Characterization of the Phase Contrast Imaging system based on the
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This article provides a quantitative characteriazation of an X-ray Phase Contrast Imaging (PCI) system based on the
miniature synchrotron technology MIRRORCLE-6X. The current implementation of the examined imaging system is
a prototype of the so-called “in-line” modality of the X-ray PCI, which can, however, potentially be modified into
prototypes of the other imaging modalities of the X-ray PCI family. Currently achievable levels of contrast due to
the phase effect were measured using an edge response. Interpretation of the recorded performance is given using
a comprehensive model based on the known characteristics of the system components. Monte-Carlo simulations are
shown to be a usefull tool in the analisys of the system spectral characteristics and resolution. The measured ratio of the
detected phase contrast to the absorption contrast is currently in the range 100% to 200%. With the current design of the
target mounting the minimum size of the target that can be efficiently used in MIRRORCLE-6X for an X-Ray imaging
is of the order of 30 — 40 um¢. Considering the measured data and the results of the modelling, a brief discussion is

given to the potential development of the prototype, leading to the improvement of the phase contrast enhancement.
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I. INTRODUCTION

Phase Contrast Imaging (PCI) has first been introduced in
optical microscopy! and later in transmission electron mi-
croscopy (TEM-PCI)? and X-ray imaging (X-PCI)®. Medi-
cal application of X-PCI would provide a number of possi-
bilities for label-free soft-tissue imaging, e.g. for radiology
of blood vessels (angiography), breast tissue (mammography),
brain tissue (neuroimaging), cartilage etc*°. There are a num-
ber of different methods to measure X-PCI’~10. In-line X-PCI
is the most simple and straightforward method, as it requires
only small modifications to the standart transmission imaging
geometry. It does however, require a bench-top sized source
with high coherence and brilliance. Competing methods are
gratings-based X-PCI'! and aperture-based X-PCI'?, which
can operate with conventional X-ray sources, but require mod-
ifications to the imaging geometry.

The requirements on size and brilliance of the X-ray source
that are posed by medical imaging to the in-line X-PCI have
remained incompatible so far. Synchrotron facilities offer high
brilliance but are too large-scale facilities and too expensive to
comply with hospital infrastructures. Microfocus X-ray tubes,
on the other hand,, are small, but lack brilliance. The devel-
opment of bench-top high-brilliance X-ray sources is thus of
great importance for advancing the in-line X-PCI for medical
application. Miniature synchrotron X-ray sources'>!4 among
other emerging technologies!>!'® might provide the right com-
bination of size and brilliance that is required for an effective
implementation of the in-line X-PCI.

We have carried out a series of measurements using a proto-
type miniature synchrotron X-ray source MIRRORCLE-6X!".

YBoth first co-authors share an equal contribution to the current publication.

The maximum contrast levels achievable with the current sys-
tem in the X-PCI regime were compared to the contrast levels
of the absorption image. Here we report on these measure-
ments and on a model of the imaging process, including the
X-ray source, the geometry and the detector. In particular, the
design of the electron target appears to be crucial in obtain-
ing high contrast levels, and several design improvements are
deduced from the analysis we present here.

II. MATERIALS AND METHODS
A. MIRRORCLE-6X

The investigated imaging system is based on the compact
synchrotron X-ray radiation source MIRRORCLE-6X. The
synchrotron ring of the MIRRORCLE-6X contains an elec-
tron beam accelerated to the total energy of 6MeV. A small
metallic target can be suspended on a Beryllium or Carbon fil-
ament inside the electron orbit to produce a white spectrum
Bremsstrahlung radiation ranging from 0.001 to 6MeV'8. A
cone beam of the hard X-Rays leaves the synchrotron ring
through a beryllium exit-window.

