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Abstract

Inverse Compton scattering (ICS) X-ray sources are of
current interest due to their novel features that enable new
methods in medical and biological imaging. As a com-
pelling example of such a possibility, we present an exper-
imental demonstration of single shot inline phase contrast
imaging using the ICS source located at the BNL Accel-
erator Test Facility. The phase contrast effect is clearly
observed in the obtained images. Further, its qualities are
shown to be in agreement with the predictions of theoreti-
cal models through comparison of experimental and simu-
lated images of a plastic wire. A phase-retrieval algorithm
is used in the image processing to obtain an accurate esti-
mation of the projected thickness of our sample. We also
display an example of application of the technique to single
shot phase contrast imaging of a biological sample.

INTRODUCTION

Inverse Compton Scattering (ICS) sources are capable
of producing very short X-ray pulses characterized by high
flux and brightness, tunable energy, quasi-monochromatic
spectrum and small spot size. These properties can be ex-
ploited to realize high-quality X-ray imaging of particular
interest for the biomedical applications [1, 2]. An appli-
cation to in-line phase contrast imaging is here presented.
In ICS sources photons are produced by the interaction
of a laser beam with a highly focused electron beam [3].
If the electrons are ultra-relativistic the scattered radiation
undergoes a strong upshifting frequency, and is predom-
inantly emitted in a narrow cone of forward angles, less
than v~! with respect to the motion of the particles [4].
Several ICS sources have been developed or are under de-
velopment [1, 5, 6]. They are in principle characterized by
high flux and brightness, quasi-monochromatic spectrum
in the angular region # < 4! with tunable mean energy,
small source size and very short (few ps) pulses. Due to the
small source size of ICS sources, it is possible to perform
inline phase contrast (PhC) imaging, that allows enhance-
ment of the resolution of low-contrast details, by detect-
ing the phase shift together with absorption of the interact-
ing X-rays [7]. Ikeura-Sekiguchi, et al., [8] have shown
PhC images of rat lumbar vertebrae obtained at National
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Figure 1: Schematic of the Inverse Compton source
and beamline at the Accelerator Test Facility (ATF) at
Brookhaven National Laboratory.

Institute of Advanced Industrial Science and Technology
(Japan) with 18,000 shots (total exposure time 54 ns and
total elapsed time 1800 s). However, if the required number
of photons is delivered in a single-shot, the pulsed nature
of the beam opens the window to time-resolved imaging
of fast processes. For example, living objects can be im-
aged without any artifact due to the motion. In this paper
we show results of single-shot inline phase contrast imag-
ing preformed at the inverse Compton source available at
the Accelerator Test Facility (ATF) at Brookhaven National
Laboratory [6]. The parameters of the ICS source were op-
timized in order to maximize the peak brightness of the
source with sufficiently large number of photons of the X-
ray beam for the single shot operation. In order to eval-
uate the PhC effect using this source, we have produced
radiographic images of a plastic wire. The experimental
results obtained are compared with simulation of the ex-
pected signal. Phase retrieval algorithms enable the recov-
ery of quantitative information from phase-contrast images.
In this paper we use phase retrieval to accurately estimate
the projected thickness of our sample [9].

Finally, to illustrate the biological imaging possibilities
enabled by this kind of source, we show a single-shot image
of a wasp.

EXPERIMENTAL SET-UP

Figure 1 depicts the experimental layout: the X-ray are
generated inside the Compton chamber by a head-on colli-
sion of a bunch of relativistic electrons with an intense laser
pulse. After the interaction the electron beam is deflected
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by a dipole magnet into the beam stopper while the X-ray
beam exits through the Be window and reaches the sample.
A helium-filled pipe minimizes the intensity losses due to
absorption while the beam propagates towards the X-ray
detector. For a more accurate description of the beamline
we refer the reader to a previous work [6]. The X-ray detec-
tor is a flat panel composed by a CMOS sensor and micro-
columnar CslI scintillator (Hamamatsu C9728DK-10). The
pixel size is 50 x 50 pm and the active area is about 5 X
5 cm. The detector has been characterized with respect to
its Line Spread Function and energy response in order to
perform quantitative measurements.

