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Abstract Synchrotron-based transmitted, Compton and fluorescence photons from phantom materials composed of light elements,
for example, Water, PMMA, Polyethylene, Bakelite, Muscle and Bone, are evaluated, using 10, 15, 20, 30 and 40 keV synchrotron
X-rays. The SYRMEP beam line facility at Elettra is used as a source of X-rays. The present research is focused to assess the
contribution of transmitted, Compton and fluorescence photons, for the above materials with a test phantom of small dimensions
with simple approximations. The phantom structures are composed of light elements or mainly tissue substitutes routinely used to
simulate radiation interactions in the human body or test objects. To standardize the image parameters, simple mechanical phantoms
are designed. The total number of photons in the bounded area, fluorescent photons, interacted Compton photons, Compton photons
for a given solid angle and the number of Compton photons detected at 90° are assessed, for the above phantom materials.

1 Introduction

When X-rays interact with matter, there are three primary interaction modes, i.e., photoelectric effect, Compton and Rayleigh
scattering. In first approximation, Rayleigh scattering can also refer to elastic scattering in the X-ray regime (often also referred as
Thomson scattering) which is almost constant with respect to energy and atomic number, covering 5–10% of the total effects, and
Compton effect is important, especially at high X-ray energies and for low Z elements. Majority of the test phantoms used in the
field of medicine are composed of light elements, which constitutes the soft tissue and considerable percentage of the interactions
in tissues are scattering. Extensive and critically evaluated reviews on photon interactions in medical and biological context [1–4],
tabulations of photon mass energy transfer and mass energy-absorption coefficients [5, 6] and new applications in ‘keV’ region [7]
are reported in the literature. These studies motivated us further to work with the use of synchrotron X-rays. Usually, the measured
signal corresponds to transmitted radiation, i.e., the fraction of the initial radiation not interacting with the sample. This is the case,
for example, in mammographic, radiographic and tomographic measurements. In all these cases, the photons not interacting with
the sample and reaching the detector carry useful information, from the sample. The transmitted and fluorescence contributions also
contain useful information, and these positive properties have been studied utilizing synchrotron X-rays.

New tomographic methods were extensively used for the detection of fluorescent X-rays, materials analysis, art and archeometry,
and these methods also cover differential and Compton tomography, with tube source of X-rays [8–11]. Photon scattering, with
tube source of X-rays, provided new source of information in medicine and biology and material discrimination [12–16]. There
are numerous situations in which a convenient and tunable source of monochromatic X-rays would be desired. The flux emitted
by the X-ray tube is considerably less and reduces the required monochromacy. An ideal monochromatic radiation comes from a
synchrotron source and assessment using synchrotron radiation will be a good choice.

Most of the test phantom materials composed of light elements such as H, C, N, O, P and Ca constitute the soft tissue. The
present test phantoms materials of medical interest contain varying compositions of these elements in the atomic region 1≤Z≤20.
We have chosen the energy region, to assess the individual contribution of transmitted, Compton and fluorescence photons. Further,
to estimate the ratio of transmited, Compton and fluorescence contributions, to reflect on contrast, in image-based experiments.
The contrast improvement in various imaging techniques mainly depends on low-contrast phantoms used as test objects. In recent
years, tomographic imaging, based on scattered radiation from few materials, provides a potential source of information utilizing the
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monochromatic X-rays [17–20]. These earlier studies were limited to one material, focused on tomographic imaging-based scattered
radiation. Based on the experimental evidence, we extended the study for the other materials, to assess the transmission, Compton
and fluorescence photons, in a small volume element. The measured signal corresponds to transmitted radiation, i.e., the fraction of
initial radiation not interacting the sample. It reflects on mammographic, radiographic and tomographic measurements. The present
experimental data provide useful information and arise from a few phantom materials of biological and medical context. In view of
above, it is interesting to investigate the photons when irradiating a small volume element with a source of monochromatic radiation.

