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The Imaging and Medical beamline at the Australian Synchrotron achieved ‘first
light” in December 2008. Here, the first experiments performed on the beamline
are reported, which involved both X-ray imaging and tomography studies
for a range of samples. The use of a plastic-edge phantom for quantitative
measurements of contrast and resolution proved to be very instructive and
helped to confirm certain parameter values such as the effective horizontal
source size, detector resolution and average X-ray energy for the polychromatic

beam.
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1. Introduction

The Imaging and Medical beamline (IMBL) at the Australian
Synchrotron [3.0 GeV (1/y = 170 prad); 200 mA; circumfer-
ence 216 m; see Boldeman & Einfeld (2004) for a description
of the physics design] achieved ‘first light” in December 2008.
This paper reports the first experiments by a team from
CSIRO, Monash University and the Australian Synchrotron.
These experiments involved both X-ray imaging and tomo-
graphy studies for various samples, including medical/bio-
medical and materials-science applications. The focus of this
paper is on the imaging results obtained, including some
fundamental experiments aimed at estimating the effective
X-ray source size.

The experiments were performed in the second hutch (1B),
with a minimum source-to-sample distance (R;) of 20 m.
Sample-to-detector distances (R,) of up to 3 m were used. The
current insertion device is an Advanced Photon Source (APS)
type-A permanent-magnet wiggler, which was operated with
a gap of 55 mm to protect a temporary Be window from
excessive thermal loading. Given that hutch 2B (31.7-40.0 m)
and the satellite building (including hutches 3A and 3B;
sample position at 136 m) have already been constructed,
there is interest in the quality of the X-ray imaging that can be
achieved with this interim insertion device, and, ultimately,
with the future superconducting multipole wiggler. The RMS
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electron beam size in the straight sections at the Australian
Synchrotron is 320 pm horizontally and 16 pm vertically (1%
coupling), with distributed dispersion of 0.1 m. These values
correspond to Gaussian FWHM of 754 um and 38 pm,
respectively. The electron-beam deviation caused by the field
of the APS wiggler is small in comparison with the electron-
beam size and so it is the latter which dictates the X-ray source
size. This large horizontal source size and the 20:1 aspect ratio
are important factors to be investigated in respect of X-ray
imaging on this beamline, especially with reference to spatial
coherence for propagation-based phase-contrast imaging. In
the case of analyzer-based phase-contrast imaging, similar
issues will arise if the plane of diffraction is vertical.

The experiment end-station in the satellite building will not
only enable the use of a wide X-ray beam for imaging large
objects but also significantly increase the demagnification of
the source. Reduced source demagnification will significantly
limit the degree of phase contrast achievable in the horizontal
direction in hutch 1B.

In conventional treatment of X-ray imaging, and implicit in
the above discussion, the X-ray source is regarded as totally
incoherent within the range of the source size. In reality, and
especially in the case of synchrotron radiation, some degree of
coherence across the spatial extent of the source is possible.
Such partial coherence of the source may affect image quality,
and our aim is to measure the effective source size.
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2. Experimental

The synchrotron operated at 200 mA, with a beam decay to
about 150 mA in the 12 h between injections. The experiments
were performed in hutch 1B, with the beam delivered from the
Be window in upstream hutch 1A through a He-filled tube.
The He reduced ozone production and protected the 0.5 mm
Be window in the aggressive environment caused by the white
beam (no monochromators having been installed as yet). The
high X-ray flux also necessitated the use of polished Al filters
(total thickness 6.0 mm) to protect the CCD detector and
minimize damage to the more sensitive samples. The filters
were selected so that the X-ray image quality, after processing,
was not noticeably compromised. Fig. 1 shows a schematic
diagram of the experimental configuration used.

