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Abstract

Time-resolved imaging with penetrating radiation has an outstanding scientific value but its
realisation requires a high density of photons as well as corresponding fast X-ray image detection
schemes. Bending magnets and insertion devices of third generation synchrotron light sources
offer a polychromatic photon flux density which is high enough to perform hard X-ray imaging
with a spatio-temporal resolution up to the pm-ps range. Existing indirect X-ray image detectors
commonly used at synchrotron light sources can be adapted for fast image acquisition by employing
CMOS-based digital high speed cameras already available on the market. Selected applications
from life sciences and materials research underline the high potential of this high-speed hard X-ray

microimaging approach.
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I. INTRODUCTION

The insights provided by moving images can be deep but capturing such images is chal-
lenging. The outstanding scientific value of even early motion pictures is demonstrated
by the famous movies showing the collapse of the Tacoma Narrows Bridge (USA) in 1943
[1]. An analysis of this problem of non-linear dynamics would not be possible if only a
few individual photographic images were available [2]. In order to study events which take
place on a time scale shorter than the common video frame rate, high image acquisition
speed is required: already at the beginning of the past century, scientists like Lucien Bull
developed techniques for high-speed visible-light imaging to study, e. g., the biomechanics of
living insects [3]. To achieve comparable imaging frame rates with penetrating radiation is
challenging, mainly due to the limited available photon flux density. In special cases, such
as periodic movements, one can overcome this issue, for example by choosing a stroboscopic
approach (cf., e.g., Kardjilov et al. [1]).

Several so-called third-generation synchrotron light sources have been in operation now
for many years all over the world. The polychromatic hard X-ray radiation provided by
either bending magnets or insertion devices is intense enough to image aperiodic movements
continuously with high time resolution. With the ongoing detector development, microradio-
graphy can be developed further towards microradioscopy, allowing one to visualize internal
structures of opaque objects as they change with time. The ultimate limit of reachable time
resolution is defined by the detector electronics as well as the bunch structure of the electron
current inside the synchrotron’s storage ring. For the latter case, single-shot imaging using
isolated bunches has been reported [5].

A further advantage of using a synchrotron light source is the partial coherence of the
emitted wavefronts at the position of the experiment. This allows one to use interference
effects as a contrast mode, called ’inline X-ray phase contrast’ [0, 7, 8]. This method is
much more sensitive than plain attenuation contrast and therefore relaxes the demands on
the photon flux density. For a further introduction into the techniques of synchrotron-based
microimaging the reader is referred to the literature [9, 10].

In this article, we introduce the basics of the instrumentation needed to perform
synchrotron-based imaging with a high spatio-temporal resolution up to the pm-ps range.
One of the important aspects is that common indirect detectors available can be modified

with minor development effort, by using high speed cameras already available on the market.



Equally important is that with simple bending magnet beamlines, i.e. with a moderate pho-
ton flux density, cutting edge investigations can be performed. Several selected applications
from life sciences and materials research, employing frame rates from a few hundred up to
several 10000 images/s, underline the high potential of this approach and aim at stimu-
lating further developments at other light sources. The possibility of an extension towards

time-resolved three-dimensional imaging (i. e., microtomography) is shown.

II. INDIRECT X-RAY IMAGE DETECTORS

The development of high resolution X-ray imaging detectors for in situ investigations with
a given time resolution dates back to the late 1960s: so-called live topography was developed
to study online the growth of crystals [I1]. At that time, an approach based on modified
television cameras was employed where X-ray photons are directly converted into electrons
that are then registered. Presently, this scheme is commonly called 'direct detection’ and
has been further developed using more sophisticated (electronic) concepts. In the middle
of the 1970s, first detectors were reported in combination with live topography that use
a scintillator screen to convert X-rays into visible light (similar to the medical technique
fluoroscopy). The resulting luminescence image is projected via diffraction-limited visible
light optics onto a camera [12]. This frequently called "indirect detection’ scheme was applied
in the early 1980s in combination with synchrotron radiation sources, again to perform
live topography [13]. Indirect detectors have the advantage of providing high resolutions
as well as containing mostly components that are commercially available. The reachable
spatial resolution is determined by the scintillating screen and the numerical aperture of the
objective used (restricted by Abbe’s theorem) [14, 15]. Further concepts for high resolution
X-ray imaging detectors were developed for astronomical measurements [25].