In the experiments presented in this paper the
MIRRORCLE-6X was operated in the regime with an
electron injection current 75mA and injection frequency
400Hz. Tungsten spherical targets of 10ume¢, 20um¢ and
40um¢ were used for X-ray generation. Each target was
suspended inside an epoxy droplet attached to a 7.6 um¢
diameter carbon filament. The simulations and the analysis
of the acquired data show that, a significant part of radiation
is generated by the epoxy surrounding the target and the part
of the target mounting that is exposed to the electron beam
(roughly ~ 1mm¢). This has a profound influence on the
effective source size and its spectral characteristics and will
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Figure 1: The sample is positioned between the X-ray source
(S) and the detector (D) allowing for magnified imaging.
Object-source distance is R, object-detector distance is R,.
The sample is mounted on a rotation stage in order to record
phase images of the tilted edge.

be investigated in the Section III C.

B. X-ray detector

A BaFBr : Eu** photo-stimulable phosphor imaging plate
(IP) was used together with a FCR XL-1 image plate reader
from Fujifilm (Tokyo, Japan) as X-ray detector. It is shown'’
that the properties of the imaging plate are highly uniform over
its surface, the response is linear relative to the radiation dose
up to 4e4 photons/100um? providing a wide dynamic range.

The estimations'®?’ of the Full Width Half Maximum
(FWHM) of the detector’s point-spread function (PSF) are in
the range of 170 ~ 200um. The quantum efficiency (QE) of
the IP is given to be almost 100% at the energies below 20keV
and dropping to about 50% at the energies above 35keV2!-22,

As the properties of the IPs vary between the different mod-
els, the PSF and its spectral characteristics were estimated by
us independently. The PSF of the IP used in our experiment
was estimated from the acquired reference beam-images using
the noise method?. The PSF was found to be approximately
Gaussian shape with a FWHM of 260 um. The images were
sampled by the reader with a pixel pitch of 150 um. Further
discussion of the detector spectral characteristics is given in
the Section III B.

C. Geometry of the setup

In the in-line X-PCI method the standard transmission
imaging geometry with divergent beam is used (Figure 1). The
specimen is mounted between the X-ray source and the detec-
tor with source-object distance R and object-detector distance
R, providing magnification M = (R} +R»)/R;.

The phase image of the specimen has an interferometric na-
ture and is observed as an intensity fringe located around the
inhomogeneities of the projected refractive index of the object.
Given certain propagation distances R; and R, the magnitude
of the recorded phase image depends on the wavelength of
the X-ray radiation and contrast transfer function (CTF) of the
imaging system. Therefore the major factors that define the
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Figure 2: An image of a 1.95mm plexiglas plate is acquired
in the X-PCI regime (a). An intensity fringe due to phase
contrast is clearly visible on the image, slightly tilted
relatively to the vertical axis. Image (b) shows a projected
profile, calculated using the Radon transform of the image,
accounting for a small tilt of the edge. The transmission
contrast is indicated on the profile image as A, phase contrast
enhancement is measured as the fringe amplitude (B —A)/A.

contrast of the X-PCI system of a given length are its spectral
characteristics and the spatial resolution.

The experiments were carried out in high magnification
regime with M in the range from 12 to 14.5 in order to reach
the highest possible resolution in the object plane considering
the PSF,,; of the BaFBr : Eu*" detector. In such a regime the
effective resolution of the imaging system is mainly limited by
the source PSFy,..

D. Measurements

A thin plexiglas plate blocking part of the X-ray beam is
often used as a standard specimen in the investigations of the
performance of the X-PCI systems>*>>. The observed image
in that case is a transmission image of the plate combined with
the intensity fringe of the phase image that stretches along the
plexiglas-air edge (Figure 2a). The image of such a specimen
can be easily modeled, simplifying the analysis of the system
performance.

The magnitude of the phase image fringe of the plexi-
glas plate is highly sensitive to the orientation of its edge
to the direction of the beam, as the projection of the object
changes. In our experiment the plexiglas plate (thickness
1.95mm) is mounted on a rotation stage so series of images
can be recorded for a range of angles of incidence for every
system setting (Figure 1).

E. Image processing and analysis

Since the plexiglas plate is homogeneous, it can be pre-
sented as a one-dimensional object simplifying the analysis.
Several steps have to be taken before the raw measurements
can be compared to the results of the model. First, a simple
flat-field correction is done by dividing each acquired image
by a reference beam-image. Next, using the Radon transform,



the image is integrated in the direction of the edge, resulting
in one-dimensional edge profile (Figure 2b). The orientation
of the edge can be found as an angle at which the Radon trans-
form of the image yields the highest maximum derivative.