The CCD used was a 10 MHz 16M FDI-VHR camera,
capable of 12-bit and 16-bit operation, supplied by Photonic
Science. It was operated at approximately 241 K via the multi-
stage Peltier cooling, and with a chilled water supply to
remove the heat generated by the Peltier. The CCD has 4872
x 3248 (horizontal x vertical) 7.4 um pixels, is optically
bonded to a straight fibre-optic bundle (no magnification), and
employs a (P43) Tb-doped Gadox (gadolinium oxysulphide)
input phosphor (5 mg cm™?). It is optimized for X-rays in the
2-30 keV range. The images were pre-processed in conjunc-
tion with flat-field and dark-current images, i.e. images without
an object and without X-rays, respectively. Correlation of
sequences of image frames from a static sample, collected over
a period of time, showed no significant drift present, i.e. high
correlation coefficients and (translational) movement of less
than a single pixel.

The APS wiggler has 28 x 8.5 cm periods with a total length
of 2.4 m. At a gap of 55 mm, the field is approximately 0.24 T
and the deflection parameter K is 1.9 (see Lai et al, 1993;
http://aps.anl.gov/Science/Publications/techbulletins/TB-11
.pdf). This quite small K-value means that this insertion device
is behaving with considerable undulator character (see Clarke,
2004, p. 43). The critical energy is 1.4 keV and the first-order
harmonic energy is 0.36 keV. The program SPECTRA 8.0
(Tanaka & Kitamura, 2001; http://radiant.harima.riken.go.jp/
spectra/index_e.html) was used to calculate the spectral
brightness (Mills et al., 2005) as a function of energy in steps of
0.1 keV, using the storage-ring parameter values from http:/
radiant.harima.riken.go.jp/spectra/asp.prm. This spectrum was
converted into flux density within 1 mm? at the centre of the
beam and 20 m from the source. Allowance was then made for
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Figure 1

Schematic diagram of the experimental layout used for these experiments
at IMBL.
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Figure 2

Calculated spectrum used for X-ray imaging and tomography experi-
ments. The short solid line indicates the peak position (19.9 keV), the
short dashed line the weighted-average energy (21.2 keV), for the smooth
curve (wiggler-based calculation). The jagged curve is for the undulator-
based calculation.

the effect of the various filters, windows and materials present
in the beam path, and for the quantum efficiency of the
detector. The spectrum calculation was performed for both a
wiggler and an undulator; the final results shown in Fig. 2 have
been smoothed by using a ‘running average’ over 11 data
points. The undulator calculation yields, as expected, a (final)
spectrum peak with considerable harmonic structure. Table 1
shows the parameter values which characterize the (wiggler)
spectrum at each stage after inclusion of the various factors
(without applying the running average). The final results for
the corresponding undulator calculation are also given in
Table 1.

3. Results

Fig. 3 shows X-ray images collected for (a) a gum leaf (R,
20.8 m; R, = 155 cm) and (b) a coarse-fibre paper sample (R;
20.3 m; R, = 159 cm). The experimental magnification M =
(Ry + Ry)/R, is approximately 1.08. There is little X-ray
absorption for these samples and the dominant contrast
mechanism is phase contrast. The ‘salt and pepper’ noise near
the edges of these images is due to the rapid drop in beam flux
here, an effect exacerbated by the flat-field correction.

In Fig. 4 the images of three fixed mouse tibiae are shown,
one in each column [see Cornish et al. (2002) for details of the
samples]. The images reveal that the tibiae have quite distinct
trabecular microstructures. The first row corresponds to M =
1.00; the second row to M = 1.08; the third row to M = 1.15.
Absorption- and phase-contrast effects are present in these
images to varying degrees, with the M = 1.00 (essentially
‘contact’) images being dominated by absorption contrast.
Whilst the effects are quite subtle, the increase in phase
contrast and reduced demagnification of the X-ray source as
R, increases from 158 cm to 305 cm can be detected.
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Table 1

Values of parameters used to characterize the X-ray spectrum after inclusion of the effects of windows,
filters and other materials present in the beam path (wiggler-based calculation).

