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Abstract

The differential X-ray imaging technique is a powerful tool for the detection of small concentrations of contrast
agents in samples, as demonstrated recently by many biological and medical applications using synchrotron radiation.
In this paper, we present an implementation of this technique using a laser-plasma soft X-ray source combined with an
X-ray imaging system based upon a spherically bent Bragg crystal. Using a test sample containing a solution of LiBr of
known concentration, we demonstrate that the use of our table-top configuration is suitable to detect Br inside our
sample via differential imaging at the L, edge of Br at 7.7684 A.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The detection of specific elements or compounds
in a sample is of particular interest in a wide range
of fundamental and applied research fields. In
some circumstances, information about the total
concentration as well as the spatial distribution of
a given element in a sample can be obtained by
exploiting the self-emission properties of a specific
radioactive tracing element included in the com-
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pound [1,2]. Alternatively, highly X-ray absorbing
contrast agents are also used in combination with
radiographic imaging techniques that provide a
two-dimensional mapping of the X-ray absorption
in the sample [3]. Techniques based upon these
principles are currently used as clinical diagnostic
techniques. The differential absorption imaging
technique [4] is an alternative tool for accomplish-
ing this task that only relies on the spectral
properties of absorption of X-ray radiation by an
atomic element. This technique is potentially
suitable for the detection of small concentrations
of contrast agents in biological samples. It is
mainly based on the different photon mass
absorption coefficient across one of the absorption
edges of the chosen contrast agent injected in the
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sample of interest. Acquisition of two X-ray
images of the sample with photon energies just
below and above the edge allows a mapping of this
sample to be obtained by simply performing the
logarithmic subtraction of these two images. This
procedure assumes that the two photon energies
are so close to each other that all the other
elements present in the sample do not exhibit
notable contribution to the variation of the optical
depth when changing photon energy. This basi-
cally assumes that such elements do not have
absorption edges in the range of energy consid-
ered. The principle behind this technique has
already been proposed for the detection of small
concentrations of contrast agents for biological
and medical applications. For instance, it is
currently under study for imaging of coronary
arteries in order to detect cardiovascular anoma-
lies. For this method, known as coronary angio-
graphy [2,5-7], the contrast agent usually used is
iodine. Such studies have already been carried out
using monochromatic radiation emitted by differ-
ent kinds of X-ray sources, such as synchrotron
[2,3] or conventional X-ray tubes [6,8]. Although
synchrotron is presently the most performing
source in terms of brightness, the cost and the
size of this facility limit its use to large-scale
research centers rather than hospitals. On the
other hand, X-ray tubes are not a good alternative,
due to the impossibility of obtaining, at the same
time, an X-ray beam with sufficient flux and a
reasonable monochromaticity. More recently, la-
ser—plasma Ko sources have also been suggested as
possible compact sources for this kind of applica-
tion [4,7,9]since they are typically table-top and
exhibit quite intense X-ray pulses. From this kind
of source, it is, therefore, possible to obtain quasi-
monochromatic X-rays using the dispersion prop-
erties of a spherically bent crystal as it was recently
proposed by Pikuz et al. [10].

In this paper, we present an investigation aimed
at scaling the application of the differential
absorption technique from the hard X-rays typi-
cally used for coronary angiography to the soft X-
ray range, in order to carry out a quantitative
elemental analysis of thin samples. Indeed, in
order to visualize a sample using X-rays, the
attenuation length of the radiation must be of the

order of the thickness of the sample. For thin
samples, say a few tens of microns, and in
particular for biological samples, this condition is
usually fulfilled in the soft X-ray range. Typically,
we considered here photon energies ranging from 1
to 4keV, which is well below the typical energies
used for medical diagnostic applications (for
instance, a few tens of keV for mammography
[2]). In particular, we investigate the possibility of
using a table-top laser-plasma soft X-ray source,
combined with the diffractive crystal properties,
for the development of a standard arrangement for
a dedicated small-scale equipment for two-dimen-
sional (2D) elemental mapping. In the experiment
described here we used a test sample containing a
solution of LiBr of known concentration. Differ-
ential imaging was performed using the L, edge of
Br at 7.7684A (1596¢V). Imaging below and
above this energy was carried out using two X-
ray lines emitted from plasmas produced by an Al
target.