The ratio between the phase contrast and transmission con-
trast of the edge (Figure 2b) can be estimated for each image
by measuring the fraction of the amplitude of the phase fringe
B — A to the intensity drop due to absorption of the plexiglas
plate A. Ratio (B—A) /A is used as an estimate of the sensitiv-
ity of the phase imaging system and is referred to in the text as
a phase contrast enhancement (PCE).

F. Calibration of the angle of incidence

The phase image and the transmission image of the plex-
iglas plate depend on the angle with which the radiation is
incident on it. This results in a high sensitivity of the phase
contrast enhancement to the angle of incidence. For that rea-
son, each experiment consists of a series of images taken for
a range of object orientations of approximately +3°.Using the
fact that PCE must be symmetrical relative to the incidence
angle 0°, the correction for a small misalignment in the object
orientation could be done after the data acquisition.

1. MODEL

The MIRRORCLE-6X is a highly polychromatic X-ray
source (spectrum 0.001 —6MeV) which requires an accurate
account for polychromaticity during the analysis of the imag-
ing process. The corresponding numerical model represents
three main stages of the image formation: interaction of the
polychromatic X-ray field with the object, propagation of the
electromagnetic field to the X-ray detector and the model of
the detection process based on the estimated spatial resolution
and spectral characteristics of the X-ray detector and X-ray
source.

A. Object interaction and field propagation

The description of the X-ray field interaction with the spec-
imen is extremely straightforward in the current experiment.
The plexiglas plate satisfies the condition of the thin-body
approximation?, therefore the field interaction is described by
transmission function (1):

T (x) = exp (=6 (x)) -exp (i9 (x)), €]

where 6 (x) is a linear attenuation map of the specimen and
¢ (x) is a phase map. The linear attenuation map 0 (x) is cal-
culated using the mass attenuation coefficients from the NIST
database?” and the known projected mass of the specimen. For
the X-ray energies above the absorption edges of the material
(>> 1keV) the phase map can be very well approximated by?%:

¢ (x) = —AreNed (x), @

where A is a wavelength of the electromagnetic field, r, is
the classical electron density, N, is the electron density, d (x)
is a projected length.

The propagation of the monochromatic component of the
electromagnetic field from the object plane to the detector
plane is described by Fresnel diffraction. The computation-
ally efficient Fourier formulation of Fresnel diffraction can be
written as??30:

1 j 2
i (x. R2) = LIFT [exp (W) FT(T <x>}] @

were u is the spatial frequency. In this equation the geometric
magnification of the system M is accounted for and the phase
pre-factor is dropped.

The total intensity of the field at the detector plane I, (x) will
be calculated as a superposition of all propagated monochro-
matic components:

Iy (x) = / i (%, R2) S (E) dE, @

where S (E) is the effective intensity spectrum of the system.
Due to a finite nature of the X-ray source, the detected
image is formed as a superposition of intensity fields I, (x)
produced by each point of the X-ray source independently.
Considering that the source size is negligible relatively to the
propagation length of the field, the result of the superposi-
tion is described as a convolution of the point-source inten-
sity field I, (x) with the point-spread function PSFy (x) that

corresponds to the source shape?® :

1(x) = PSFy (MX_1> #PSFe (X) # 1y (x),  (5)

where PSFg (X) is a point-spread function of the X-ray detec-
tor. The factor M — 1 is introduced to account for demagnifi-
cation of the projected source size.

Expression (5) completes the model described above, which
allows to calculate an image of a known specimen detected
in the in-line X-PCI system. The characteristics of the imag-
ing system are included in the model as the effective spectrum
S(E), source and detector point-spread functions PSF, (X),
PSFy (x). Accurate estimation of these functions is abso-
lutely crucial for the modelling process and will be described
in two following subsections.