The final row (in italics) corresponds to an undulator-based calculation of the spectrum. The Al filter thickness
subsumes a 12 pm Al window in the CCD for excluding light. We also note that the number of visible photons
produced in the CCD is a function not only of the number of X-ray photons but also of their energy. Allowance
for this energy dependence has little effect in the current context however, e.g. the final value of the weighted-

average energy changes to 21.6 keV. NA = not applicable.

The image of the dragon-fly
presented in Fig. 5 is the result of
combining more than 80 individual
images, obtained by scanning the
sample in 2mm steps vertically
and 6 mm steps horizontally across
the beam to create a montage (R,

Maximum flux density Energy (keV)

=20.8 m; R, = 155 cm). The images

[photons s™' (0.1% for maximum FWHM Weighted-average to the right are magnified sections
Fact bandwidth) ™' mm~* flux densit keV keV . .
actort andwidth)™" mm — (keV) energy (keV) from a wing and the head. Whilst
None 34 x 102 1.9 NA NA absorption contrast is present,
+ He (6.5 m) 23 10 7 29 36 43 phase contrast is again the domi-
+ Be (0.5 mm) 9.4 x 10 4.5 3.8 5.8 . .
+ Sigradur (0.1 mm)} 6.8 x 1012 5.0 3.9 6.2 nant mechanism, especially for
+ Kapton (0.1 mm) 5.0 x 10" 55 4.0 6.7 the delicate wing structure [see
. 11 .« . . .
+ gArflé’é‘ge a )mm) g'i' x }gﬁ 21.2 g; zg'g Snigirev et al. (1995) and Wilkins et
+ .U mm 1 X . .
al. (1996) for the fundamentals of
+ Gd,0,8:Tb (5 mg ecm™2)§ 14 x 10° 19.9 6.2 212 propagation-based X-ray phase-
+ Gd»0,8:Th (5 mg cm™>)§ 8.3 x 10° 225 4.0 21.3

t All absorption coefficients are calculated using total cross sections (Zschornack, 2007). % Glassy carbon CCD
window. § CCD quantum efficiency calculated as 1 — exp(—pmps), Where i, is the energy-dependent mass absorption
coefficient and py is the ‘surface density’ (or ‘phosphor concentration’); a more rigorous calculation of the energy-dependent
CCD response, to be reported elsewhere, does not have any significant effect in the current context
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Figure 3
X-ray phase-contrast images obtained for (@) a gum leaf and (b) a coarse-
fibre paper sample.
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Figure 4

X-ray images obtained for three fixed mouse tibiae. The tibiac were
obtained from mice treated with control (left column), «-MSH (middle
column) and leptin (right column). Details are provided by Cornish ez al.
(2002). The rows correspond to, from top to bottom, Ry =22.5 mand R, =
8 cm (M =1.00); Ry =20.5 m and R, = 158 cm (M = 1.08); R, =20.5 m and
R, =305 cm (M = 1.15).

contrast imaging].

A tomography data set was
collected for another mouse tibia.
A total of 900 images were
collected over a 180° rotation in
0.2° steps with Ry = 21.6 m and R, = 23 cm (M = 1.01). In
addition to the usual pre-processing steps mentioned earlier, a
phase-retrieval step was included for the tomography data.
The algorithm used was that of Paganin et al. (2002), which
assumes a homogeneous object and is based on the transport-
of-intensity equation (Teague, 1983). It requires a value of é/8
(= —2¢/n) for the object, where the X-ray refractive index is
given by n =1 —§ — ip, ¢ is the phase shift per unit length, and

+«—~26.5mm

Figure 5

X-ray image of a dragon-fly obtained by combining more than 80
individual images to create a montage. Magnified sections from a wing
and the head are shown on the right.
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w is the linear absorption coefficient Table 2
(all these quantities being energy-
or wavelength-dependent). As the
results are not particularly sensitive

to this parameter, we used a spec-

plastic-edge phantom.