Also during the 1980s, the development of synchrotron-based X-ray imaging started. It
promised to reach a high performance in terms of both spatial resolution and contrast due to
the available high photon flux density compared to laboratory based sources as well as the
nearly parallel propagation of synchrotron light [16]. One of the aims to be reached was to
transfer the already pioneered microtomography techniques to the synchrotron storage rings
9, 17, 18, 19, 20, 21, 22]. The most promising approach to reach high spatial resolutions

was the combination of the indirect detection scheme with CCD cameras [23, 24].



In the 1990s, a design was established that basically uses a visible-light microscope with
a folded beam path to project luminescence images from the scintillator onto the CCD
camera — optimised for spatial resolution, while partially compromising on the efficiency
and the field of view [26] — cf. Fig. 1 (left). Such detectors can reach a resolving power
in the (sub-)micrometre range as standard application when transparent single-crystal thin
film scintillators are employed [15]. For high photon flux densities in combination with a
harder spectrum and corresponding heat loads, the visible light optics directly behind the
scintillator can be damaged and/or deteriorate the resolution, e.g., in case they start to
emit fluorescent X-rays. In order to avoid this, a long working distance objective is used
instead of the visible light microscope. It projects the image through the mirror onto the
camera [27, 28] — cf. Fig. 1 (right). The latter approach is also used in neutron imaging
[1, 29]. For moderate photon energies, so-called inline versions of the optics shown can be
employed [30].

The original application of indirect detectors, live topography (using polychromatic hard
X-ray synchrotron radiation) as well as ex situ topography is of course benefitting from
these developments as well [31, 32]. Further review articles on high-resolution detectors
for synchrotron-based hard X-ray imaging, CCD-based X-ray detection schemes as well as
direct pixel area detectors have been published elsewhere [33, 34, 35].

The data acquisition rate of indirect detector systems can be pushed up the range of
> 10* images/s (i.e. tens of ps/image) when CMOS cameras are used instead of CCDs
[36, 37]. The higher data acquisition speed of CMOS cameras is only compromised by the
limited dynamic range as well as the short exposure times required. To some extent, frame
transfer CCD cameras represent up to now a compromise between CCD and CMOS cameras
[28].

The crucial component of any indirect detector which defines its performance in terms of
efficiency as well as resolution in space and time is the luminescence screen. For this reason,
a lot of effort has been put into developing optimised scintillator material compositions for

synchrotron-based microimaging applications [38, 39, 40, 41, 42, 43, 44].



III. IN VIVO CINERADIOGRAPHY

In medical terminology, cineradiography is the technique of making motion pictures with
X-rays (radiographs) either for research or medical diagnostics. In this article, the extension
of digital radiography to time-resolved imaging of living organisms is called in vivo cinera-
diography. It can be considered an advancement of Lucien Bull’s work: from visible light to
the use of hard X-rays.

As an application, the study of the biting and chewing mouthparts of the cockroach Peri-
planeta americana (Linné) is shown. Cockroaches are adequate model organisms for studying
basic insect chewing coordination and function due to their rather primitive mouthparts.
Descriptive studies of the kinematics of the entire mouthpart are challenging due to an over-
lap of the involved opaque objects. From previous studies it is known that synchrotron-based
hard X-ray microimaging combined with inline X-ray phase contrast allows for in vivo cin-
eradiography of insects [15, 46, 47, 48]. The latter were all performed with monochromatic
radiation using double-crystal monochromators at the Advanced Photon Source (Chicago,
USA). The potential of white beam inline X-ray phase contrast is known as well, but was
not employed so far for cineradiography [19, 50].