B. System spectral characteristics. Detector efficiency.

The first step in modeling the imaging process is to es-
timate the effective spectrum of the system. The effective
spectrum S(E) is a product of the emission spectrum of the
MIRRORCLE-6X S, (E), the energy dependent transmission
of the system 7 (E) and the energy absorption efficiency
EAE (E) of the detector:

S(E)=S.(E)T;(E) EAE (E). (6)
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Figure 3: Spectra of 10um¢, 20um¢ and 40pum¢ tungsten
spheres were computed using GEANT4 package. A
monochromatic, spatially uniform electron beam with the
total energy of 6MeV was assumed in the calculation.
Estimation of the effective spectrum was done considering
computed efficiency of the BaFBr:Eu detector and the
transmission through the five meters of air.

The emission spectrum S, (E) of the MIRRORCLE-6X
was calculated using Monte-Carlo simulations based on the
GEANT4 toolbox®! (Figure 3). The energy dependent trans-
mission of the system 7 (E) is defined as the fraction of X-
rays of a certain energy emitted by the source which reach the
detector plane in the absence of an object. In the calculation
of the system transmission 7 (E), the absorption of X-rays by
the beryllium exit-window of the MIRRORCLE and the air
between the exit-window and the detector is accounted for.

The energy absorption efficiency EAE (E) of the detector
is defined as a fraction of X-ray intensity of a certain energy
which is converted to a detector signal. It is given by>?:

EAE (E) = (“;"(g)) (1 fe<—ﬂ<E>d>), %)

here l—e(’”(E)d)) is the quantum detection efficiency

(QDE), the fraction of X-ray photons which interact with the
scintillator, with d the thickness of the active layer of the de-
tector and u (E) the mass attenuation coefficient of BaFBr.
The mass energy-absorption coefficient divided by mass at-

. . Uen(E)
tenuation coefficient ( W(E) )

is the average fraction of en-

ergy transferred in each interaction with the active layer. Both
coefficients L, (E) and u (E) are well documented?. The ef-
fective spectrum of the five meter long imaging system with
40um¢ tungsten target and BaFBr:Eu detector is depicted on
the figure 3b.

Calculation shows that the total intensity of the target is not
linearly dependant on the volume, the photon fluxes of the
40um¢ and 20um¢ tungsten spheres were found to be corre-
spondingly 26.2 and 4.5 times higher than that of 10um¢. This
can be explained by a self absorption in the target. The same
phenomena contributes to a beam hardening, taking place in
20 —40keV region, when the bigger target is used (Figure 3a).
Such hardening of the emitted radiation lowers the sensitiv-
ity of the PCI system because the magnitude of the observed
phase effect is proportional to 2~ as it can be seen from (3)

Electron beam width
X-Rays

Figure 4: A schematic representation of the compound X-ray
target.

and (4). On the other hand, high energy radiation might be
more suitable because of the better transmission through the
particular object of interest.

It is apparent, therefore, that the target size is an important
characteristic of the X-Ray source, which influences the sen-
sitivity of the system to the phase effect, defines the source
point-spread function PSFj,., and the total brightness of the
system. The configuration of the target can be optimized by
using the Monte-Carlo simulations considering the character-
istics of the complete imaging system in each particular case.

C. Compound target model: spectrum

The results of the Monte-Carlo simulations for the spec-
trum of the X-ray source, based on tungsten spherical targets
(Figure 3a), correspond well with the measurements of the
MIRRORCLE-6X brightness done in Yamada'!”. However,
we have found that the so called ’compound target’ model of
the X-ray source may lead to a consistent interpretation of the
phase contrast data that was obtained in our experiment.

It is known that in the MIRRORCLE-6X the tungsten target
is suspended in a small droplet of epoxy attached to a thin
carbon filament (7.6um¢). The whole construction is exposed
to an electron beam of approximately ~ 1mm¢ (Figure 4).

It was assumed that the interaction between the spherical
tungsten targets, the epoxy droplet and and the carbon fila-
ment is negligible during the X-Ray production. Spectra of
the compound target model were calculated as a superposition
of independantly simulated spectra of the source components.
Calculations were done considering spherical 10um@, 20umae
and 40um¢ tungsten targets, 70um¢ sphere of epoxy and a
carbon cylinder of 7.6um¢ diameter exposed to an electron
beam with Gaussian distribution with FWHM of 1mm.