Plastic-edge

trally weighted average value (180)  R. (cm) [M] disposition
for hydroxylapatite [Cas(PO,);OH; 198 [1.01]  Vertical
o = 3.18 g cm ], the major compo- 19.8 [1.01]  Horizontal
nent of osseous tissue. A cone-beam 69.8 [L.O3]  Vertical
. . 69.8 [1.03]  Horizontal
reconstruction was performed using 119.8 [1.06]  Vertical
the conventional FDK algorithm 119.8 [1.06]  Horizontal
(Feldkamp er al., 1984). These data 1698 [1.08]  Vertical
169.8 [1.08]  Horizontal

processing and analysis operations

Summary of experimental and theoretical (least-squares fitting) contrast and resolution values for a

Errors associated with the experimental quantities are discussed in the text.

Contrast C (%) Contrast C (%) Resolution R (um) Resolution R (pm)

experiment calculated experiment calculated
1.2 0.82 40 39
13 0.84 41 39
2.6 22 43 44
35 3.0 36 38
3.0 2.6 55 54
52 53 37 38
2.8 24 64 65
72 7.7 37 37

were all performed wusing the

X-TRACT (version 4) software package; http:/ts-imaging.net/
Services/. Figs. 6(a)-6(d) show reconstructed (xy) slices
perpendicular to the direction of the tibia shaft at 1.72, 1.36,
0.99 and 0.62 mm from the top of the tibia. Fig. 6(e) is a
reconstructed yz slice and Fig. 6(f) is a reconstructed xz slice,
both at the longitudinal mid-line of the tibia.

The images presented thus far are all remarkable in that the
relatively large horizontal source size and 20:1 aspect ratio
do not appear to be significant factors for the geometrical
conditions being employed. Close examination of the images,
especially those for the tibiae in Fig. 4, do indicate that the
resolution of fine details is superior in the vertical direction
than in the horizontal. However, the degree of improvement is
not consistent with a simplistic view of the effect of the X-ray
source. Given that these observations are qualitative and to a
certain extent subjective, it was decided that images should be
collected for a plastic-edge phantom.

The plastic-edge phantom was studied previously with a
laboratory-based microfocus X-ray source (Gureyev et al.,
2008). It provides a means of obtaining quantitative contrast

Figure 6

X-ray tomography reconstructed slices for a leptin-treated fixed mouse
tibia. (@), (b), (c) and (d) show xy slices perpendicular to the main shaft of
the bone at 1.72, 1.36, 0.99 and 0.62 mm, respectively, from the top of the
tibia. (e) and (f) are yz and xz slices, respectively, at the longitudinal mid-
line of the bone.

and resolution values, and of simultaneously checking vertical
and horizontal directions. This simple phantom consists of
two 100 pm-thick polyethylene sheets, partially overlapped
to have edges running vertical and horizontal. Given our
experimental conditions, in particular the X-ray energy range,
this phantom provides images with both absorption and phase
contrast, but dominated by the latter, in the form of char-
acteristic single black—white fringes. The images were analysed
to provide contrast and resolution values. The observed
(experimental) contrast values are obtained from the differ-
ence between the maximum and minimum intensity values
divided by their sum. The observed resolution values are
obtained from the spatial separation of these features, referred
to the object plane. The observed data values for vertical and
horizontal edges, affected by the horizontal and vertical
source dimensions, respectively, are listed in Table 2 as a
function of R, (R, = 21.6 m). The estimated standard devia-
tions (e.s.d.s) for the contrast values are 0.3% and for the
resolution values are 2 pum (these values are smaller than the
effective pixel size as the positions of the maximum and
minimum intensities were extracted from the data by fitting).
These e.s.d.s are consistent with the agreement between values
of contrast and resolution obtained for a single polyethylene
edge and for a single polyethylene edge overlapped by a single
polyethylene sheet.

