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Feasibility of track-based multiple scattering tomography
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We present a tomographic technique making use of a gigaelectronvolt electron beam for the
determination of the material budget distribution of centimeter-sized objects by means of simula-
tions and measurements. In both cases, the trajectory of electrons traversing a sample under test is
reconstructed using a pixel beam-telescope. The width of the deflection angle distribution of elec-
trons undergoing multiple Coulomb scattering at the sample is estimated. Basing the sinogram on
position-resolved estimators enables the reconstruction of the original sample using an inverse radon
transform. We exemplify the feasibility of this tomographic technique via simulations of two struc-
tured cubes—made of aluminium and lead—and via an in-beam measured coaxial adapter. The sim-
ulations yield images with FWHM edge resolutions of (177 = 13) um and a contrast-to-noise ratio
of 5.6 = 0.2 (7.8 = 0.3) for aluminium (lead) compared to air. The tomographic reconstruction of a
coaxial adapter serves as experimental evidence of the technique and yields a contrast-to-noise ratio
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of 15.3 = 1.0 and a FWHM edge resolution of (117 = 4) um. Published by AIP Publishing.
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Computed Tomography (CT) offers the analysis of macro-
scopic samples of any material type using the transmission of
keV x-rays.'™ Their interaction cross-section is governed by
the photoelectric effect, Rayleigh and Compton scattering.*”
The total transmission probability depends exponentially on
I//: the photon’s path length / over the material’s attenuation
length 4, with the photoelectric cross-section depending
strongly on the atomic number Z of the traversed material.*

We propose a tomographic technique based on the mea-
surement of impact positions and deflection angles of elec-
trons in the GeV-range traversing a sample under test (SUT)
that allows for the reconstruction of the spatial material bud-
get of the traversed object. The technique is exemplified on
the basis of electrons, though approaches with other charged
particles apply as well. Electrons probe a sample by under-
going multiple Coulomb scattering (MCS) off the electric
field of charged nuclei resulting in an effective angular
deflection.®” This kink between the incoming and the outgo-
ing electron and its impact position on the sample are acces-
sible by the measurement of the electron’s trajectory, or
track, using pixelated charged-particle sensors in front of
and behind the sample.®® The width of the angular distribu-
tion for many probing electrons within a given area is related
to the projected material budget traversed, ¢ =//X,, with the
radiation length X, which is also a function of the atomic
number.* Acquiring position-resolved kink angle distribu-
tions for varying rotation angles of the SUT enables the use
of an inverse radon transform'® for image reconstruction.
Consequently, we term the technique presented a track-based
multiple scattering tomography (TBMST).

Similarly to CT, no constraints on the material type are
imposed by TBMST. In contrast to CT, where a fraction of
the photons is absorbed, all incoming electrons leave the
sample volume in the technique proposed herein. In CT, the
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image quality for samples larger than a few times its attenua-
tion length is limited by the small amount of photons leaving
the sample,'"'? whereas sufficiently energetic electrons
completely traverse the sample in TBMST. This presents an
advantage of an electron-based tomography over CT for non-
destructive material testing of high-Z samples. Using high-
precision charged-particle detector, image resolutions on the
micrometer scale seem possible.

In this work, we discuss simulations performed with
tools originating from high-energy physics applications: The
traversal of an electron beam through a beam telescope and a
structured cube of either aluminum or lead in the telescope’s
center is simulated. The feasibility of TBMST is discussed in
terms of image contrast and resolution. Results of beam mea-
surements of a coaxial adapter performed at the DESY Test
Beam Facility'* complement the discussion.

The beam telescope replicated in the simulation and used
in the measurements is a EUDET-type beam telescope,'> with
two of these devices available at the DESY Test Beam
Facility. It comprises six successively arranged pixel detector
planes equipped with fine-pitch MIMOSA 26 sensors' for the
precise spatial measurement of the electrons’ impact positions.
Each sensor covers an area of 21.2 mm x 10.6 mm. The set-up
used in both the simulation and the measurement is shown
in Fig. 1(a). Depicted are the pixel sensor planes, a generic
sample under test with its rotation angle ¢, the distance dz
between the planes as well as the distance dzgyr between the
sample and neighboring sensor planes. The beam illuminates
the entire sensor area with its particles initially moving paral-
lel to the z-axis. A configuration of the beam telescope with
an equidistant plane-spacing is chosen for this study (see Fig. 1)
with dz=150mm and dzgyr=10mm. We use a right-
handed coordinate system with the z-axis along the beam
axis and the y-axis pointing downwards.

