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Abstract. Carbon nanotube-based transmission X-ray tubes are widely used in different applications including
mammography and X-ray fluorescence (XRF) experiment. Molybdenum (Mo) is one of the suitable target materials
for this type of tube. In this paper, we used a well-known simulator, Geant4, to achieve some of the parameters of
the Mo target. The optimum thickness for maximum production of usable X-ray from Mo target was obtained when
it was exposed to the electron beam with an energy of 50 keV. In addition, according to the results, hemisphere
geometry was recommended for the target at least for XRF application. By increasing target thickness, Mo acts as a
filter resulting in limited X-ray energy. For estimating the target’s temperature generation, the amount of deposited
energy was also evaluated.
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1. Introduction
In recent years, interesting technologies including
pyroelectric X-ray generator [1] and X-ray generator have been introduced, which use carbon nanotube
(CNT). In these technologies, the pyroelectric crystals
and CNTs are typically used instead of the filament to
emit electrons [2–5]. Filament X-ray tubes suffer from
some problems; for instance, the mainly metal-based
filaments (e.g. W, Cu and Mo) emit electrons after a
considerable time called preheating. In addition, they
will be destroyed and cannot be used after a while due
to evaporation.
Such drawbacks do not exist in CNT-based tubes and
their working life is longer than filament X-ray tubes.
Stability and reliability of CNTs are different depending
on their manufacturing methods. Each method has its
own advantages and disadvantages [6].
CNTs emit electrons when an electric field is applied
[7]. Emitted electrons can convert to a narrow and parallel beam by a small aperture. This method, however,
reduces the final intensity of the electron hitting the target and therefore reduces the produced X-rays. Another
method is to use magnetic lenses to focus the electrons. The size of the focussed electron beam varies.

Miniaturisation of the beam dimensions (focal spot size)
to micron scale can result in microfocus X-ray tube [8,9].
CNT field emitters also have some limitations in terms
of intensity and energy. At the moment, the energy of
X-rays produced by CNT X-ray tubes is tens of kiloelectron volts and its current is tens of milliamperes (mA).
As mentioned, after production, electrons are focussed
and then they should collide with an appropriate target
to produce X-rays. Configuration, material and thickness of the target layer are very important. As far as
configuration is concerned, it can be said that in all
X-ray tubes two forms of reflection and transmission are
applied. As for energies below 1 MeV, the angle of emitted X-rays is larger than the electron beam direction, and
it is better to use the reflection form. By increasing the
electron energy, the direction of the produced X-rays
becomes almost the same as the direction of incident
electrons. Hence, the transmission form is preferred in
such a case [10]. The selection of the target material
depends on various factors such as tube application,
thermal resistance against evaporation, melting point
and atomic number. Tungsten (W) is the best choice
because of its high melting point (3422 ◦ C) and atomic
number as well as some other parameters studied [11].
Tungsten has been used in dynamic radiography and
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industrial inspections [12]. Molybdenum (Mo) is also
used as an anode in some applications including mammography [13]. Most mammography X-ray tubes have
molybdenum-surface anodes. This material has an intermediate atomic number (Z = 42) producing characteristic X-ray photons with energies well suited for this
particular application. Molybdenum is chosen as a target
material for its optimal spectrum. A typical mammography X-ray tube runs at 26–30 kV using the molybdenum
anode. For XRF test, many types of anodes are used,
but common anode materials are tungsten (W), rhodium
(Rh), molybdenum (Mo) and chromium (Cr). Mo anode
has characteristic radiation energies of 17.48 and 19.6
keV [14]. As mentioned before, in CNT-based X-ray
tubes, the energy of the emitted electrons is tens of
kiloelectron volts. So, the reflection geometry seems
to be better than the transmission geometry. But due
to high-energy deposition in reflection mode (because
of electron absorption), the target will get hot, which
may cause damage. Target overheating rarely occurs in
transmission mode as the thickness of the target layer is
low. Due to some practical reasons, if it is necessary to
use Mo (which has a low melting point (2623 ◦ C) compared to tungsten) for a long time, it is better to use the
transmission geometry [15].
Uniform distribution of X-ray dose in transmission
mode compared to reflection one (which has nonuniform dose distribution due to Heel effect) is an advantage that makes this kind of tubes suitable candidates
for different applications such as electronic brachytherapy [16]. This paper is an attempt to determine the
optimal thickness of the Mo target for transmission
geometry.
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be. In fact, electrons pass without any interaction with
matter. On the other hand, the thicker targets result in
higher amount of X-rays. However, self-absorption may
cause a reduction in intensity. Hence, there is an optimal thickness producing maximum X-ray intensity. By
simulation with Geant4 code, this paper tries to measure
this optimal thickness. In addition, beam spectra in different thicknesses and distribution of output beam were
obtained by transmitting through a beryllium window.
Benefiting from strong data library and different models such as Penelope model, Geant4 code provides the
opportunity to run precise Monte Carlo (MC) calculations in the range of low electromagnetic energy [18].
Various samples are available in Geant4 for simulation of the Bremsstrahlung phenomenon in low-energy
electromagnetic package. The electromagnetic package [19] includes two processes for simulation of
Bremsstrahlung electron. G4lowenergyBremsstrahlung
[20], which is based on EEDL (Livermore Library Laboratory) [21] is for estimation of cross-section and
prepares three angular distribution samples (2BN, 2BS
and Tsai) [22]; the last one corresponds to the algorithm in Geant3 and in Geant4 standard electromagnetic
package. G4PenelopeBremsstrahlung is based on the
physical samples [23] and was initially developed for
the PENELOPE MC code. MC techniques have been
widely used in clinical studies of radiation, including
electron and photon transport. Various MC packages
such as MCNP, PENELOPE and EGSnrc have been
used to simulate particle transport [24]. But, in this work,
we used the most powerful Geant4 code developed by
CERN (European Organization for Nuclear Research).