Monte-Carlo simulation shows that an epoxy droplet and a
carbon filament provide comparable or even larger contribu-
tions into the emission spectrum as the small tungsten target
(Figure 5a, 5d,5g). The fraction of the effective spectrum that
is produced by the tungsten sphere is 33% for 10um¢ target,
62% and 89% for 20um¢ and 40um¢ targets correspondingly.
This has a profound influence on the behavior of the imaging
system depending on the tungsten target size.
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Figure 5: Normalized spectral characteristics (dose per solid angle unit) of the compound target components with 10um¢(top),
20um¢ and 40ume(bottom) tungsten sphere.

D. Compound target model: point-spread function

Compound target model provides an extremely anisotropic
source point-spread function PSFy,. determined by the projec-
tion of the emitting components of the source. In one of the
two orthogonal dimensions of the image plane the PSFj,. is
determined by the projection of the tungsten target and epoxy
droplet only, while in the other dimension the PSF,. has a
much broader footprint due to the fraction of radiation pro-
duced by the carbon filament (FWHM ~1mm).

Unfortunately the data from the experiments with the plexi-
glas plate shows the performance of the imaging system in one
dimension, which in each experiment has an a priori unknown
orientation relative to the orientation of the suspending carbon
filament. That forces us to introduce several fitting parameters

into the model in order to find a consistent interpretation of the
measured data. To reduce the number of fitting parameters, it
was decided to neglect the fraction of the PSF resulting from
the epoxy droplet.

The first parameter is a fraction f of the X-rays that are not
produced in the tungsten target but in the carbon filament. As
a result, the image observed with the detector is the weighted
sum of the image produced by the radiation from the target I,
and the filament 7,

I= (1= )+ (f) .

Images /; and 1, will be distinct due to two principal phe-
nomena. Firstly, the carbon filament and the target are emitting
different X-rays spectra (Figure 5), therefore the phase effects



in images I; and /,, are distinct. Secondly, the point-spread
functions of the target PSFy, and the filament PSF y, are
different due to the the shape of the targets. If we assume that
the X-ray production is homogeneous over the volume of the
target and neglect absorption of X-rays inside the target, the
shape of its PSF;,., is equivalent to the projection of its vol-
ume. Because the image of the homogeneous plexiglas plate
can be considered as a one dimentional edge profile, the point-
spread function is projected onto a line perpendicular to the
direction of the edge. We approximate the one-dimensional
target PSF;,.; as a normalized projection of a sphere with ra-
dius R:

3 (p2 .2
—= (R“— <R
PSFyc (x) = {4R3 ( X ) X

0 x>R’ ®

The projected PSF of a cylindrical filament with radius R is
likewise:

2 VRZ—x2 x<R

PSFylinder (X) = {R )

0 x>R’

Generally, there is a small angle y between the direction of
the filament and the edge of the plexiglas plate (figure 4). This
extends the PSF;,. ,, by the projection of the profile of the elec-
tron beam along the filament onto a line perpendicular to the
edge. If we assume that the electron beam has a Gaussian-
shaped intensity distribution along the filament with a FWHM
of h, the projection of the beam PSFyc,, is also Gaussian-
shaped with a FWHM of hsiny. Therefore, the full PSF;,,,
of the filament is:

PSFic.w (X) = PSFcytinder (X) * PSFpeam (x,Asiny).  (10)

The mounting of the target on the side of the filament (Fig-
ure 4) causes a potential misalignment of the centers of the
filament and the sphere. This causes an arbitrary spatial shift
Ax between the intensity images I; and 1,,,.

The observed phase-contrast edge profile I (x), taking all de-
scribed effects into account, is given by:
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Figure 6: On the left: three profiles (crosses) measured at dif-
ferent angles of incidence  with magnification M = 14.3,
system length R| + R, = 5.41m, a 10 um tungsten spherical
target. Note the extra wiggle depicted with a small arrow in
(a) and (c). The dashed lines are the modeled results for an
ideal spherical target (f = 0) and the solid lines are the results
for the compound target model with the indicated parameters.
Right: the PSF;,. estimated with a Wiener filter (crosses). The
solid lines are the calculated PSF's for the fitted parameters

(eq. (10)).