A short basic introduction to the technique of
differential absorption is first given. We then recall
the basic features relative to the X-ray optical
configuration used to obtain monochromatic X-
rays. This is followed by the description of the
experimental setup based on the laser-plasma X-
ray source developed at the Intense Laser Irradia-
tion Laboratory. We perform preliminary imaging
of a test object consisting of a Fresnel zone-plate
to discuss the spatial resolution achievable with
our imaging system. Therefore, we show the
experimental results obtained by applying the
differential imaging to a thin sample containing
the LiBr solution.

2. Principle of the differential imaging technique

In principle, the detection of a given element
characterized by an absorption edge at a given
wavelength, denoted by Acqee, requires two images
of the sample to be taken using monochromatic
radiation at two different photon wavelengths, one
(Z1) just below the edge wavelength, and another
one (4;) just above the edge. Under certain
conditions, the logarithmic subtraction of these
two images gives then directly a 2-D map of the
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tracing element inside the sample (more details
about the technique can be found -elsewhere
[2,4,6,7]). More quantitatively, the 2-D map of
the intensity of the X-ray radiation transmitted by
a sample irradiated at a normal incidence at a
given photon wavelength can be written as

19(x, y)

=I?uJ0wp<—§:zﬂﬁ/pxnygnu>,(n

where z is the coordinate along the direction of the
incident beam, x and y are the coordinates
perpendicular to z, Ig)(x, y) is the incident beam
intensity, with the index j =1, 2 identifying the
two wavelengths, respectlvely, above and below
the absorption edge, ,uf’ is the mass absorption
coefficient of the ith element in the sample at the
jth value of the wavelength, p;(x, y, z) is its density
distribution and finally s is the thickness of the
sample. Performing the logarithmic subtraction of
the two distributions of intensity taken at the two
photon wavelengths yields a map of the difference
of optical depth

At(x,y) = In R(x,y)

= Z Aui/p,-(x,y, z)dz, (2)

where R(x,y 2— 1<2>(x W e, ) /19 (e, TV (x, )
and Ay; = 1; ,u, is the difference of the mass
absorption coefficient of the element at the two
wavelengths.

We now restrict our analysis to the case in which
the two values of the photon wavelength are close
enough to neglect the variation of the optical
depth of the other elements present in the
substrate. This is generally justified provided these
elements do not exhibit an absorption edge in the
wavelength range considered. This assumption sets
a limit to the minimum detectable surface density
of the tracing element for a given surface density of
substrate elements. In this case, the surface mass
density o, of the tracing element can be written as

In R(x,
ae) = [ pyzds =212,
Js He

The uncertainty on the detectable surface mass
density of the tracing element is obtained from

3)

Eq. (3), considering the uncertainties on Ay and R,
and can be written as

[ {3(Awy) 2 SR \*
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From an experimental point of view, it comes out
that, since tabulated values of u are typically very
accurate, the uncertainty on Ay, is negligible in
comparison with the uncertainty on the measured
intensities, considering that, in our experimental
configuration, the wavelengths can be tuned experi-
mentally very precisely by turning the crystal. There-
fore, the uncertainty on the measurement of the
surface mass density of a tracing element becomes
OR

5(71 = RT’ut (5)

This corresponds also to the minimum detectable
surface mass density, which will be denoted as o,
corresponding to the condition of a 100% relative
error on the surface density (do /g, = 1).

3. Description of the monochromatic imaging
system

The use of the differential imaging technique
requires that the sample of interest is irradiated
with monochromatic X-ray beams for which the
wavelength can be tuned around the selected
absorption edge of the contrast agent. In this
work, we used the soft X-ray emission from highly
ionized laser—produced plasmas. A detailed de-
scription of laser—plasma X-ray sources and their
applicability to monochromatic imaging can be
found elsewhere [11-13]. Here we only point out
that since laser—plasmas are point-like X-ray
sources characterized by a broad-band emission,
an additional device is necessary for selecting the
appropriate spectral component. In this case, the
use of a spherically bent crystal allows spectral
selection (monochromatization), beam focusing
and imaging to be obtained simultaneously.