3. Virtual experiment results
2. Simulation method
When high-energy electrons pass close to a nucleus
(generally metal) they will experience a decline in their
acceleration leading to deviation of their path. This
acceleration declines or in other words electron energy
reduction results in the emission of X-ray photons whose
energy is equal to the lost electron energy. This process is
the basis of the so-called Bremsstrahlung or continuum
X-ray production. On the other hand, some electrons hit
the electrons in atomic orbitals and push them out of
their orbit. The vacancy of the removed electrons will
be filled, with electrons from other orbits giving rise to
the characteristic X-ray. These rays are manifested as
several peaks on continuum spectra [17]. In an X-ray
spectrum, the maximum energy of X photons is equal
to the incident electron energy. The intensity of X-rays
depends on the target material and its thickness. The
thinner the target, the lower the intensity of X-rays will

In this experimental set-up, for our particular desirable
application (CNT X-ray tube for XRF), molybdenum
was selected because of its two highly appropriate characteristic X-rays with 17.5 and 19.6 keV energies. At
first, flat target geometry was tested. The test method
involved incidence of one electron beam with a crosssection of 1 mm2 and 50 keV energy (this energy was
considered in designing X-ray tube) on a Mo target with
different thicknesses. In order to reduce statistical errors,
107 electrons are initiated to hit the target. Like any other
X-ray tubes, a material was set as a window behind the
target. Here, beryllium of 0.5 and 1 mm thicknesses
was used. In fact, in transmission X-ray tubes, the window material (which is generally metal) plays the role
of substrate material to coat the target. X-ray spectra
resulted from this experiment are shown in figures 1 and
2 for beryllium window of 1 and 0.5 mm thicknesses,
respectively.
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Figure 1. X-ray spectra produced in different Mo thicknesses and their corresponding spectra after transmission
through beryllium window with a thickness of 1 mm.

Figure 2. X-ray spectra produced in different Mo thicknesses and their corresponding spectra after transmission
through beryllium window with a thickness of 0.5 mm.