For the simulation part, electron trajectories traversing
the sensors of the beam telescope have been simulated using
the AlIPix simulation framework.'® The simulation is set to

Published by AIP Publishing.
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FIG. 1. (a) Sketch of the EUDET-type beam telescope with six
MIMOSA 26 sensor planes and a generic sample under test in the center. (b)
A structured cube and (c) a coaxial adapter serve as SUT in the simulation
and the measurement.

replicate an electron beam with a momentum of 5 GeV/c and
its physical interactions (energy loss, MCS) in matter (air,
SUT, sensors) using the GEANT4 library.'”'® The detector
response is simulated by forming patterns of one or more
registered pixels using the impact position of the simulated
electron trajectories on the sensors based on their measured
response.'” The sample is a structured cube made of either
aluminium or lead with an edge length of 6 mm and a rectan-
gular cut-out of 3 x 3 x 1.5mm? at the bottom side, shown
in Fig. 1(b). It features squared and round holes of 0.1 mm to
I mm in size and diameter allowing for the testing of mini-
mal resolvable feature sizes.

The simulation produces sets of trajectories that are sub-
divided into events. We define an event as one cycle of simu-
lation with a small number of traversing electrons, analogous
to the data produced in experiments at the DESY Test Beam
Facility. The data retrieved from the simulation,20 compris-
ing a total of 120 x 10° simulated electrons per sample, con-
sists of a list of registered sensor pixels per such an event.

For the experimental part, measurements have been car-
ried out at the DESY Test Beam Facility at the beam momen-
tum of 1.6GeV/c. With particle rates of about 1.6kHz,
360 x 10° events have been recorded within 60 h. As a SUT,
a coaxial adapter of 6.4 mm diameter with unknown internal
structures was used, see Fig. 1(c).

The distribution of the electron’s effective angular
deflection caused by MCS when traversing matter is centered
around zero and its squared Gaussian width in the transverse
plane (9(2) depends on the electron momentum and the radia-
tion length of the matter traversed.®® In Highland’s approxi-
mation of the Moliere’s theory, @S for a single scatterer ¢
reads®'

2
@2:(13';%-2) g [1+0.038-1In(e)]”, (1)

with fic, p, and z representing the velocity, the momentum
and the charge number of the traversing electron.

Prior to the image reconstruction, the simulated and the
measured data have been processed within the EUTelescope
reconstruction framework.?? Registered pixels that adjoin are
combined to form a so-called cluster. A simple geometrical
interpolation of the cluster center is performed, which is
defined as the reconstructed hit position. A beam particle
usually yields six hits, one per traversed sensor plane. The
hits are translated from two-dimensional entities on the indi-
vidual beam telescope planes into three-dimensional entities
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in the global frame of reference. In order to find hits originat-
ing from the same beam particle, so-called triplets are built
based on hits in the upstream planes and the downstream
planes separately, as is depicted in Fig. 2 and described in
detail in Ref. 13. A valid six-tuple is defined by a pair of trip-
lets if they intersect within a radius of d.cn at the SUT’s
transversal plane. In a simplistic model, two straight lines,
one originating from the up- and one from the downstream
triplet, describe the track of the beam particle, with a single
kink allowed at the SUT describing the effect of the MCS
therein.

Accumulating many six-tuples, the width of the kink
angle distribution encodes the information about the material
budget in the SUT. In fact, the solid angle can be decom-
posed into two projections along perpendicular dimensions
and hence a two-dimensional measurement is performed.
Appropriately, we chose the axes parallel to the sensor
geometry, i.e., along the x- and y-direction. Due to the quan-
tum mechanics nature of the scattering process, the kink
angles k, and k, are expected to be uncorrelated for the indi-
vidual particle. However, the width of the two distributions
for a given SUT area is expected to correlate within uncer-
tainties, which in principle enables the calculation of two
independent estimates of the material budget distribution.