The measurements were carried out at the beamline TopoTomo of the German syn-
chrotron light source ANKA [51], which is fed by a 1.5 T bending magnet (critical energy
of 6.2 keV, 2.5 GeV ring energy) [52, 53, 54]. TopoTomo can be run in the white beam
mode, using only a single 0.5-mm thick Be-window between the experimental station and
the source. The 30 m-long source-to-sample distance and the source size of 0.5 mm X
0.14 mm (h x v, FWHM) are well suited to perform microimaging with X-ray phase con-
trast. For the measurements, TopoTomo was operated in the white beam mode with the
polychromatic radiation being additionally filtered by 1 mm Si after passing the Be-window.
The peak photon flux density of the resulting spectrum is around 20 keV, the integral pho-
ton flux density of the order of 10! Ph/s/mm? [54]. As detector, the so-called BAMline
macroscope was used [55]: Rodenstock right-angle objectives (focal length f = 50 mm and
122 mm available) in combination with a Nikkor 180/2.8 ED (f = 180 mm) as tube lens
(similar to Fig 1, left). As scintillator screen, bulk CAWO,4 (CWO) or Ce-doped (LuY),SiOs
(LYSO:Ce) single crystals were applied [56, 57]. The camera used to capture the lumines-
cence image of the scintillator via the visible light optics with high speed was a Photron

Fastcam SA1 [58]. The SA1 is based on a 1024 x 1024 pixel CMOS chip, 20 pm pixel size
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(peak quantum efficiency of 42% at 640 nm). The dynamic range is 10bit (800:1) with a
12bit digitalization. The minimal shutter time is 2 ps and can be triggered with 100 ns time
resolution. Without restricting the region-of-interest (ROI) the camera can acquire 5400
images per second, with a reduced ROI up to 675000 images/s (64 x 16 pixel). 32 GB
on-board memory are installed for a fast intermediate data storage. In order to fully exploit
the advantages of inline phase contrast, this X-ray detector was positioned approximately
0.5 m from the specimen.

In Fig. 2, example images extracted from a movie showing a feeding cockroach are dis-
played. They were taken with a frame acquisition rate of 125 images/s. The detector was
equipped with a bulk LYSO:Ce crystal. The effective pixel size was around 13.5 pm (result-
ing in a real spatial resolution around 30 pm applying Shannon’s theorem). The full movie
is available online [59]. Due to the hard spectrum employed, the contrast is dominated by
refraction (phase contrast). The time resolution is sufficient to sample one chewing cycle
with about 40 images. Relaxing the demands on spatial resolution and/or signal-to-noise
ratio allows one to reach even higher data acquisition rates. Movies with 250 images/s were
taken during the same experiment as well [60]. In principle, the imaging speed is only lim-
ited by the dose the living specimen can stand. Hence, frame rates up to 1000 images are
imaginable.

Employing polychromatic radiation is a valuable option in order to perform in vivo cin-
eradiography at synchrotron light sources where the available photon flux density is not
high enough to use monochromatic radiation. Despite the large energy spread, refraction by
means of inline X-ray phase contrast is available. One of the drawbacks is the higher dose

involved.

IV. IN SITU MICRORADIOSCOPY

In materials research, samples can often stand a higher dose than in life sciences. Thus,
higher frame rates or other contrast modes can be applied in microradioscopy. In the pre-
vious chapter, the high imaging speed was accessible despite the moderate available photon
density due to the use of X-ray inline phase contrast that is more sensitive and therefore
less demanding on flux. More photons are needed in order to achieve comparable contrast

and frame rates when absorption information is required.



In this section, the visualization of semi-solid metal flow at an acquisition rate of 500 im-
ages/s is shown. Semi-solid casting (SSC) is an experimental production process for light
metals, currently in use for niche-market applications only. It leads to a reduction of un-
wanted shrinkage during solidification due to the lower processing temperatures [61]. The
process holds promise of improved mechanical properties at only slightly higher costs. Until
now, SSC is preferably applied to coarse structures: it suffers from the incomplete under-
standing of the rheological properties of the metallic two-phase mixture. More knowledge
would be necessary for numerical simulations and an optimization of the process. Par-
ticularly for thin cavities of dimensions close to the average particle / cluster size of the
solid-phase, SSC yields only poor results. In situ microradioscopy now provides a tool for
visualizing injection processes in such cavities directly.