The X-ray beam used in this experiment provides about
2 x 108 photons/pulse with a divergence of 5 mrad, a peak
energy of about 10.4 keV and an energy spread of about
0.6%. The pulse duration is about 1 ps. The estimated num-
ber of photons scattered into 1 mrad? is about 2 x 105 per
pulse. The flux density for a single-shot is approximately
7 x 106 ph. s~ mrad=2(0.1%bw) .

The simplest phase-sensitive X-ray imaging method is
the free-space propagation, or inline phase contrast tech-
nique [7]: the sample is positioned between the source and
an imaging detector. X-rays interact with the sample and
different variations of the phase of the radiation are induced
by the details. The resulting interference patterns increases
the visibility of the border of structures inside the object
having a refractive index different from adjacent material.
This increase of the contrast over that of conventional ra-
diographic images is called edge-enhancement effect.

RESULTS

A single-shot exposure of a PMMA (polymethyl
methacrylate) wire with diameter 1124 pm is shown in
Fig. 2; the image is only corrected for the dark current.
The intensity distribution without the object is estimated
with a two-dimensional Gaussian fit using all the pixels
that do not contain any sample detail. With this approx-
imation to the fat-field the raw image can be equalized.
The fitting procedure for the flat-field is required due the
shot-to-shot fluctuations of the beam (intensity, position
and shape). A simulation is also compared to the normal-
ized intensity profile. In Fig. 2a the wire profile, together
with the simulated one are presented. The raw (2b) and
normalized (2d) experimental images are also shown, to-
gether with the corresponding simulated images (2c and 2e
respectively). The source is modeled as a superposition
of independent point sources, Gaussian distributed with a
Full Width Half Maximum of 80 um. The spectrum is cho-
sen as quasi-monochromatic with mean energy 10.4 keV
and standard deviation 0.04 keV. The detector Line Spread
Function is modeled with two Gaussian functions (o 93
and 238 pm relative amplitude 0.4). The normalized inten-
sity profile is then processed with a phase-retrieval algo-
rithm [9] based on the monochromatic Transport of Inten-
sity Equation (TIE) for a homogeneous object. From the
phase-retrieved image the projected thickness of the wire
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Figure 2: Experimental and simulated images for the
PMMA wire. (a) Comparison of the wire profiles in a cen-
tral portion of the beam. Experimental (b) and simulated
(c) images, normalized experimental (d) and simulated (e)
images.
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Figure 3: Reconstructed projected thickness at the object
plane. PMMA wire, diameter 1124 ym. The reconstruction
after phase retrieval is compared to the reconstruction using
only absorption.

can be accurately estimated as shown in Fig 3. A single-
shot image of a wasp is shown in Fig 4. Absorption con-
trast dominates in the central part of the sample while phase
effects are visible at the edges of the legs, mesosoma and
wing. The noise pattern present at the corners is a conse-
quence of the normalization procedure in a region of inten-
sity fall-out.

CONCLUSION

Single-shot phase-constrast images have been experi-
mentally generated with an Inverse Compton Scattering
X-ray source using in-line geometry on a very short time
scale. Due to the high-brightness e-beam and high-energy
CO,, laser available at the facility, it was possible to ob-
tain the appropriate energy, monochromaticity and the re-
quired number of photons per ICS shot. The images clearly
show the edge-enhancement effect. The quantitative anal-
ysis of a homogeneous sample is in good agreement with
the expectations, the object thickness has been accurately
reconstructed with a great improvement with respect to the
results obrtained using only the absorption data. Images
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Figure 4: Normalized single-shot image of a wasp. Inline
phase contrast is clearly visible on the border of the back
of the insect.

on a biological sample were obtained, showing that imag-
ing applications in medicine and biology can be enabled
by this state-of-the-art ICS source. These results are en-
couraging for future biomedical application of this kind of
X-ray sources.
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