferometry has also found its applications in
X-ray metrology at synchrotron sources, measuring the slope
errors of mirrors (Weitkamp et al., 2005b; Diaz et al., 2010;
Wang et al., 2011; David et al., 2012; Matsuyama et al., 2012) or
the distortions induced by a single X-ray focusing lens
(Rutishauser et al., 2011).

At a free-electron laser source, the technique has been
applied to measure the wavefront distortions of single X-ray
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pulses and to determine the location of their source point in
the undulator (Rutishauser et al., 2012).

The set-up of a two-dimensional grating interferometer is
outlined in Fig. 1. It consists of a checkerboard-patterned
phase grating G, that diffracts the incident radiation mainly
into the %first diffraction orders, both in the horizontal and
the vertical direction. These four diffracted waves form a high-
contrast interference pattern at specific distances downstream
(Primot & Guérineau, 2000; Zanette et al., 2010).

Lateral displacements of this interference pattern are
proportional to the wavefront slope. As the interference
pattern period is typically smaller than the resolution of the
detector downstream, its deformations are detected by intro-
ducing an absorbing analyzer grating.

By phase-stepping either the phase grating G, or the
absorption grating G, in multiple steps over one or several
grating periods transverse to the beam, a two-dimensional
oscillating signal I(x,, y,) is recorded at each pixel as a func-
tion of the horizontal and vertical grating position x, and y,.
This signal can be written as a two-dimensional Fourier series
(Zanette et al., 2010),

I(xy, y,) = 3, cOS[7/py)(mxy +ny) + @] (1)

Here, a,,, are the Fourier series amplitude coefficients and
¢,.., their phase. For a phase stepping scan over N grating
periods, the phase ¢, = gy ( describes the horizontal and ¢, =
@, the vertical distortions of the interference pattern. These
distortions are related to the wavefront slope by

o.py x| APy
= —_— ) 2
ax an R() + d + (pO ( )

where «, is the wavefront angle in the horizontal direction, ¢,
is the horizontal interference pattern displacement in radians,
D, is the pitch of the absorption grating and d is the inter-
grating distance. Unlike in imaging experiments (Zanette et
al., 2010; Rutishauser et al., 2011), no reference measurement
without object in the beam can be recorded in the heat bump

absorption grating G,  detector

phase grating G,

double crystal monochromator

Figure 1

Two-dimensional grating interferometry set-up for measuring the
monochromator heat bump. The incident white synchrotron beam is
monochromated by the Si-111 double-crystal monochromator. Owing
to the high incident power, a heat bump develops on the first
monochromator crystal. The grating interferometer measures the
wavefront downstream. It consists of a beam-splitting phase grating G,
of period p,, which creates an interference pattern that is analyzed by the
absorption grating G, and a two-dimensional detector.

metrology experiment presented here. As a consequence,
additional contributions need to be considered here.

Grating interferometers are commonly compensated for a
certain amount of geometrical magnification between the
phase grating and the absorption grating, i.e. the phase grating
period p, is made slightly smaller p;, = 2p,R,/(R, + d), such
that the interference pattern for a known source distance R,
and in a specific fractional Talbot distance d has a period that
is equal to the absorption grating period p,. This enables an
alignment of the gratings with no residual moiré fringes, and
is advantageous in imaging applications. If such a period
compensation was implemented, it adds a term x/R, to the
measured wavefront slope. This term vanishes if the phase
grating period is exactly half the absorption grating period and
R, is infinite.

In addition, any residual rotational misalignment of the two
gratings around the optical axis will lead to the emergence of a
fraction of a residual moiré fringe. Already a misalignment of
a few microradians contributes a non-negligible vertical slope
term ApBy/d to the horizontal wavefront slope «,. The mis-
alignment between the two gratings, AB, can be determined
quantitatively by means of a grating rotation scan (Wang et al.,
2011).

Also, even if gratings and motion control are assumed to be
perfect, the measured interference pattern displacements ¢, ,
have an uncertainty in the form of an unknown additive
constant ¢,, which is independent of the pixel position (x, y).
That is, only variations of ¢, , (or, equivalently, c, ) over the
field of view are measured, whereas the average angle of
wavefront propagation with respect to the interferometer
remains undetermined.

