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An in-vacuum x-ray diffraction microscope for use in the 0.7-2.9 keV range
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A dedicated in-vacuum coherent x-ray diffraction microscope was installed at the 2-ID-B beamline of
the Advanced Photon Source for use with 0.7-2.9 keV x-rays. The instrument can accommodate three
common implementations of diffractive imaging; plane wave illumination; defocused-probe (Fresnel
diffractive imaging) and scanning (ptychography) using either a pinhole, focused or defocused probe.
The microscope design includes active feedback to limit motion of the optics with respect to the sam-
ple. Upper bounds on the relative optics-to-sample displacement have been measured to be 5.8 nm(v)
and 4.4 nm(h) rms/h using capacitance micrometry and 27 nm/h using x-ray point projection imag-
ing. The stability of the measurement platform and in-vacuum operation allows for long exposure
times, high signal-to-noise and large dynamic range two-dimensional intensity measurements to be
acquired. Finally, we illustrate the microscope’s stability with a recent experimental result. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3688655]

INTRODUCTION It has been installed at the 2-ID-B beamline of the Ad-
vanced Photon Source.’ The insertion device at 2-ID-B is a
5.5 cm period undulator and the beamline is optimised to de-
liver x-rays in the 0.7-2.9 keV energy range with a coher-
ent flux of 10°~10'? photons/s/0.1% BW (coherence lengths:
160 um(h) x 2 mm(v)) to the focusing optic. This large co-
herent flux is well suited for imaging of materials and soft-
biological samples and encompasses numerous absorption
edges in the intermediate energy range between soft and hard
X-Tays.

Two important practical considerations for diffractive
imaging which affect the accuracy, contrast and resolution of
a CDI reconstruction are the stability of the sample with re-
spect to the illuminating radiation,” and air scattering and ab-
sorption of the photons between the sample and the detector.
Sample stability is critically important in scanning diffrac-
tive imaging using a pinhole,® focused probe’ or defocused
probe!® imaging experiments. Sources of instability such as
thermal expansion of the stage stacks can cause unaccept-
ably large displacement errors over the course of a measure-
ment if not corrected, for example, 100 mm of aluminum ex-
pands 2 um/°C. Intra-exposure sample movement results in a
blurred diffraction pattern while inter-exposure sample move-
ment does not allow repeated exposures to be added to in-
crease the dynamic range of the measurement.

Coherent diffractive imaging (CDI) with x-rays is a tech-
nique for high-resolution imaging at the nanoscale.'” CDI
is a two step imaging process in which the far-field diffrac-
tion pattern of a coherently illuminated sample is recorded in
the first step and computationally reconstructed in a second,
post-measurement step.*> Among the advantages of this ap-
proach over scanning probe and full-field transmission x-ray
microscopy techniques are the inherent ability to retrieve the
complex amplitude of the sample’s exit surface wave, the ef-
ficient use of all forward scattered photons from the sample,
and coupling the image resolution to the numerical aperture
of the detector rather than an objective lens. CDI performed
with standard pixel array detectors can easily access a numer-
ical aperture of 1 nm which is well beyond the current limits
of x-ray optics fabrication.

In this paper, we describe an x-ray coherent diffrac-
tion microscope designed to provide an ultra-stable plat-
form to minimise sample motion and a windowless vac-
uum environment to minimise background scattering. This
dedicated instrument specialises in both plane wave and
focused probe diffractive imaging experiments, Figure 1.
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FIG. 1. (Color online) Overview of diffractive imaging techniques that can
be implemented in the microscope. A plane wave illuminates an isolated sam-
ple and an area detector in the far field records the coherent diffraction pattern
(top), the sample is placed in the focal plane of a zone plate lens (middle),
the sample is illuminated with a divergent wave (bottom). All three methods
can be used for single-view imaging whereas the bottom two techniques can
be combined with ptychography to map out an extended field of view.

control alone is more effective and is sufficient to achieve the
stability goal.

The in vacuo operation of the microscope minimises in-
teraction of the scattered x-rays with air and vacuum win-
dows. The instrument is directly coupled to the 2-ID-B beam-
line vacuum.