I(x) = (1 — f)PSFqy, <Mx_1) «PSFget (x) %I, (x + [M — 1] Ax) +

+ (f) PSFsrqw <1Wx—l ,hsin ’J/) * PSF et (x) *1, (X)

IV. RESULTS

In the current paper we present the results of four series
of 43 measurements of the phase contrast enhancement of the
1.95mm thick plexiglas plate .

As described in the Section IIC each series of images is
taken for a range of edge orientations (~=£3°) relatively to the
direction of the X-ray beam. Some examples of the acquired
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Figure 7: (a, b, ¢) The result from fitting the source
parameters for a series of measurements. The solid lines
indicate trends in the data over time. (d) The measured
(crosses and circles) and modeled (lines) phase-contrast
enhancement. The crosses indicate measurements done at
negative angles of incidence. The solid line is the result for
f =0 and the and dashed lines are the results for two typical
sets of values from (a), (b) and (c). Measurements done with
M =143, R; + Ry = 5.41m, a 10 um tungsten spherical
target

profiles are shown on the figures 6a,6b,6c. Figures demon-
strate a large discrepancy between the measured edge profiles
and the results of calculation based on the spherical target
model.

Introduction of the compound target model, described in
Section IIIC, allows for a very accurate reproduction of the
measured data, however requires fitting of the parameters f,
h-sin(y), Ax that represent misalignment between the orien-
tation of the plexiglas edge and the components of the X-ray
source.

The source point-spread function PSF;,, was estimated us-
ing Wiener deconvolution of the acquired images with the pro-
file resulting from the model based on the fitted parameters. It
is shown on the figures 6a,6b and 6c¢ that the estimated PSF,,
corresponds with the PSF,. of the compound target model.

A. Stability of fitting

Results of fitting the model parameters for an experimental
session are presented on figures 7a, 7b and 7c. The session
consists of 31 measurement taken in the orientations range
+3°, with magnification M = 14.3, system length R + Ry =

. - 35
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===, x:20pm,f=0 ; - ! =
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A 1= ©, 41 40um, f = 0.11, h sin(y) = 115um

% o5 1 15 2 25 3 % o5 1 15 2 25
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Figure 8: The phase-contrast enhancement for three series
measured with tungsten spherical targets with diameters of
10, 20 and 40 um¢ (correspondingly circles, crosses,
plus-signs). Measurements were done with the same setup
geometry M = 12.8 and R; + Ry = 5.31m. (a) demonstrates
the discrepancy between the measured data and calculated
values (solid, dash, point-line) using the ideal spherical target
and (b) shows the result calculated with compound target
model.

5.41m, using a 10 um¢ tungsten target.

A considerable variation of the parameters throughout the
series is apparent, however, linear trends in their variation can
be found when the experimental session is divided into three
groups of measurements (#131-141, 143-157 and 158-162)
(Figures 7a, 7b and 7c¢). This may be explained with two re-
sets of the setup that took place exactly after the measurement
#141 and #157 was taken. A linear change in the parameters,
that are describing the compound target, may be explained by
a micro drift of the X-Ray source orientation during the mea-
surement.

Such drift will of course not be relevant if the target PSFy,,
is isotropic, which can potentially be achieved by reduction
of the carbon filament fraction that is exposed to the elec-
tron beam in MIRRORCLE-6X or increasing the volume of
the spherical part of the target.

Figure 7,d demonstrates that a reasonable match between
the experimental values of the phase contrast enhancement
and the modeled values can be achieved using only the av-
erage values of the fitted parameters. The compound target
model shows that the phase contrast enhancement PCE of the
current system is decreased in the performed experiment with
a factor of 2 to 5 compared to the system with the same geom-
etry but using an ideal 10 um¢ spherical tungsten target.

Another illustration of the results obtained with the com-
pound target model is given in figure 8. The experimental se-
ries are acquired with magnification M = 12.8, system length
Ry + Ry = 5.31m, using 10 um¢, 20 um¢ and 40 ym¢ tung-
sten target. The compound target model uses values for f ob-
tained in Monte-Carlo simulations of the X-ray emission by
the target components (Section III C) and the other two pa-
rameters (Ax, hsin?) are found by least-square fitting.