From this measurement of the wavefront slope the wave-
front phase can be retrieved by a variety of two-dimensional
gradient field integration algorithms (Agrawal et al., 2006; Fu
et al., 2007).

2. Experimental set-up

The experiments were performed at beamline ID19 at the
ESRF (Weitkamp et al, 2010a). The Si-111 double-crystal
monochromator in Bragg geometry is located at a distance of
140 m from the W150 wiggler source used in this experiment.
Its first crystal is 60 mm wide, 160 mm long and 40 mm thick.
The monochromator is operated in a helium atmosphere and
its first crystal is water-cooled from the sides. The beam
footprint on the crystal was 13 mm wide and 110 mm long.

The heat load incident on the monochromator was varied
by changing the wiggler gap from 101 mm down to 26 mm. The
heat load at the different gap settings was measured by a
calorimeter, consisting of a 1.4 kg copper block and a ther-
mocouple that could be moved into the beam directly
upstream of the monochromator. The incident power was
deduced from the slope of the linear increase of temperature
with time in the copper block under white-beam irradiation,
and the known heat capacity of copper (Stevens & Boerio-
Goates, 2004).
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The grating interferometer was placed 10 m downstream of
the monochromator, as shown in Fig. 1 and described in detail
elsewhere (Weitkamp et al., 2010b). The phase grating G, was
fabricated in silicon by means of a wet etching process (David
et al., 2007), with a period of p; = 4.785 um and a structure
height of h; = 22 um providing a 7 phase shift at the selected
photon energy of 17.6 keV. Two line gratings were placed in
series, that is, they are effectively the equivalent of a checker-
board-patterned two-dimensional phase grating (Zanette et
al.,2010; Rutishauser et al., 2011). At a distance of d = 448 mm
downstream, corresponding to the 11th fractional Talbot
order, a mesh-shaped absorption grating G, was installed. It
consisted of the superposition of two line absorption gratings
of period p, =2.400 pm and A, = 60 pm structure height, which
had been fabricated using X-ray lithography and electro-
plating of gold (Reznikova et al., 2008; Mohr et al., 2012). The
rotational misalignment between the horizontal gratings was
AB, = =24 prad and AB, = 7.3 prad between the vertical
gratings, as determined by a grating rotation scan (Wang et al.,
2011). The interference pattern was analyzed in a phase
stepping scan of 5 x 5 steps over one grating period, and
imaged using a crystal scintillator and a lens-coupled camera
(FReLoN 2k type CCD) with 7.5 um effective pixel size. The
camera was mounted such as to observe the central region of
the monochromator. The beam size was defined using slits
located upstream of the monochromator to only illuminate the
region of the monochromator that was within the camera field
of view.

(a) horizontal slope

(b) vertical slope, P =1 W

E
E
=
(c) vertical slope, P = 12 W (d) vertical slope, P = 38 W
E
E
=
0 2 4 6 8 10 12 0 2 gl 6 8 10 12
. X [mm)] x [mm]
Figure 2

3. Heat bump measurements

The horizontal and vertical wavefront slope errors, measured
using the two-dimensional grating interferometer, are shown
in Fig. 2. The wavefront in the horizontal direction, which is
shaped by monochromator slope errors in the sagittal direc-
tion, is virtually undistorted; the mean residual wavefront
slope error in the horizontal direction is 0.2 prad (Fig. 2a). The
corresponding monochromator slope error in the sagittal
direction is considerably larger than the resulting wavefront
slope error, o, ;000 = 20,/ sin = 17.8 ,, where 6 = 0.11 is the
Bragg angle of the silicon (111) crystal plane at a photon
energy of 17.6 keV. The systematic vertical stripes can be
attributed to write field stitching errors of the electron beam
writing system used for mask patterning in the grating fabri-
cation process.

