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ABSTRACT

Digital tomosynthesis (DT) is a 3D imaging modality
with a lower cost and lower dose than computed tomogra-
phy. A DT system made of a flat panel array with 45 X-ray
sources, but compact enough to fit on the desktop is near
market realisation by the company Adaptix Ltd. This work
presents a framework of FLUKA and Geant4 Monte Carlo
(MC) simulations of the Adaptix system including the X-
ray beam generation and the final image quality. The re-
sults show that MC methods offer an insight into the per-
formance details of such an innovative device at different
levels between the X-ray emitter array and the detector. As
such, a large portion of the design and optimisation of such
novel X-ray imaging systems can be done with a single
toolkit. Finally, the modularity of the approach allows other
tools to be imported at various steps within the framework
and thus provide answers to questions that cannot be ad-
dressed by general-purpose MC codes.

INTRODUCTION

Digital tomosynthesis (DT) is a modality similar to com-
puted tomography (CT) where scans are taken within a lim-
ited angular range. Consequently, DT gives a form of 3D
information for a much lower cost and dose than CT.

The X-ray tube has been the workhorse of 2D and 3D X-
ray imaging for more than 100 years. This X-ray source is
a large and heavy machine that needs cooling and stability
mechanisms to control high machine temperatures and to
reduce image artefacts from vibrations while it is rotated
around the patient. The large size and weight of conven-
tional X-ray tubes means that CT scanners only contain one
source (or occasionally two). Even 2D and DT systems that
use conventional tubes are also large and heavy, usually
with a separate high voltage generator cabinet necessary.

However, Adaptix Ltd has demonstrated portable 3D DT
imaging of human extremities, human jaws and small ani-
mals using a stationary flat panel source array and a sta-
tionary detector with systems that can fit on the desktop, as
shown in Fig 1. The source array includes tens of cold-
cathode field emitters etched on a Silicon wafer, each bom-
barding a transmissive X-ray target with electrons at ener-
gies between 60-70 keV. The sequential firing of emitters
on the array produces X-ray beams that irradiate the
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detector from different angles without rotation. Similar ex-
perimental systems exist that use a linear array of carbon
nanotube field emitters [1]. However, it has been shown
that a planar distribution of emitters improves depth reso-
lution [2].

Figure 1: The Adaptix desktop tomosynthesis system.
Courtesy of Adaptix Ltd.

Cold-cathode flat panel source arrays offer promising al-
ternatives to X-ray tubes in medical applications. Also, nu-
merical simulations can help improve the design and opti-
misation of this novel imaging technology [3].

In this paper, we describe a Monte Carlo (MC) simula-
tion framework using the FLUKA [4] and Geant4 [5] codes
to simulate the Adaptix imaging system, including X-ray
beam production and image generation. We validate the
models with experimental measurements and finally simu-
late a complete DT procedure, where 3D slices of a virtual
fractured human extremity are reconstructed.

METHODS

X-ray Beam Characterisation

The exposed X-ray source and the corresponding MC
model are shown in Figs. 2 and 3. All emitters were as-
sumed to be identical so only one was simulated to charac-
terise the entire array. The electron beam was defined as a
100 um wide Gaussian pencil beam at 60 keV, normal to
the X-ray target and centred onto the collimator aperture.
For simplicity, electromagnetic fields were not simulated.
The position, direction and energy of photons that exited
the printed circuit board (PCB) were scored in order to
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characterise the X-ray beam. This simulation was done

with both FLUKA and Geant4 and the analysis that is de-
scribed below was performed on their respective results.

Figure 2: The Adaptix flat panel source array exposed.
Courtesy of Adaptix Ltd.
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Figure 3: Model of a single X-ray source from the array.
Ilustration is not drawn to scale.

The X-ray beam was considered to be rotationally sym-
metric. Therefore, its shape was described by an analytical
fit of the radial density of photons at the exit of the PCB.
The fit included the beam core and the beam penumbra.
Moreover, the energy for both, beam core and penumbra
photons, was sampled from the analytical fit of the spec-
trum of the beam core. Also, to sample the photon direc-
tion, photons on the PCB were considered to originate from
the centre of the X-ray target. The vector between these two
points was the photon direction vector. Finally, the photon
yield of the modelled source was the ratio of the number of
photons exiting the PCB over the number of primary elec-
trons transported.