The PCE predicted using the model with an ideal spheri-
cal target is too large for the small targets by approximately a
factor of 2 in the current case (Figure 8a). The results of the
compound target model, on the other hand, are very close to
the experimental data. They do not only reproduce a gener-



ally lower PCE in all three experiments but also the trend that
the contrast may be higher in some cases in the system with a
larger target.

Namely, the 40 um¢ tungsten target dominates the rest of
the emitting components of the MIRRORCLE-6X (providing
89% of radiation according to the Monte-Carlo simulations)
and that is why it can yield a better performance then the
smaller targets due to effectively sharper point-spread func-
tion. This also explains why the experiment that involves
the bigger target is less influenced by the anisotropy of the
MIRRORCLE-6X source (Figure IIIC, a).

B. Phase contrast enhancement of MIRRORCLE-6X

The levels of the contrast increase of the sharp plexiglas
edge due to the phase effect of the MIRRORCLE-6X were
observed to be between 100% and 200% in the current imple-
mentation. However, an accurate measurement of PCE was
found to be particularly unstable. The instability can be ex-
plained by a high anisotropy in the resolution of the system
caused by the radiation emitted from the components of the
X-Ray source.

According to calculation, if no (or almost no) radiation is
produced by the components other then the target, the cur-
rent system based on MIRRORCLE-6X will yield a PCE of
400% to 500% (Figure 7d). That could be potentially achieved
using constructions made of carbon nanomaterials. Effec-
tive reduction of the X-Ray source size below 30 — 40 um¢
can be in principle achieved without any modifications in the
MIRRORCLE-6X design. A system of double bend Laue
monochromators®* would be required for patient imaging to
select the appropriate x-ray spectrum and to limit the source
size. A choice of X-Ray detector with higher resolution
(< 50 um) will allow to use the geometry with lower mag-
nification which yields even higher levels of the PCE.

According to Yamada®, the micro-target of the
MIRRORCLE-6X must be capable to produce a total X-
Ray flux of an order of about 10°y/(s - mrad® - 0.1%band),
which means that monochromatized beams with fluxes
ranging from 107y/(s - mrad?) to 10°y/(s - mrad®) should be
available, depending on the bandwidth of the monochromator.

Another promising solution is to implement an imaging
modality that requires arrayed X-Ray source. For example a
grating X-PCI system can be designed, using an array of wires
or a grating mounted in the electron beam of the synchrotron.
A transition to a digital detector and addition of the monochro-
mator is of course inevitable in the gratings-based system.

V. CONCLUSIONS

Performance of the X-PCI prototype based on
MIRRORCLE-6X X-Ray source was characterized by
us using the edge response of the system. Phase contrast
enhancement factor was measured in series of experiments as
a ratio between the phase and absorption contrast produced by
the plexiglas plate. It was found to be particularly sensitive
to the edge orientation due to a high anisotropy of the X-Ray
source point-spread function. The observed PCE values

were found to be between 100% and 200% in different
measurements.

The role of the X-Ray source target size was investigated
using Monte-Carlo simulations package GEANT4. Calcula-
tions show that the target size has a considerable influence on
the low-energy part of the emission spectrum (10 —40keV, of a
total 0.001 ~ 5.5MeV). And what is more important, the com-
ponents of the mounting of the target may emit up to 70% of
the total radiation in case of 10 um¢ spherical tungsten target,
down to 10% for the 40 um¢ targets.

As aresult, the same or higher performance in terms of PCE
values was observed in experiments when 40 umg¢ target was
used instead of 10um¢ and 20 um¢ targets. The emission
produced by the components of the mounting can not be fully
avoided in the current implementation of the system due to
the limited focusing of the electron beam in the synchrotron
ring. This most likely limits the minimal diameter of the tung-
sten target that can be effectively used to 30 —40 um¢ un-
less a thinner target mounting can be implemented. Calcu-
lations demonstrate that by significant reduction of the radi-
ation emitted by the target mounting, the PCE levels of the
MIRRORCLE-6X can be improved by a factor of 2 to 5 by
allowing to use smaller targets.
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