Much stronger features can be observed in the vertical
wavefront slope error, originating from meridional mono-
chromator slope errors, whose mean residual is 0.9 prad even
at the lowest power level (Fig. 2b). Increasing the incident
power by closing the wiggler gap leads to increasing distor-
tions and a mean slope error of 1.6 prad at 12 W and 2.6 prad
at 38 W incident power [Figs. 2(c) and 2(d)]; clearly a heat
bump develops and modifies the vertical wavefront slope. This
is also illustrated by the vertical cross sections shown in
Fig. 2(e) for six wiggler gaps varying from 101 mm in steps of
15 mm down to 26 mm and correspondingly increasing levels
of incident power from 8 W to up to 38 W. The horizontal

(e) line profile in vertical direction
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Wavefront slope error measured downstream of the monochromator for increasing incident power. The corresponding slope error of the
monochromator in the meridional direction is half of the resulting wavefront slope error, whereas the monochromator slope error in the sagittal
direction is considerably larger than the resulting wavefront slope error e, .., = 2,/ sin6 = 17.8 o, where 6 = 113 mrad is the Bragg angle at a photon
energy of 17.6 keV. The mean of the plotted data was set to zero, as these are relative measurements; the mean wavefront angle with respect to the
interferometer is not measured. (a) Horizontal wavefront slope «, at 1 W incident power. The horizontal slope remains virtually constant independently
of the powers; it is therefore only shown for the lowest incident power setting. (b)—(d) Vertical wavefront slope o, at 1 W, 12 W and 38 W incident power.
(e, f) Line profiles in the vertical and horizontal direction for six different power levels at the location of the dashed lines in (d).

302

Simon Rutishauser et al. + Grating interferometry measured monochromator heat bump J. Synchrotron Rad. (2013). 20, 300-305



research papers

wavefront slope error remains stable
independently of the incident power, as
illustrated by the horizontal -cross
sections (Fig. 2f).

We note that the deduced slope
profile corresponds not only to changes
in the slope of the surface but also to
changes in the Bragg angle due to strain.
These two are, in general, combined
(Bonse, 1958; Macrander et al., 2005).
The separation of these two contribu-
tions will rely on finite-element-analyses
and diffraction simulations (Mocella et

(a) intensity at rocking curve peak

() residual slope a, at rocking curve peak

(b) intensity 3.5 urad off rocking curve peak

2000

1500

1000

intensity [adu]

500

(d) residual vertical slope a,, off rocking curve peak

al., 2003) which are planned. i
The fine structure on the plotted
cross sections, corresponding to slope
errors of the order of 100 nrad, is most
likely due to grating inhomogeneities, as
the gratings used here were not opti-
mized for metrology but rather for
imaging of biological samples, where a
large gold structure height is more
important than the total absence of
shape errors. This could be improved
by using grating fabrication techniques
adapted to the stringent requirements
of metrology applications (Rutishauser
et al., 2013). However, while the quality
of the present gratings does not allow
any conclusions as to the surface quality
of the monochromator, it is more
than sufficient to observe the systematic
deformations due to the heat load.

All the wavefront slope errors plotted here are differ-
ences from the slope of a wavefront with a horizontal
wavefront radius of curvature of R, = 160 m and a vertical
radius of curvature of R, = 141 m. These radii were obtained
by least-squares fitting a plane to the measurement data
obtained at the minimal incident power of 1 W [Figs. 2(a)
and 2(b)]. The actual distance to the wiggler source is R =
150 m (Weitkamp et al, 2010a); the difference from the
observed radii could be explained by a slight curvature of
the monochromator crystals both in the meridional as well
as in the sagittal direction even in a thermally unloaded
state. This is most likely due to mechanical stress induced
by the crystal mounting. The systematic error of these
measurements due to errors in the grating period or angular
misalignment between phase and absorption gratings is
estimated to be less than 5 m.

The heat bump at high levels of incident power has direct
consequences, for example in imaging methods such as
absorption- or phase-contrast imaging that depend on a clean
and stable wavefront. One consequence of the heat bump is
that a strong horizontal stripe develops in the beam intensity
distribution (Fig. 3a). The vertical size of the intensity distri-
bution is about 11 mm independently of the heat load, the
observation of a much narrower strip of high intensity indi-

Figure 3

is about 2%.

o
residual vertical wavefront slope a, [urad]