Images were taken at the high-flux beamline ID15a of the European Synchrotron Ra-
diation Facility (ESRF) [28]. As X-ray source, the available asymmetric multipole wiggler
(1.84 T, 44 keV critical energy) was chosen. Further details on the beamline are available
online [62]. The white radiation was filtered with approximately 20 mm of silicon, the pho-
ton flux density available for the imaging experiment is estimated to 10'® Ph/s/mm?. The
employed detector system is an ESRF in-house development, similar to the design shown in
Fig 1 (right): a manual zoom objective in combination with a lens projects the scintillator
image through a lead glass and a mirror onto the camera. The system has been successfully
used for high speed imaging earlier [36]. As scintillator, a 100 pm-thick YAG:Ce (Ce-doped
Y3Al5049) single crystal was chosen [11]. The camera was again the Photron Fastcam SA1
(see previous section for technical details). Images were acquired at 500 frames/s and 5.5 pm
effective pixel size (spatial resolution R > 11 pm). Since the readout time of the CMOS chip
is negligibly short, each frame corresponds to an exposure of 2 ms. The distance between
the sample and the detector was approximately 0.1 m (closest possible distance in order to
reduce phase contrast effects).

An experimental setup for in situ flow monitoring of semi-solid slurry was constructed by
the Helmholtz Zentrum Berlin fiir Materialien und Energie GmbH and the Federal Institute
for Materials Research and Testing (BAM), both Germany. A detailed description has been
published elsewhere [63, G4]. After heating the Al-32Ge alloy to 450°C, a miniaturized
injection process was captured with the high-speed imaging system, see Fig. 3. Semi-solid

slurry was pushed through a 0.4 mm thin bottleneck by a steel piston advancing at a speed



of v.=2cm/s.

Fig. 3 displays four radiographs showing the injection into the bottleneck (a-d): from the
movie taken, pictures are shown in intervals of 100 images (corresponding to 0.2 s), each of
them with an exposure time of 2 ms. The gray values represent a density / atomic number
contrast between three phases: air (black), liquid melt (bright gray) and solid particles (dark
gray). First, we observe the liquid entering the channel and filling the recipient. Meanwhile
solid particles and particle clusters detach from the solid bulk and follow the liquid flow into
the cavity at high speed. Few particles / clusters remain close to the liquid-air interface while
most particles which traverse the bottleneck move through the melt. During the experiment,
small air bubbles appear in the liquid as black spherical objects and disappear soon after
their emergence, possibly due to dissolution of the gases in the melt. Once the recipient has
been filled with liquid and some solid particles / clusters the flow stops. The remaining solid
feedstock can no longer traverse the channel and the down-driving piston is seen to compact
the particles to a dense aluminum-rich matrix (top of Fig. 3d). Optical flow analysis can
then be used to calculate the two-dimensional displacements between two consecutive X-ray

images [60, 64].

V. RADIOSCOPY WITH SPATIO-TEMPORAL MICRORESOLUTION

In order to observe fast processes which last only a few milliseconds even higher imaging
speeds with exposure times in the microsecond range are required. Events in liquid foams
such as coalescence and cell wall collapse fall into that category [37, 65, 66, 67]. Reaching
a data acquisition rate that implies taking several thousand images per second requires
the combination of high photon flux density with white beam inline X-ray phase contrast
imaging.

As an example, the study of a single coalescence event in a liquid metal foam is shown,
see Fig. 4. Images were again taken at the ESRF beamline ID15a [28, 62]. This time, the
applied ESRF in-house designed detector optic consisting of a single objective with a fixed
focal length captures the luminescence image of the scintillator without magnification via
a mirror [27]. As scintillator screen, 200-pm thick bulk LuAG:Ce (Ce-doped LuzAl5042)
was chosen due to its high stopping power and light yield as well as resistance to heat

load [28, 41]. The camera was again the Photron SA1 (see section III for technical details



on the camera), operated with a restricted region-of-interest to reach frame rates above
10000 images/s. The white radiation of the source was filtered by approximately 25 mm
of silicon. The sample-to-detector distance was increased to around 0.5 m in order to fully
exploit phase contrast.