2 Materials and methods

We have chosen tunable monochromatic X-rays in the energy range 8–40 keV. The SYRMEP beam line facility at Elettra is used
instead of conventional tube source of X-rays. SYRMEP beamline is the first bending magnet of section n. 6 of ELETTRA (beamline
6.1). The horizontal acceptance covered by the front-end light-port is 7 mrad. The beamline provides, at a distance of about 23 m
from the source, a monochromatic, laminar section X-ray beam with a maximum area of about 160×5 mm2. The optics is based
on a double-crystal Si (111) monochromator which works in an energy range between 8 and 40 keV. The beamline provides at a
distance of about 20 m from the source, a monochromatic or white, laminar section X-ray beam with a maximum area of 120×
4 mm2. The horizontal acceptance covered by the light-port of the front-end is 7 mrad.

With this system, any beam dimensions ranging from a few μm2 to the maximum beam cross-section are thus made available in
the experimental hutch. Downstream of the slit system, and immediately upstream from the sample, a large area, nitrogen-flushed,
custom built ionization chamber read out by a Keithley amperemeter is used to monitor the incoming beam and thus to evaluate the
dose delivered to the samples.

The influence of the geometrical factor on some of these reference materials on Compton profile measurements has been
extensively studied. The same reference materials have been used in the present study, and full details are mentioned [21].

2.1 Experimental procedure

Experimental arrangement used in the present study for the detection of the scattered radiation, reflection geometry, physical
dimensions of some of the samples and the electronics associated with Si-PIN detector are shown in Fig. 1a–d.

The scattered radiation from the sample in the energy region 10–40 keV is detected using a Si-PIN detector. The detector is fixed
in horizontal plane at an angle of 90° to the incident beam, and the distance between sample and detector is 10 cm. The choice of 90°
geometry between the incident beam and detector allowed to reduce the inelastically scattered background (Compton scattering).
In this way, the background is reduced considerably, and the fluorescent signal is detected efficiently. The effective solid angle
photon beam is determined by a set of collimators. The scattered radiation is detected from a very small volume element, i.e., at
the intersection of the collimated source and detector. The output of the Si-PIN detector is coupled to a multi-channel analyzer. It is
detecting the transmitted, fluorescence and Compton photons from the sample placed at a distance of 10 cm. Samples of PMMA,
Polyethylene and Bakelite, which were prepared as homogeneous cylinder samples, and samples for Water, Muscle and Bone were
prepared by placing or pouring in cylinder-shaped sample containers. This data collection procedure was repeated three times to
give a total acquisition time of 103 s.

2.2 Simple approximations

2.2.1 Estimation of Compton scattered photons in transmission and reflection mode, i.e., at 45°

The number of photons entered at A, i.e., along the line AC (inset, Fig. 2a), is estimated using the following parameters: N0 � 108,
(μ/ρ) � i (i � attenuation coefficient of the sample) and t � 5 mm (thickness of small volume element). With the use of these values,
the total number of photons entered at A, and the number of fluorescence photons detected at 90° arrived at B with inclusion of
1% of iodine to water is evaluated. The difference gives the interaction of the photons with in the area bounded by ABCD, and the
number of photons interact due to Compton process is estimated using Eq. (1) [22–25].

Nc � N(A−B)

[
μcw

μt
∗ 0.99 +

μcI

μt
∗ 0.01

]
(1)

where μcw is the Compton coefficient of water, μ cI is the Compton coefficient of iodine and μt is the total attenuation coefficient
at the incident photon energy. The number of Compton photons detected in a solid angle, and the maximum attenuation at 90° was
obtained.
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Fig. 1 a Experimental
arrangement and the associated
electronics used to detect the
scattered radiation from the
sample. b Experimental
arrangement used to detect the
scattered radiation from the
sample in the reflection mode.
c Physical dimension of the test
phantom and few materials used
with different dimensions suitable
for the experimental study (1.
Bakelite 2. Polyethylene 3.
PMMA). d Electronics associated
with the Si-PIN X-ray detector
used
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Fig. 1 continued

Table 1 Total attenuation (cm2/g)
for the incoming photons (108)
with 5 mm thickness