The main properties of an optical configuration
based on a spherically bent crystal can be
explained by considering two independent perpen-
dicular planes, as indicated in Fig. 1. The first one,
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known as the horizontal plane, is generally defined
by the plane of incidence of the ray emitted by the
source (denoted by S) impinging at the center of
the crystal (O). The second one, passing through
O, is perpendicular to the first one and is
consequently named the vertical plane (in the
literature, these planes are sometimes referred
respectively, as the dispersive and the focusing
planes). Due to the astigmatism of the optical
configuration, after being reflected by the crystal, a
beam is focused in the horizontal and vertical
planes in different points called, respectively, the
horizontal (denoted in what follows as Fy) and
vertical (Fy) foci. For a given position of the
source with respect to the crystal, the positions of
the horizontal (by) and vertical (by) foci are given,
respectively, by the following [10,14—16]:

1 1 1

a * buyv  fuy ’ ©
where « is the distance between the source (S) and
the center of the crystal (O), fiy = (R/2)sin Yy is
the horizontal focal distance and fy =
R/(2 sin 9y) is the vertical focal distance. In these
expressions, R is the radius of curvature of the
crystal and 9y is the angle of incidence of the X-ray
beam at the center of the crystal.

By placing an object between the source and the
crystal a projection image of this object can be
obtained in a plane after the crystal (see Fig. 1).
When an angle of incidence 9y significantly different
from 7/2 is used, this configuration is astigmatic,
and so the linear magnifications in the two planes are
generally not the same and are given by [10,16]

__alqg — bn)
_alby —q)
My = bva—p) ®)

where p is the distance from the object to the center
of the crystal, My and My are, respectively, the
horizontal and the vertical magnification and ¢ is the
distance between the center of the crystal and the
detector. Due to the astigmatism, there is only one
position of the detector plane where an undistorted
image of the object can be observed. In this position
both the horizontal and vertical magnifications are

equal (My = My, denoted by M) and the image
preserves the same aspect ratio as the object. It can
be easily shown that this condition is only obtained
when the detector is placed beyond Fy at a distance
¢ from the center of the crystal given by

_ 2byby
7= by +by’

©

This indicates that the position of the detector does
not depend on the position of the object between the
source and the center of the crystal. The correspond-
ing magnification is given by

M(p)==—L0, (10)
a—p

where p, = 2aby/(by + by) is obtained for a unit
magnification. Images with a different magnification
are then simply obtained by moving the object
between the source and the center of the crystal
(which means varying the distance p) and keeping
the crystal and the detector fixed. When p <p,, we
have M <1, while M >1 if p> p,.

However, in order to perform differential
imaging which requires monochromatic X-rays,
we need to use a particular configuration of this
optical scheme, as it was recently proposed by
Pikuz et al. [10,16]. This configuration, known as
shadow monochromatic backlighting (SMB), re-
quires that the source (S) is located on the
Rowland circle, i.e., on the circle of diameter
equal to the radius of curvature of the crystal and
passing by its center of curvature. In this condi-
tion, it follows from Eq. (6) that by =a=
Rsin 3y, which means that Fy is located on the
Rowland circle like the source S, and the position
of Fy is given by by = Rsin 9y/(2sin* 9y — 1). As
discussed previously, the object to be imaged out is
then placed at the distance p from the source.
From Egs. (9) and (10), it can be shown that in the
SMB scheme, the image obtained is undistorted
when ¢ = R/sin 9 and that the corresponding
magnification is then given by

1 1
M=—F——.
tan’ 91 — p/a
This shows that for a given angle of incidence 9, at

the center of the crystal, in order to modify the
magnification it is only necessary to change the
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Rowland circle .-

Fig. 1. Optical scheme of the configuration allowing a radiography of a thin sample to be obtained. The imaging X-ray beam is nearly

monochromatic when the source is located on the Rowland circle.

position of the object between the source and
the crystal by varying p.