The foaming of AlSi6Cu4 was carried out under 5 bar argon pressure in a furnace at
600°C as described earlier [36]. The furnace was depressurized during expansion in order
to increase rapidly the foam volume and therefore the growth-induced cell wall rupture rate
during the short time window in which the camera can save images at the high frame rate.
The coalescence event shown in Fig. 4 was captured by taking 40 000 images/s (the complete
movie is available online [69]). The entire merger of two pores happens here within around
3 ms, sampled in time with 120 images. The main features displayed in Fig. 4 are: at 0 ps
two pores and the joint cell wall are still distinguishable, 450 ps later, the cell wall has
ruptured, but still the original shape of the two pores is visible. Then, at 750 ps the new
walls are already straight — defining the so-called rupture time [36]. After 3.4 ms, oscillations
of the new cell walls have stopped. We note that the coalescence event could be resolved due
to the high spatio-temporal resolution used. Nevertheless, the rupture of the cell wall itself
is not resolved, the specific wall between the two pores rather seems to disappear suddenly
between frame 17 (400 ps) and 18 (425 ps).

Time-resolved studies like the one introduced are important to extend the knowledge
about the effective viscosity of liquid metal in a cell wall and the mechanisms behind foam
stability [68, 70, 71]. The rupture time measured allows one to conclude that the collapse
of this single cell wall is dominated by inertia. Hence, modifying, e. g., the viscosity of the

liquid melt should have only minor influence.

VI. TIME-RESOLVED MICROTOMOGRAPHY

In order to extend radiography towards tomography, several hundred projection images
have to be recorded. This naturally reduces the imaging rates by orders of magnitude when
progressing from two to three dimensions. Nevertheless, processes like, e.g., corrosion or
hardening can occur on time-scales which would allow for three-dimensional investigations
using these tomographic imaging rates. First approaches to access higher imaging speeds

for synchrotron-based hard X-ray microtomography by employing radiation with a larger
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energy spread reach back to the beginning of this century [72]. While with monochromatic
radiation it has been demonstrated that scanning times of a few minutes down to less than
half a minute are applicable [73, 71], the use of white high-energy synchrotron radiation could
allow one to acquire tomographic data sets within only a few seconds [28]. More recently,
successful experiments have been reported which combine, e.g., monochromatic undulator
radiation or polychromatic radiation from so-called super-bends with fast detectors, in order
to study the evolution of two-constituent specimens by taking tomographic data sets within
a few seconds down to less than 1 s [75, 76, 77, 78].

As a feasibility study, a static sample made of concrete (kindly provided by Prof. Koniet-
zky, TU Bergakademie Freiberg, Germany) was scanned with similar parameters as chosen
in paragraph IV: the white beam of the ESRF beamline ID15a was filtered with 25 mm
of silicon. The ESRF in-house designed zoom optic with 1.5x effective magnification was
combined with the Photron SA1 camera (13.3 pm effective pixel size). As scintillator, a
200-pm thick YAG:Ce crystal was chosen. The available rotation stage was operated in a
kind of infinite loop with a rotation speed of 45°/s. Triggering of the camera by the rotation
stage was not applied. The Photron camera acquired 250 images/s which resulted in a uti-
lization of approximately 80% of the camera’s dynamic range. Thus, an entire tomographic
scan with a 180° rotation, sampled with 1000 projection images was acquired in 4 s. The
resulting tomographic reconstruction of one selected slice is shown in Fig. 5. Inside this
multi-constituent specimen, a highly absorbing impurity is discernable next to pores inside

the matrix.