Energy (keV) Water PMMA Polyethylene Bakelite Muscle Bone

10 26.5 16.8 10.45 14.2 27 100

15 8.35 5.5 3.75 4.75 8.5 31.65

20 4.05 2.85 2.16 2.535 4.15 14.15

30 1.88 1.5 1.355 1.405 1.9 4.9

40 1.34 1.175 1.135 1.12 1.345 2.6

Table 2 Compton attenuation
coefficient values used at different
energies

Energy (keV) Water PMMA Polyethylene Bakelite Muscle Bone

10 0.155 0.151 0.167 0.147 5.000 19.5

15 0.170 0.166 0.182 0.162 1.400 6.0

20 0.177 0.174 0.189 0.170 0.560 2.53

30 0.183 0.179 0.193 0.175 0.152 0.74

40 0.183 0.179 0.191 0.175 0.060 0.304

2.2.2 Estimation of transmission and Compton scattered photons for (�x)2, for the bounded area ABCD

The number of Compton photons scattered at an angle of 90° through the matrix for (�x)2 is estimated using Eqs. (2) and (3). The
test phantom has 8×8 cylindrical holes of 4 mm diameter and 10 mm depth, orthogonal to the surface. The holes can be filled by
liquids, mixtures, metals or left void. The 4π geometry and test phantom with 8×8 cylindrical holes are used [1/4π 2e2 n3, for n
� 8]. The physical dimension of the phantom is shown as an inset in Fig. 1c and also the cylindrical samples of other materials.

Nc � N0 ∗ 1.074 ∗ 10−5(μ/ρ)c1ρ1/(μ/ρ)0ρ0 (2)

Nc � N0 ∗ 1.074 ∗ 10−5(μ/ρ)c0ρ1/(μ/ρ)0 � 2.86 ∗ 10−3 ∗ [
μcw − (μ/ρ)c1ρ1

]
(3)

In the transmission mode, the number of transmitted photons thorough the matrix for (�x)2 and without matrix is estimated using
Eq. (4).

NTM−T � N0 ∗ 0.135 ∗ [
1 − 1.105e−0.266(μ/ρ)1ρ1

]
(4)
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Fig. 2 a–f Estimation of photons in the energy region from 10 to 40 keV for Water, PMMA, Polyethylene, Bakelite, Muscle and Bone

where c1, (μ/ρ)1 and ρ1 are the concentration, the mass attenuation coefficient and the density of the material “1” and the matrix,
respectively. The contribution of the fluorescence photons is assessed at an angle of 90° through the matrix for (�x)2 with inclusion
of 1% of iodine to water using the following Eq. (5).

N f l � N0 ∗ 2.94 ∗ 10−5

[
μ0 (1 − c1) + μ1 c1

μ2
0

]
μph . c1 e

−μ(E f l ) /μ0 (5)

It considers the collimation and energy-dependent absorption of the detector sensor. The last term in Eq. (5) is the self-absorption
correction term above the sub-volume of ABCD. Total attenuation for the incoming photons and Compton attenuation coefficients
used at different energies are presented in Tables 1 and 2.

3 Results and discussion

The contribution of transmitted, Compton and fluorescence photons evaluated using simple approximations is presented in Table 3.
Input values are assessed with the use of Eqs. (1)–(5). The measurements were continued by acquiring the spectra, until reaches less
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Fig. 3 Number of Compton
photons interacted in Water,
PMMA, Polyethylene, Bakelite,
Muscle and Bone

Fig. 4 Estimation of Compton
scattered photons detected at a
solid angle of 6.25×10−4 along
line AC, from Water, PMMA,
Polyethylene, Bakelite, Muscle
and Bone

uncertainty for less than 1%. The calculations are obtained by assuming a perfectly monochromatic beam. Energy and thickness
have been varied, for fixed incident photons. Theoretical attenuation coefficient calculations are performed with the use of XCOM
[26], and the generated values are used for all the samples. The individual contributions of transmitted, Compton and fluorescence
photons for a small volume, in the direction of θ from the incident beam, are estimated using the collimators attached to the detector
in the experimental setup. The results are compared with the theoretical estimates based on simple approximations. Experimental
results with a test phantom provided the optimum choice of energy. The estimated number of photons in the area bounded by ABCD
and the number of photons interact due to Compton are displayed in Fig. 2a–f in the energy region 10–40 keV, for Water, PMMA,
Polyethylene, Bakelite, Muscle and Bone. The number of Compton photons interacted estimated in Water, PMMA, Polyethylene,
Bakelite, Muscle and Bone is displayed in Fig. 3. Figure 4 shows the estimation of Compton scattered photons for a given solid
angle, and Fig. 5 shows the Compton photons at 90° for maximum attenuation.