The energy range and resolution of this microscope make
it well suited for studying fixed biological specimens such as
single cells in three dimensions. To this end the sample stage
is equipped with a high-resolution tomography rotation stage
comprising a gold-coated metrology disk and five capacitive
sensors for measuring the tip/tilt due to off-axis wobble so that
it can be corrected computationally in a post-measurement
step.
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FIG. 3. (Color online) The interior of the vacuum chamber showing: A - the
zone plate (obscured), B - the OSA, C - the sample, D - gold metrology disk,
E - the aluminum reference, and F - the BDA stage.

MICROSCOPE DESIGN AND INSTRUMENTATION

A schematic diagram of the beamline and microscope
and photos of the vacuum chamber are shown in Figures 2
and 3. The beamline and optics have been described in detail
elsewhere.®

The microscope, a prototype built by Xradia, Inc. and
La Trobe University, was designed to minimise vibration and
drift using closed-loop interferometric control. Subsequent

10: Photodiode
11: CCD camera

16: beam path (one axis shown)
17: Reflective prism

FIG. 2. (Color online) Schematic representation of the interior of the vacuum chamber. (a) Isometric view of the chamber. (b) Illustrating the optical interfer-
ometer. Only one axis of the interferometer is shown for clarity and the lasers (15) are external to the vacuum chamber.
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modification to the initial design and operation procedure
have been implemented to optimize the performance and meet
the demanding requirements of CDI.

The beam defining aperture (BDA) is a 1.5 mm diame-
ter circular aperture used to reject parasitic scatter originat-
ing upstream in the beamline. X-rays passing through the
BDA propagate to the focusing optics module (FOM) stack
which holds the zone plate (ZP) and order sorting aperture
(OSA). The ZP and OSA are mounted on left- and right-half
cones, respectively, whose opening diameter is larger than the
BDA. The BDA together with the ZP (and ZP-mounted cen-
tral stop) and OSA pass only the first order focus from the
ZP, thereby removing most of the parasitic scattering from
sources upstream and minimising their impact on the recon-
struction quality.

The beam which passes the FOM stack is incident on the
sample (SAM) stack where it interacts with the sample before
propagating to the detector. The detector is a Peltier cooled
in-vacuum CCD (Princeton Instruments, PI-MTE) with 20482
13.5 pm pixels. Detection of infrared radiation from the stage
position encoders and laser light from the interferometer is
reduced by placing a 200 nm thickness aluminum on 200 nm
parylene foil (Lebow Co.) a few centimetres upstream of the
detector.

There are five groups of three-axis translation stages for
the BDA, detector (DET), OSA, focusing optics (FOM) stack
and sample (SAM) stack, respectively. These stages are used
for coarse alignment and have approximately 1 um resolu-
tion. The BDA, DET, and OSA stage stacks (Micos USA) are
used in open-loop mode while the FOM and SAM (Newmark
Systems, Inc., and Nanomotion Ltd.) use infrared encoders
(Numerik Jena and Renishaw, respectively) for closed-loop
control using a multi-axis motion controller (Delta Tau Data
Systems, Inc.). All stages are actuated by stepper motors ex-
cept for the x-, z-stages in the SAM and FOM stacks, which
are piezo-walk servo-motor stages with 50 nm encoded res-
olution. The piezo-walk stages have the advantage of being
compact, fast, and able to move heavy loads.

The BDA and DET z axes have longer travel (0.5 m and
0.8 m, respectively) than the other stages to give the great-
est flexibility to use the microscope over the available energy
spectrum. A rotary stage on the detector (National Apertures,
Inc.) allows beamstops of different diameters to be inserted in
front of the CCD to block the zero or first diffraction order
from the zone plate.

Above the coarse translation stages in the SAM and FOM
stacks are the rotation and weak-link piezo flexure stages,!!
respectively. The rotation stage is equipped with a gold plated
metrology disc with five capacitive sensors to measure the
wobble in the rotation for post-measurement processing and
correction. The rotation is actuated with a stepper motor and
achieves 1.4 urad/step resolution. The weak-link flexure stage
provides precision control (0.125 nm encoded, in practice
5 nm) of the optics with respect to the sample and is com-
patible with fast scanning.