It can be shown that the contrast for a Gaussian-blurred
edge can be expressed as

R\t )
= 72 5 °
2n(2me) o,
and the resolution as
R = (402, + RV, )
where
2
O = [0F + (M — 1202/ M* + 03 /M?]” 3)

The derivation of these formulae and the associated validity
conditions are detailed by Gureyev et al. (2008). R’ = R|R,/
(R; + Ry) = R,/M is the effective propagation or ‘defocus’
distance, A is the X-ray wavelength, ¢ is the thickness of the
polyethylene, and oy, 0, and o4 are the standard deviations
associated with the blurring of the edge, the source emissivity
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distribution (‘source size’) and the detector PSF, respectively.
The second term on the right-hand side of (2) is associated
with diffraction and is generally relatively small, but it may be
significant in certain cases. These equations only relate to
phase-contrast effects: neglecting absorption is justified in this
case, i.e. the polyethylene sheet only absorbs 0.4% at 20 keV.

A non-linear least-squares refinement program [see
Gureyev et al. (2008) for further details] was used to fit the
experimental data given in Table 2 with the above equations.
The parameters which can be refined are oy, o(horiz),
os(vert), oy, t and the effective X-ray energy E. Given the
limited amount of experimental data and the existence of
significant correlations between certain parameters (¢ and E
for example), the refined parameters were og(horiz), o4 and E.
The value of ¢ was changed dynamically during the least-
squares refinement as E was adjusted and was calculated using
a density of 0.923 g cm . The value of oy, was fixed at 4 pm in
accord with the findings of Gureyev et al. (2008) for the same
plastic edges. Some preliminary refinements showed that
os(vert) was, as expected, quite small and so its contribution in
(3), compared with the term involving o4, was insignificant.
o¢(vert) was therefore fixed at zero in subsequent refinements.
The value of ¢ was set to 100 pm. The refined values for the
remaining parameters, giving equal weight to all 16 experi-
mental data points, were as follows: og(horiz) = 361 (9) um,
04 =189 (0.3) um and E = 18.4 (1.0) keV. The final fit to the
experimental data was reasonable, as represented by an R-
factor (Hamilton, 1965) value of 3.30% (see also the calcu-
lated values for contrast and resolution in Table 2), and the
maximum correlation coefficient between refined parameters
was only 0.40 [between o,(horiz) and o4]. The results obtained
are very robust as large changes in the starting values for
refined parameters produced no change in the final values.
Fig. 7 shows the experimental intensity-profile data points
corresponding to the M = 1.08 data summarized in Table 2.
The solid curves are calculated using the Kirchhoff formula
for the X-ray wavefunction including the parameter values
detailed above. These theoretical curves include the effect of
absorption in the polyethylene sheet and this effect can be
seen in the experimental data points.

A least-squares refinement was also performed using a
weighting scheme based on the e.s.d.s mentioned above, a
given weight being the reciprocal of the square of the asso-
ciated e.s.d. This has the realistic effect of giving significantly
greater weight to the contrast values relative to the resolution
values. The corresponding refined parameter values were
os(horiz) = 346 (14) pm, o4 = 192 (05)pm and E =
18.0 (0.5) keV. Whilst these values have not changed mark-
edly, the (weighted) R-factor is now 5.53%, indicating a poorer
fit to the data (the standard goodness-of-fit parameter has a
value of 1.13, the optimum value being unity). The maximum
correlation coefficient is now 0.78 (between o4 and E).