VII. SUMMARY

The polychromatic hard X-ray radiation of a third-generation synchrotron bending mag-
net or insertion device delivers a photon flux density high enough to perform time-resolved
radiography. Depending on the available number of photons as well as the desired signal-
to-noise-ratio and resolution in space and time, imaging rates from a few hundred frames
per second up to several 10000 frames per second can be reached. Existing indirect X-ray
image detectors can be combined with commercially available CMOS cameras, which allows
for a high data acquisition rate. Selected applications from life sciences (in vivo cineradio-

graphy) and materials research (in situ microradioscopy) demonstrate the high potential of
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this technique.

Besides the high photon flux density, another advantage of synchrotron light sources is
the partial coherence of the X-ray wave front at the position of the experiment. Hence,
interference effects can be used to access more sensitive contrast modalities such as the
inline X-ray phase contrast. The increased sensitivity allows one compensating a moderate
photon flux density or accessing even higher data acquisition rates in specific cases. The
amount of photons available at high-flux beamlines like ID15a of the European Synchrotron
Radiation Facility should be sufficient to reach data rates above 100 000 images/s. Currently,
the limiting factor is the scintillator screen that usually does not stand the corresponding
high heat load: cracks lead to irreversible damage.

Such high frame rates will allow us to reach higher acquisition rates in synchrotron-based
microtomography as well, allowing one to study processes in three dimensions with a high
time resolution. Microtomography with high spatial resolution as well as good contrast is
commonly performed at synchrotron light sources with monochromatic radiation and by ap-
plying CCD cameras with a high dynamic range, like, e. g., the ESRF in-house development
FReLoN [79]. Despite their limited dynamic range, current CMOS cameras can be applied
to a certain extent to time-resolved microtomography of multi-constituent specimens. In
the future, novel developments like the so-called scientific CMOS chips might open further

new opportunities [30].
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FIG. 1: The two main designs that emerged for high resolution indirect X-ray image detection in

the past decades, using either a visible-light microscope with a folded beam path (left |

long working distance objective (right |

screen onto a camera.

9

]) or a

|) to project the luminescence image of a scintillator

20



palps

labrum ‘ﬁ INEVAIERY

labial palp

antennae

FIG. 2: Sequence of four consecutive in vivo images showing the head of Periplaneta americana
during ingestion (acquired at the TopoTomo beamline of the ANKA light source, Germany). Due
to the lateral perspective the multilayered assembly can easily be understood (from dorsal to
ventral: labrum, mandibles, maxillae and labium). During food intake these mouthparts interact
in a periodic way (see movie sequence deposited online [59]). The small inset pictures in the upper
left quarter illustrate the position of the mandibles (highlighted in yellow) as can be seen in the
dorsal view. The movie was acquired with 125 images/s data acquisition speed. The effective pixel

size is approximately 13.5 pm.
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FIG. 3: Three selected radiographs showing the flow of semi-solid Al-Ge alloys through a channel
with a right-angle turn (dashed line, 500 images/s acquisition speed). Each frame corresponds to
2 ms exposure time (acquired at the beamline ID15a of the ESRF, France). The gray values reflect
a density / atomic number contrast: air (black), liquid melt (bright gray) and solid particles (dark

gray).
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FIG. 4: Left column: image sequence taken out of a series of 184 000 (acquired at the beamline
ID15a of the ESRF, France). Sequence shows a coalescence event inside a liquid metal foam (25 ps
exposure time / 40000 images/s, 20 pm effective pixel size, 192 x 192 pixel ROI); right column:

sketch highlighting major features (see movie sequence deposited online [(9]).
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FIG. 5: Tomographic slice of a concrete specimen (kindly provided by Prof. Konietzky, TU
Bergakademie Freiberg, Germany) imaged using polychromatic hard X-ray synchrotron radiation
(acquired at the beamline ID15a of the ESRF, France). 1000 projection images were captured
within 4 s, representing a 180° rotation of the specimen (diameter of the reconstructed slice is
approximately 350 pixels). The CMOS-based camera Photron SA1 was used in combination with
an indirect X-ray image detector. Several features are distinguishable within this multi-constituent

specimen: pores as well as a highly absorbing impurities inside the sub-structured matrix.
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