Active control of the ZP optic with respect to the sample
is made possible by measuring the x- and y-positions of the
SAM and FOM stacks and positioning the weak-link stages to
compensate for any relative change. A four-axis laser Doppler
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FIG. 4. (Color online) Schematic illustration of the optical path of one axis
of the laser interferometer. The source and interferometer head are external to
the vacuum chamber. The intermediate prisms are mounted on an aluminum
reference block (not shown). The 8 reflections between the reference and
measurement points result in an eight-fold increase in resolution.?!22

displacement measurement interferometer (Optodyne, Inc.'?)
records the displacement relative to a fixed reference point
and the motion controller adjusts the weak-link piezo stage
on the sample stack to achieve zero relative displacement. The
optical path of a single (horizontal measurement) axis of the
interferometer is shown in Figure 4.

The visible light microscope (VLM) uses a caesium io-
dide scintillator and right-angle mirror in the sample position
to reflect visible light to a long working distance objective
CCD mounted on the roof of the chamber. The vacuum sys-
tem consists of a roughing pump and turbopump which evac-
uate the chamber to 10~ Torr within an hour.

Thermal stability was monitored using 10 channels of
thermocouples placed in the interior and exterior of the vac-
uum chamber. The temperature was controlled passively by
limiting access to the experimental hutch during measure-
ments. The peak to peak fluctuation in the ambient temper-
ature over a 24 h period was ~1°.

INSTRUMENT PERFORMANCE

In practice we have found the interferometer system does
not accurately measure the relative motion of the zone plate
and sample. The cause of the instability is likely due to ther-
mal expansion of the optics and their supports along the inter-
ferometer path.

The interferometer measures displacement relative to
an aluminum reference frame which is assumed to provide
a fixed reference point. However, due to thermal expan-
sion the reference point moves a significant and measurable
amount. Power consumption from four HeNe lasers external
to the vacuum chamber (40 W) but thermally coupled to the
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FIG. 5. (Color online) Stability of the microscope. (a) Illustrating thermal
drifts of the interferometry reference point with closed loop. Left axis: rela-
tive ZP to sample displacement measured with interferometry, (middle over-
lapping traces). Right axis: The same measurement with capacitance mi-
crometry, horizontal (bottom), vertical (top). (b) The relative displacement
between zone plate and sample in passive mode measured with capacitive
micrometry, horizontal (bottom), vertical (top).

chamber base and optical encoders integrated into the coarse
motion stages (2 W) cause thermal gradients across the vac-
uum chamber. The thermal gradients are observed to not reach
equilibrium over the course of several days. When the feed-
back loop is closed the interferometer then measures the ther-
mal expansion of the reference block and actuates the piezo
stage to compensate for the apparent relative ZP-sample mo-
tion, Fig. 5(a).

Capacitive displacement sensors were installed between
the SAM and FOM stacks to give an independent verifica-
tion of the interferometer displacement measurements. Two
sensors were used to measure the horizontal and vertical dis-
placements by attaching them rigidly to the SAM stack and
using the surface of the FOM as the mating measurement
point. The capacitive measurements were not used for closed
loop feedback and were removed during experiments. The
sensors were mounted to a short stainless steel arm (thermal
expansion o = 0.5 um/°K) far from heat sources. The actual
measurement points were rigidly coupled to the points of in-
terest (zone plate or sample) and there is assumed to be neg-
ligible motion between them.