It is important to point out that this configura-
tion allows, theoretically, to obtain a good spatial
resolution of the order of some um over a field of
view of some mm? [16], which is important for us
to discriminate the region where the contrast agent
is present or not when using the differential
imaging technique.

4. Experimental setup

In this article we describe an experiment in
which we used the SMB scheme to perform a

radiography of a test sample to evaluate the
imaging properties of the optical configuration.
We also used another sample containing a known
concentration of contrast agent to perform differ-
ential imaging using the monochromatic X-rays
Bragg-reflected by the crystal. The experiment
described here was carried out at the Intense Laser
Irradiation Laboratory (ILIL) of the CNR in Pisa
(Italy) using the PLX laser—plasma X-ray source
[12,17] and the configuration is discussed in
Section 3 and shown in Fig. 1. The X-ray radiation
emitted by the source is collected using a
spherically bent crystal positioned in such a way
that the X-ray source is located on the Rowland
circle. As discussed previously (see section 3), the
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crystal then acts as a monochromator and conse-
quently a highly monochromatic (the energy
spread is of about 40mA at 7.75A) X-ray beam
is reflected on the detector. In our experiments, the
X-ray emitting plasma was created by focusing a
7ns, Nd:YAG laser pulse (with an energy of about
500 mJ) onto the surface of a cylindrical aluminum
target. The laser wavelength was 1064 nm while the
repetition rate of the laser system was 10 Hz. The
focal spot diameter was measured to be about
20 um, which leads to an intensity on the target of
about 10" W/cm?. The 48 x 12mm?, spherically
bent crystal (Mica, 2d = 19.9 A) had a radius of
curvature R = 150 mm and was used in the second
order of diffraction. The detection of X-rays was
carried out using Princeton Instruments, high-
dynamic range, cooled CCD equipped with a SiTE
back-illuminated chip consisting of 1100 x 330
pixels, each of 24 x 24um? and is described in
detail in [18]. Finally, the crystal was placed on a
remote controlled mount to perform rotation on
the Rowland circle which enabled the diffracted
X-ray wavelength to be tuned.

5. Results and discussion

We present here the experimental results ob-
tained concerning the implementation of this
system for differential absorption micro-imaging.
A comprehensive ray-tracing model of this crystal
imaging system can be found elsewhere [14,19].

In our experiment, we performed differential
imaging using a sample containing a contrast
agent consisting of Br whose L, edge
(Apg, = 1506 = 10cm?/g) is located at a wave-
length of 7.7684 A (1596eV). K-shell emission
from a laser-plasma source operating with an Al
target is particularly suitable since it provides a
number of spectral components around the Br L,
edge. Indeed, the L, absorption edge of Br is
located just between the 1s°!S—1s2p'P He-a
transition line from the He-like Al, located at a
wavelength of 7.7571 A (1598 V) and a Li-like line
at 7.875A (1574¢V). In our experiments, the
spectral width of these two lines is essentially
determined by the Doppler effect arising from the
thermal motion of the emitting ions in the plasma.

As a consequence, these lines exhibit a Gaussian
shape. For an Al plasma at a temperature of the
order of 100eV, the relative width of an emitting
line (AJ/2) is of the order of 107*. According to
this estimate, the He-o and Li-like lines are
sufficiently well-separated and monochromatic to
be considered as good candidates for differential
absorption measurements across the L, edge of Br.

Fig. 2a shows the beam pattern produced by the
crystal tuned on the 1s*'S—1s2p'P He-o line
(o = 7.7571 A) when no object is placed between
the source and the crystal. According to the Bragg
law 2d sin 39 = niy, where n is the order of
diffraction (in our case n = 2), and the correspond-
ing Bragg angle 9y at the center of the crystal is
0.894rad. When the source is on the Rowland
circle, using Eqgs. (6), we find out that the position
of the source is ¢ >~ 11.7cm and the horizontal and
vertical foci are, respectively, located at by =~
11.7cm and by >~ 54.3 cm.