X-ray Beam Transport

Primary photon energy, position and direction was sam-
pled using analytical fits. The number of photons emitted
is the same for each source and calculated by multiplying
the photon yield with the input current for the specific ma-
chine. Only the lateral position of each primary photon is
shifted depending on the source position on the array.

Model Validation

An RTI Black Piranha [6] dosimeter was used to meas-
ure the dose rate of the prototype flat panel source in the
laboratory after attenuation of the beam in Aluminium. The
dosimeter was placed 70 cm away from the X-ray source
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and Aluminium sheets were placed between them. The ex-
periment was replicated in FLUKA and Geant4 using the
respective analytical source models.

Digital Tomosynthesis

A phantom resembling a severely fractured extremity
was placed in front of a flat panel detector. The detector
covered a plane with 100 pm pixels and standing 20 cm
from the source array as shown in Fig. 4. Each pixel
counted the photons incident in it, normalised by the angle
of incidence. Images taken with the phantom in place were
transformed into attenuation images by normalising them
pixel-wise with respective images without the phantom in
place using the same emitted photon flux. The pixel-wise
negative natural logarithm of the normalised values then
formed the attenuation images. For brevity and due to the
agreement of the two analytical models which is shown
later, DT was simulated only in Geant4.
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Figure 4: The modelled source array, phantom and flat
panel detector. Emitter array is not drawn to scale.

To convert the multiple attenuation images into 3D DT
slices, they were converted to 16-bit grayscale, uncom-
pressed PNG images and were then input to a DT recon-
struction algorithm [7]. The grayscale was linear with
black end for pixel values less than or equal to 0 and with
white end for pixel values greater than or equal to a thresh-
old. This threshold was 1.2 times the 99 % limit of the pixel
value distribution of all attenuation images. The 1.2 factor
was used to avoid brightness saturation on some attenua-
tion images, especially those from the outermost emitters
such as A2 or A6 as shown in Fig 4.

RESULTS

The radial photon density and the energy spectrum of the
beam core for photons exiting the source are shown in
Figs. 5 and 6. Both codes produce similar results. The ra-
dial density is fitted with polynomials within the beam core
and with an exponentially decreasing function at the pe-
numbra. A polynomic fit is used for the beam core energy
spectrum. This is done separately for the results from each
code.

The attenuation of the X-ray beam in the experiment and
the simulations is shown in Fig. 7. The statistical error is
smaller than the point size for all points. The two codes
agree very well, but there is a factor of 4 discrepancy from
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the experiment. The attenuation trend is similar between
simulation and experiment. Therefore, the energy spectrum
is estimated well, but the photon yield is not. Likely causes
include the real electron beam being larger than the colli-
mator aperture or only partially hitting the X-ray target due
to misalignments. The simulated electron beam is perfectly
centred onto the collimator aperture and thus all electrons
arrive at the X-ray target.
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Figure 5: The radial photon density of the X-ray beam es-
caping from the source.
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Figure 6: Energy spectrum of the beam core of photons es-
caping from the source.
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Figure 7: Attenuation of the X-ray beam in Aluminium.
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DT slices are shown in Figs. 8 and 9. They are at differ-
ent depths in the phantom and show the objects that corre-
spond to their respective depth in focus. The spherical frag-
ments are clearly delineated from the cylindrical ones,
identifying their depth within the phantom. A 2D X-ray im-
age would show all of these structures overlapped, under-
lining the distinct advantages of DT.

Figure 8: DT slice at the depth of the left bone.

Figure 9: DT slice at the depth of the spherical fragments.
CONCLUSION

A detailed MC simulation framework to assess and opti-
mise the performance of compact X-ray emitter arrays was
established and benchmarked against experimental data.
X-ray generation, absorption in the patient, as well as im-
age formation can all be modelled using a single tool, sim-
plifying research and development. The framework can
also be split into different modules, as described in the pa-
per. This allows using other tools that can potentially pro-
vide better insight into specific optimisation targets such as
electron field emission or the exact detector response. This
provides an excellent avenue to complement general-pur-
pose MC codes.
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