Intensity distribution observed downstream of the monochromator at 38 W incident power.
(a) Intensity at the rocking-curve peak. (b) Intensity at 3.5 purad off the rocking-curve peak.
(c) Residual vertical beam angle e, at the rocking-curve peak. The average angle in the plot was set
to zero, as the interferometer only provides relative measurements. (d) Residual vertical beam
angle &, at 3.5 prad off the rocking-curve peak. Relative to the wavefront shown in (c), a wavefront
slope change of 7 prad is measured due to the changed monochromator angle; this contribution has
been subtracted from the plotted data. After subtraction the relative difference between (c) and (d)

cates diffraction from a heat bump. The stripe is most likely
higher harmonic radiation diffracted from the Si-333 crystal
plane. Its inclination suggests that one of the monochromator
crystals is slightly rotated around the beam axis. While such an
inhomogeneity can in principle be compensated for by
recording a flat-field image, this makes the imaging process
extremely sensitive to drift in the crystal angle and shape; such
drift occurs naturally due to the slowly varying heat load on
the monochromator over one refill cycle of the storage ring.
This effect is illustrated by Fig. 3(b), where the second
monochromator crystal had been slightly rotated by 3.5 prad
off the rocking-curve peak, which leads to a mean relative
change of the intensity in the image by 2(I, — I,)/(I, + I,) =
63%. The corresponding vertical beam angle change recorded
by the grating interferometer is 7 prad, which is twice the
angle change of the monochromator. Owing to the high
sensitivity of the interferometer configuration used in this
experiment, the interference pattern shifts by one entire
period for a beam angle change of Ac,,, = 5.35 prad. In
consequence, this slope change is only measured up to an
integer multiple of Acw,,,. However, the component of the
signal that is typically used in X-ray phase contrast imaging,
which is the residual wavefront angle after subtraction of the
average [Figs. 3(c) and 3(d)], is much less sensitive to such drift
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(d) line profile in meridional direction
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Monochromator profiles obtained from the wavefront profiles for increasing incident power. (a)—(c) Monochromator surface profile at 1 W, 12 W and
38 W incident power. (d)—(e) Line profiles of the monochromator profile in the meridional and sagittal direction for six different power levels at the

location of the dashed lines in (c).

effects. Its mean difference is only 63 nrad, which corresponds
to a relative change of only 2%.

Based on the simultaneous wavefront slope measurements
in the horizontal and vertical direction (Fig. 2), the integrated
wavefront phase ® was obtained by means of a least-squares
optimal gradient field integration algorithm based on a
Poisson solver (Agrawal et al., 2006). The wavefront phase ®
is related to the monochromator height profile by h =
@) /(4 tanf), where A = 0.7 A is the wavelength and 6
113 mrad is the beam incidence angle on the monochromator.
Propagation effects can be neglected, as the interferometer is
close to the monochromator, and the spatial frequencies of
interest are large.

The resulting monochromator profiles are shown in Fig. 4,
where the same spherical contribution and monochromator
tilt angle as for the slope data have been subtracted. The
residual error at an incident power of 1 W is 20 nm [peak-to-
peak, Fig. 4(a)]. With increasing heat load it increases to up to
85 nm at 38 W incident power. The monochromator is mainly
curved along the meridional direction (Fig. 4d), whereas with
increasing power its shape only changes by about 5 nm in the
sagittal direction. This can mainly be attributed to the much
smaller dimensions of the beam footprint in the sagittal
direction. The deformations in the meridional direction are
quite considerable and are by far the dominant contribution to
the monochromator shape error and to the resulting wave-
front distortions.

4. Conclusions

Using two-dimensional grating interferometry, we have
observed the deformations of the first crystal of a Si-111
double-crystal monochromator in sifu, at-wavelength and
under experimental conditions. Grating interferometry is well
suited for measuring the effects of X-ray optical elements on

the beam quality, as it is highly sensitive and easy to imple-
ment at a synchrotron beamline for a large range of photon
energies in the hard X-ray range and beam sizes from several
tens of millimeters down to less than a millimeter. The
externally water-cooled monochromator under investigation,
which is situated at a large distance from the source, was found
to be already slightly deformed without heat load, most likely
due to stress induced by the mounting. Under the moderate
heat loads of less than 50 W applied in this experiment, a
considerable heat bump of 85 nm (peak-to-peak) could be
observed. However, these deformations are also of a very
simple nature and could potentially be countered to a large
extent using an active optics design with very few degrees
of freedom, such as a simple crystal bending mechanism
(Yamaoka et al., 1995).
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