The refined value(s) of o (horiz) is in good agreement with
the nominal source size for the Australian Synchrotron
(320 pm). If there was a significant degree of coherence across
the spatial extent of the source we would expect the refined
value(s) to be somewhat smaller than the design value. The

1.08 —

1.04 —

intensity
|

0.92 L e I
-200 -100 0 100 200
position across object (um)

Figure 7

Experimental and calculated (Kirchhoff formula) intensity profiles for
the M = 1.08 data summarized in Table 2. The solid data points and
associated theoretical curve correspond to the profile across the
horizontal plastic edge; the open data points and associated curve
correspond to the vertical plastic edge.

value obtained for o4, which is equivalent to 44.6 (0.6) um
(unit weights case) in terms of FWHM, is somewhat larger
than expected considering the specifications of the Gadox
phosphor, but not unreasonable. It could be that some factor
not accounted for in our model is causing an apparent
degradation of the detector resolution, e.g. the presence of the
Al filters and the associated scattered radiation (see, for
example, Illers er al, 2005). Lastly, the value of E that we
obtain is reasonable considering the results shown in Table 1
and Fig. 2.

4. Discussion and conclusions

The images and tomography results presented here show that
the IMBL can produce high-quality data in a very simple
‘barebone’ experimental configuration. Given the plans for
the implementation of a large number of imaging modalities
in the coming years, we expect this facility to evolve to the
forefront of X-ray imaging and tomography research, enabling
world-leading contributions in fields ranging from biomedical
and pre-clinical imaging to materials science [see, for example,
Lewis (2005) and Stevenson et al. (2003), respectively]. The
foremost science drivers are the acquisition of a super-
conducting multipole wiggler, the installation of custom-
designed monochromators for high-resolution imaging and
the development of beam focusing devices, in parallel with the
commissioning of the long beamline to 136 m.

The preliminary results and analysis for the plastic-edge
phantom give parameter values such as the horizontal source
size in good agreement with expectations. An important
finding is that, for the experimental configuration used, the
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effective source size (horizontally) deduced from the images is
close to the electron-beam size. The simple method used can
be extended to encompass various X-ray optics, filters,
detectors and other beamline components. Tests can readily
be performed for different insertion-device gaps and filter
combinations to characterize the source and the beamline.

Whilst the X-ray source size in the horizontal direction is
large and the aspect ratio is 20:1, one needs to consider
carefully the influence of other experimental parameters to
quantify the imaging performance. For example, if o, = 4 um,
os(horiz) = 400 pum, o4(vert) = 20 pm, o4 =20 pm and M = 1.1,
equation (3) will yield oy (horiz) = 41 um and o (vert) =
19 pm, a ratio of only 2.2:1. However, a high-resolution
detector with o4 = 2 um will yield values of 36 pm and 4.8 pm,
respectively, a ratio of 7.7:1. In the first case, the detector
resolution is the dominant factor vertically and the source size
dominates horizontally. In the second case, the detector
resolution and source size contributions are almost equal
vertically and the source size is even more dominant hori-
zontally. If we use o4 = 20 um, but with M = 1.01,
oot(horiz) o (vert) = 20.6:20.2 = 1.02:1. However, to
achieve M = 1.01 with R; = 20 m requires R, = 20 cm and
consequently significantly reduced phase contrast. This can be
seen from the above equations as R’ >~ R, here and so the
numerator in (1) will be significantly reduced. However, if R, =
140 m (IMBL satellite building), then M = 1.01 can be
achieved with R, = 1.4 m and phase-contrast effects will be
enhanced. It should be noted that this increase in R, (R’) will
also increase the diffraction term in (2). Finally, we should also
point out that in these discussions the value of o}, has been
assumed to be quite small, as is the case for the polyethylene
edges. In the case of ‘real’ objects, oy, is likely to be signifi-
cantly larger and it will have an important role to play, e.g. it
may reduce detector-resolution requirements.

The present investigations identify useful operating condi-
tions for the prevailing instrument parameters and constraints.
Significant phase-contrast effects are observed and used
quantitatively to determine and confirm values of these
instrument parameters. Access to the satellite building for
experiments in the near future will allow imaging with
combined high spatial resolution and enhanced phase
contrast, as well as a much larger field of view.
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