Therefore, when a sample is placed between the
source and the crystal, as shown in Fig. 1, a
micrometer-resolution radiography of the sample
at the selected photon wavelength (in our case, at
the wavelength of the He-o line) is generated.
From Eq. (9), it appears that an undistorted image
of the sample is obtained when the detector is
placed at a distance ¢ = 19.2 cm from the center of
the crystal. Fig. 2b shows a micro-imaging
resolution test carried out on the system using an
object consisting of a Fresnel zone-plate
(Af = 0.116mm?, radius of the first opaque zone
roughly equal to 340 um) whose total diameter is
7.5mm. The Fresnel zone-plate was placed at a
distance p = 7cm from the center of the crystal
which, according to Eq. (10), corresponds to a
magnification M =~ 1.6. An analysis of the image
of Fig. 2b shows that in our experimental
conditions, the spatial resolution in the horizontal
direction is about 15um while in the vertical
direction its value is about 50 um. A comprehen-
sive discussion on the spatial resolution properties
of this imaging system can be found elsewhere
[16,19]. Starting from this configuration, a small
rotation of the crystal enables the beam photon
wavelength at the center of the crystal to be set to a
different value, while still keeping the sample onto
the X-ray beams.
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Fig. 2. (a) CCD image of the monochromatic X-ray beam as
obtained with the experimental setup shown in Fig. 1. The
crystal was tuned on the Al He-a line. (b) Monochromatic
micro-imaging of a Fresnel zone plate (Jf ~ 0.116mm?, total
diameter 7.5mm), used as a test sample.

A sample containing Bromine as a test element
was prepared using a water solution of LiBr of a
known concentration of 0.265 g/ml. An amount of
0.2 ul of the solution was deposited on the 30 um
thick paper substrate. The water was then removed
in vacuum. The sample was mounted on a washer
and placed between the source and the crystal as
indicated in Fig. 1. A calculation based on the
absorption properties of Br and on an average
surface mass density of Br of 6 x 107#(£7 x
107°)g/cm? gives a corresponding optical depth
difference of At = 0.9 +0.1. The latter value will
be compared with the measured one using the
differential imaging technique.

Figs. 3a and b show X-ray images of the sample
normalized to the incident intensity, i.e., the ratio

between the X-ray beam transmitted through our
sample and the incident one (I')(x, y)/IO’)(x, y)
for i=1,2), at the two wavelengths below
(A1 =775A, next to the He-x line) and above
(A, =7.80A, next to the Li-like line) the L,
absorption edge of Br. The image on Fig. 3a was
obtained accumulating X-ray flux over 10 X-ray
pulses (i.e., 10 shots of the driving laser) at 10 Hz,
while the image on Fig. 3b was obtained by
integrating over 300 X-ray pulses. The images

Fig. 3. Experimental X-ray beam transmitted through the LiBr
sample used in our experiment. (a) The image is obtained at a
wavelength /, >~ 7.87 A just above the Br L, absorption edge.
(b) The image is taken at 4, >~ 7.75 A, just below the edge.
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consist of a circular region (inside the washer) with
an inner, irregularly shaped darker (optically
thicker) region due to the LiBr deposit. The
parallel darker lines visible on the images are a
consequence of the fiber-like structure of the paper
substrate that results in modulations of the paper
thickness, and consequently, modulations on the
transmitted intensity. Finally, the shadow due to
the washer used to hold the sample is also visible in
the images.

A quantitative analysis of these results has been
carried out using Eq. (2) and averaging the result
on the area of the sample containing the LiBr
deposit. The measurements give an average optical
depth difference Az = 1.1 £0.8 that corresponds
to a surface mass density o = 7.3 x 107# (&5 x
1074 g/cm?. Such a value of optical depth
difference is in agreement with the value of Ar =
0.9 £ 0.1 expected from the presence of Br. The
large uncertainty found in our measurements,
compared with the uncertainty given by Eq. (5),
is partly due to the single-photon noise arising
from diffuse X-ray scattering, especially for the
measurement at the photon energy above the edge,
where too high absorption from Br occurs. In view
of these considerations, higher signal-to-noise
ratios should be obtained for samples with a lower
surface density, as in the case of real tracing
concentrations. In this case, the lower limit to the
detectable surface density of Br is given by the
instrumental uncertainty on the transmitted X-ray
beam intensity due to the intensity resolution of
the detector.