Figures 6 and 7 show the total geometrical efficiency at an angle of 45° and 90° and with increase in the detector collimator length
with fixed diameter. The geometrical efficiency can be maximized by using small sample detector and sample source distances. Here,
the geometrical efficiency describes the interaction volume, which is the intersection of two volumes, i.e., the volume subtended
by the incident X-ray beam and the volume subtended by the detector solid angle. The scattered spectrum is dominated by those of
the polarized X-ray photons, which are incoherently scattered by the sample into the detector. The width of the distribution of the
incoherently scattered photons increases with increasing opening angle of the collimators in front of the detector and X-ray source.
The background in which the characteristic X-rays of the sample are registered in the pulse height distribution is due to the photons
which are multiply scattered mainly in the investigated volume. Therefore, it is important to design the collimators in front of the
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Fig. 5 The number of Compton
photons detected at 90° for
maximum attenuation, for Water,
PMMA, Polyethylene, Bakelite,
Muscle and Bone

Fig. 6 Total geometrical
efficiency at an angle of 45°

Fig. 7 Total geometrical
efficiency at an angle of 90°

detector and the radiation source in order to improve the geometrical efficiency. The geometrical efficiency reaches to a maximum
value and considerable deviation from the central position with increasing the length of the collimator toward the detector at an
angle of 45°. However, for the 90° geometry, the total geometrical efficiency is higher and increases with decrease in the length
of the collimator. The variation of the total geometrical efficiency from the central position of the sample is symmetric. Various
combinations of collimator sizes, length and diameter, attached to the detector, allowed us to optimize the experimental parameters
and optimization of geometrical effects, based on simple approximations. An analysis of the above parameters and their importance
for various potential applications are thoroughly discussed [27].

The detector efficiency is considerably higher at lower photon energies (the detector efficiency is approximately 90% at 10 keV
and 2% at 40 keV). The number of X-rays that reach the detector at a given angle depends not only on the scattering properties of
the material at the center of the sample but also on the scattering and absorption properties of the material surrounding the center.
Figures 6 and 7 suggest that at the experimentally measured angle (90°), most of the scattered events are due to Compton scattering
and that a large percentage of these events are singularly scattered. The recorded events largely come from the small volume element
of the sample corresponding to the point of intersection of the collimated source and detector axis.
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The total number of scattered events recorded is quite high in the experimental study. This is because we were able to integrate
all the events that were scattered into a small angle range θ±�θ, because in the experimental study, the detector has a small finite
area and because of that the total numbers of recorded scattered photons are high. The contribution of geometrical uncertainty is
considerably varied with an angular interval of 1°, symmetrically situated around the centroid of the photopeak. The fluorescent
signal is efficiently detected by suppressing inelastically scattered background. This provides an opportunity of selecting the optimum
energies and geometrical arrangements for the source and detection system for the application of transmission and scattered radiation
based on imaging. The relative uncertainty in theoretical estimates based on simple approximations is about 1–2%, which includes
the input parameters. These are the initial results, which show the potential of using this procedure for further studies.

4 Conclusion

We have performed the experiments at various energies, to know the optimum energy, suitable for the detection of maximum
number of transmitted, Compton and fluorescence photons, from the materials, routinely used as test phantoms. This way, the use
of test phantom, will provide the assessment of contrast, to run the experiments further, to improve the quality of the image. The
study, allowed us to optimize the experimental parameters and optimization of geometrical effects, based on simple approximations.
The analytical studies with synchrotron X-rays have stimulated theoretical and experimental research in many areas, like material
science-based X-ray imaging, for example, art and archeometry, X-ray fluorescence, X-ray diffraction, Compton profile methods
and others. We have plans to extend the present study to lower energy region covering from 8 to 12 keV synchrotron X-rays.
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