As shown in the figures, X-ray spectra for thicknesses
above 5 µm coincided. It means that by increasing the
thickness of the target material, the amount of the produced X-ray will not increase. Of course, as it is clear,
this amount is independent of the thickness of the beryllium window. X-rays passing through the beryllium
window are also shown in figures 1 and 2 under the
main spectra.
These spectra are measured within a 2-cm distance
from the window. As it is clear, X-ray is attenuated after
passing through both the target material and the beryllium window. This attenuation is higher in the lower
energy range. Comparing figures 1 and 2, the amount
of X-ray transmission from 1-mm beryllium window is
less than that of 0.5 mm window. The more the thickness of the target material, the less is the probability
of X-ray to be detected by the detector. An interesting point in figure 2 is that if one wishes to have only
the molybdenum characteristic X-rays in the output
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Figure 3. Intensity of the emitted X-rays (forward and backward).

spectra, one should use thicker molybdenum window,
above 50 µm, and thinner beryllium window. Hence,
it seems that thicknesses above 50 µm are more suitable in making X-ray tube suitable for XRF. Although
the X-ray intensity is reduced, it can be compensated
with a higher flow of incident electrons. Of course, all
the X-rays produced do not travel forward and some of
them radiate backward. The difference between these
two directions is shown in figure 3.
The ratio of the total amount of the produced
X-ray to the total amount of X-ray resulted from the
Bremsstrahlung phenomenon is a fixed value for all
thicknesses as shown in figure 3. The difference between
these two indicates the amount of characteristic X-rays.
As is evident from figure 3, the amount of X-ray intensity (forward and backward) is less in lower thicknesses
and then increased up to the thickness of 5 µm followed
by a decrease with the increase of the target material
thickness. For all thicknesses, the forward-radiated rays
are higher than the backward-radiated ones. Moreover,
this ratio was roughly fixed for all of them. The amount
of forward-radiated X-ray was determined for two different thicknesses of beryllium windows as depicted in
figure 4.
According to this figure, for almost all molybdenum
thicknesses, the forward-radiated ray ratio for 0.5-mm
window thickness was nearly 1.1 greater than that for 1mm window. In other words, an increase in thickness of
the beryllium window from 0.5 to 1 mm will reduce only
10% of the output rays. On the other hand, as working
with 1-mm beryllium sheets such as brazing and coating is much easier, it may be worth using 1-mm sheets
(instead of 0.5 mm) despite the 10% loss.
Another important issue that must be considered is
the spatial distribution of forward-reradiated rays (useful beam). For this purpose, a detector was placed in
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Figure 4. Forward-radiated ray ratio for two thicknesses of
beryllium window (0.5 and 1 mm).

Pramana – J. Phys. (2019) 92:54

Figure 6. Spatial distribution of forward-radiated beams in
the flat target.

Figure 5. Virtual experiment lay-out arranged in Geant4.
Figure 7. Spatial distribution of forward-radiated beams in
the hemisphere target.

front of the window to measure the distribution of the
rays, for example in a horizontal line. This experiment
was set up for flat and hemispherical target geometries.
As shown in figure 5, a hemisphere with a diameter of 5
mm was irradiated with electrons. Because of symmetry
and simplicity in manufacturing, the hemisphere target
was used.
Cone shape is another possible form. However, cone
will also become spherical due to very low practical
cross-sectional area of electron beams and its construction in small sizes.
All the obtained parameters such as intensity of
the total produced X-ray, beam spectra, amount of
forward- and backward-radiated beams and even energy
deposition in two flat and spherical geometries were
similar. The only difference between these two
geometries was observed in the spatial distribution of
forward-radiated beams. Forward-radiated X-ray distribution for flat and hemisphere geometries is shown in
figures 6 and 7, respectively.

In both the geometries, the output beam is
cone-shaped. As we can see, the forward-radiated beam
was more focussed on spherical geometry and the beam
was more focussed in the middle of the cone. In flat target geometry, the spatial distribution of beams became
more uniform in a cone. Therefore, in terms of spatial
distribution, it seems that the hemisphere target is more
suitable for applications such as XRF.
As we know, due to the collision of electrons with
the material, some of the energy will be deposited in
the material, resulting in heating of the material. The
amount of deposited energy in the target material vs.
thickness for each 50-keV electron is plotted in figure 8.
As figure 8 suggests, for the thinner target material,
the deposited energy for each electron is less. That is
why some electrons have lost their energy in the material and moved out of it. By increasing the thickness, the
whole electron energy will be deposited in the material.
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thickness to about 50 µm. This means that the target
can act as a filter. This can be very important in XRF
applications. This research can also be repeated for other
materials such as rhodium or chromium with different
medical or industrial applications.
References

Figure 8. Deposited energy vs. the target thickness.
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