In the case of a 14-bits detector, we have 01/ =
6.2 x 107*, which leads to JR/R~2.5x 107%
According to Eq. (5), it can be shown that these
values give a minimum detectable surface mass
density of opmin =2 x 1077 g/cmz. Assuming a
sample thickness of 50 um, a typical value of the
X-ray attenuation length in the soft X-ray range
for biological materials, we find that the minimum
detectable average mass density is of the order of
Pmin = 40 Hg/cm3-

In some cases, the element searched for may not
be uniformly distributed, as in the case of complex
biological systems, where the tracing element can
be found in well-localized (typically micrometer
sized) regions with specific spatial properties (such

as interstitial regions, vessels, capillaries, etc.). In
these regions, the local concentration of the
tracing element can be much higher than the
average value. Consequently, provided sufficient
spatial resolution is available in the imaging
system, local concentrations of tracing elements
can be detected even when average concentration
values are well below the minimum detectable
average value. Therefore, the value of the detect-
able average mass density derived above should
only be regarded as an estimate by defect.

Another consideration concerns the other ele-
ments present in our sample with substantial
abundances (mainly Li, C, H and O). All these
elements exhibit a smooth change, but no absorp-
tion edges, of the mass absorption coefficient
across the two wavelengths considered in our
measurement. A simple calculation shows that the
variation of optical depth of these elements across
the edge of Br is also much lower that the one
obtained for Br. Consequently, the change of
optical depth expected for the presence of elements
other than Br is reasonably negligible and Eq. (3)
is a good approximation for the surface mass
density of Br inside the sample.

6. Conclusions

In this paper, we have presented experimental
results obtained for differential imaging of a
sample containing Br using a laser-plasma soft
X-ray source. Using a Fresnel zone-plate, we have
shown that our soft X-ray source combined with a
spherically bent crystal enables one to perform
monochromatic imaging with spatial resolutions
of the order of a few tens of microns. This
resolution can be achieved on a sample a few
millimeters in size. We have performed differential
imaging of a thin sample containing a solution of
Br. We were able to detect a significant change in
the optical depth of the sample by changing the
imaging X-ray wavelength by less than 0.1 A. This
enabled us to measure the surface density of Br in
our test sample.

Important issues need to be addressed in order
to make this method a general-purpose technique
for the detection of trace-level elements in thin
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samples. The main aspect concerns the possibility
of extending the range of applicability to other
absorption edge wavelengths, i.e., other elements.
To this purpose, suitable emission photon energies
close to the absorption edge under investigation
and, consequently, a suitable target material must
be identified. On the other hand, the possibility of
using a laser-driven plasma source may result in an
easy access to the technique on the basis of a small-
scale dedicated laboratory. This could yield the
possibility of improving the image quality and
spatial resolution of widely used techniques like
self-emission radiography, in these samples. In
addition, the possibility of using non-radioactive
tracing elements opens new possibilities for radio-
active-free laboratory diagnostics in medicine and
biology. Although the results presented here
remain quite encouraging, the large uncertainty
found in our measurements which is mainly due to
the single-photon noise arising from diffuse X-ray
scattering must be improved in order to provide a
value of the concentration with higher accuracy. In
addition, although the assumption of neglecting
the change of optical depth due to the presence of
elements other than Br is reasonable in our
experimental conditions, the precision of the
measurements can be improved using other
wavelengths in order to eliminate the influence of
elements other than the contrast agent. In view of
all these considerations, higher signal-to-noise
ratios should be obtained for samples with a much
lower detectable surface density, as in the case of
tracing concentrations commonly used in biologi-
cal samples.
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