We have been able to achieve excellent long term stability
using only passive means as in Fig. 5(b), which shows the rel-
ative distance between ZP and sample as measured by capac-
itive micrometry. Figure 5(b) shows the RMS excursion from
the mean position over a 7 h period is no greater than 4.4 nm
(h) and 5.8 nm (v). We simultaneously measured point projec-
tion images with 500 x magnification as an independent mea-
surement of sample motion up to the resolution of the mag-
nified pixels. There was no discernible motion over the seven
hours from which we can infer the motion to be smaller than
the image resolution of 27 nm which is in agreement with the
capacitive micrometry.
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FIG. 6. (Color online) Imaging the sandcastle worm bio-adhesive. (a) A typ-
ical diffraction pattern and (b) high resolution reconstruction showing the in-
ternal structure of the adhesive. Reprinted from Ultramicroscopy, Vol. 111,
C. T. Putkunz, J. N. Clark, D. J. Vine, G. J. Williams, E. Balaur, G. A.
Cadenazzi, E. K. Curwood, C. A. Henderson, R. E. Scholten, R. J. Stew-
art, I. McNulty, K. A. Nugent, and A. G. Peele, Mapping granular structure
in the biological adhesive of Phragmatopoma californica using phase diverse
coherent diffractive imaging, 1184-1188, Copyright (2011), with permission
from Elsevier.

RESULTS

We used the microscope successfully in a number of
experiments'*>~!? and this section highlights one experiment
which illustrates the ultra-stability of the instrument.

The natural adhesive secreted by the sandcastle worm
Phragmatopoma californica has the useful property of cur-
ing in sea water.'%?0 Reverse-engineering this adhesive could
potentially lead to a way to set broken bones in vivo. A sample
of the adhesive was studied by scanning it through the beam
while recording a series of coherent diffraction patterns.'”
This type of experiment can only be conducted with an ultra-
stable platform because it requires (i) repeated measurements
due to the weak interaction of the biological sample with
the incident x-rays and (ii) precise knowledge of the beam
position on the sample for the reconstruction algorithm to
succeed.

The sample was placed in 2.5 keV x-ray beam 1.72 mm
beyond the focus of a 160 wm diameter zone plate optic with a
50 nm outermost zone width. The sample was raster scanned
through a 25 position Cartesian grid with 84% overlap be-
tween adjacent positions covering a total area of 30 um. The
dataset was acquired over a period of 28 h and there was no
discernible relative motion between the ZP and sample in any
single position, which implies a drift smaller than 28 nm/h.
Figure 6(a) shows the diffraction pattern from a single po-
sition in the scan with the bright central region being the
hologram produced by interference between scattering from
the sample and the first diffraction order of the zone plate.
The ptychographic reconstruction is shown in Fig. 6(b) where
we see the weakly interacting bio-adhesive is imaged in high
resolution.

IMPROVEMENTS AND PLANNED UPGRADES

A key conclusion from the first two years operating this
microscope is that even modest power dissipation close to
critical components leads to instability and uncontrolled drift
beyond the requirements of this instrument. With this in mind
we have begun upgrading the microscope to minimise the
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reliance on active components (such as encoders) during data
collection. The main changes are to replace the stages which
must be operated in closed-loop (Nanomotion piezo-walk
stages) with stepper driven stages, and replacing the interfer-
ometer system entirely. The new stepper driven stages will be
operated open-loop with a half step resolution of 1 um which
can be combined with the weak link stage to achieve nanome-
tre positioning accuracy without the use of optical encoders.

The interferometer will be redesigned with careful atten-
tion paid to ensuring that (i) the reference and measurement
points are as close together as practicable, (ii) the interfer-
ometer is sensitive only to motion between the reference and
measurement points, and (iii) the reference point is isolated
thermally and mechanically from the stages and the rest of the
chamber. When the reference point is not sufficiently isolated
it cannot function as an independent measurement of sample
drift and so cannot be used to correct it.

CONCLUSION

This paper describes the design and specifications of
a dedicated in-vacuum diffraction microscope at beamline
2-1D-B at the Advanced Photon Source. The versatile design
of the microscope allows for the sample to be illuminated us-
ing plane or divergent X-ray wavefields from ~50 nm to many
micron in extent. We measured an upper bound to the relative
stability of the zone plate with respect to the sample to be
27 nm/h by x-ray point-projection imaging and less than
6 nm/h by capacitance micrometry when the instrument was
operated in passive mode, without interferometric stabilisa-
tion. The capacitance measurement provide an upper bound
on the stability of the instrument, whereas the x-ray mea-
surements directly quantify its capability for making high-
resolution CDI measurements with high dynamic range. We
anticipate further performance improvement with future up-
grades to the x-ray diffraction microscope.
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