With the method described above, two-dimensional
images are acquired that represent the position-resolved
width of the scattering angle distribution, and therefore an
estimator for the material budget projected onto the x—y-
plane. Subsequently, these images are split into vertical data
columns. In order to reconstruct the sample’s material budget
distribution, the simulation and the measurement are repeated
for different rotation angles of the sample and the correspond-
ing vertical data columns from all angles are combined to
form sinograms. A sinogram is a collection of multiple one-
dimensional projections of a two-dimensional density distri-
bution, i.e., a binned representation of the radon transform of
the original distribution.”® In our case, each data point in a
sinogram is given by the square of a robust width-estimator
of the kink angle distributions, which is further converted
approximately into a material budget ¢ using Eq. (1), and
serves as an estimate of the radon transform

1

|ds|. )

Therefore, an inverse radon transform of the sinogram yields
a reconstruction of the two-dimensional material budget

F 3
xory

| air | ar | air lSUTl ar | ar | air |

upstream ° downstream

Measurement
®  Scatterer

FIG. 2. The kink between the up- and downstream triplet yields an estimate
of the effective scattering angle at the SUT.
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distribution and the combination of reconstructions from
adjacent data columns results in a three-dimensional
image.'® For this work, the open source software package
scikit-imagez“’25 is used, which is capable of performing a
filtered back projection based on the central-slice theorem.'®

A maximum distance of dp,cn = 35 um has been used to
match upstream to downstream triplets. Figure 3(a) shows
the resulting kink (k, and k) angle distribution for scattering
in air and in 6 mm of aluminium. The widths of the distribu-
tions clearly differ from each other and non-Gaussian tails
are present. To calculate an estimate for ®§, and subse-
quently ¢ via Eq. (1), the width of the kink angle distribution
is evaluated. Since the RMS is not a robust estimator of the
width given the presence of outliers, we use the average
absolute deviation of the distribution’s inner 90% quantile
(AADyg). Computationally, this method is faster in compari-
son to a parametric fit and produces robust and deterministic
estimates. The kink angles k, and k, per track at the SUT are
shown in a scatter plot in Fig. 3(b) for ¢ = 90° for the alumi-
num sample and show no correlation.

The transverse SUT plane is divided into cells of
100 x 100 ,um2 and the width is evaluated for all tracks within
a given cell. An image of the MB-estimator in the x—y-plane

— Aluminium
— Air

AAD, .= 0.49
AAD, ;= 0.08
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FIG. 3. (a) The kink angle distribution k. , is shown for air and aluminium.
(b) A scatter plot of the kink angle per track in the x- and y-direction. (c) A
projection of the aluminum sample in terms of the MB-estimator. (d) The
correlation of the MB-estimator in the x- and y-direction per image cell. (e)
The material budget taken from the red box in (c) is shown along the y-
direction. (f) The indicated data column (red box) concatenated for various
rotation angles.
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at a rotation angle of ¢ = 90° is shown in Fig. 3(c) for the
structured aluminum cube. The SUT clearly protrudes from
the surrounding air, the cut-out at the bottom side and the
larger holes around y = 1.5 mm are visible. Small deviations
from the solid aluminium are visible around the location of
the smaller holes at y =0 mm. Reproducing Fig. 3(c) individu-
ally for k, and k,, these MB-estimates of the kink angle distri-
bution per cell correlate with a factor of 0.96, see Fig. 3(d).
The estimates in the x- and y-direction group symmetrically
around the diagonal. Cells containing only air group at the
lower left corner, and the cells containing 6 mm of alumin-
ium at the upper right. Hence, we use both the measurements
in the x- and y-direction to increase the statistics.

The data column at 0 < x < 100 um, i.e., the red box in
(C), is shown in Fig. 3(e) along the y-direction for both the
aluminium (amplified by a factor of 50) and the lead cube. A
satisfactory signal-to-noise ratio is readily visible for both
materials in comparison to air. The data column reveals
sharp edges at the sample’s borders as well as at the cut-out.

Data columns at the same x-position for 180 rotation
angles of the SUT are concatenated to form the sinogram, i.e.,
the MB-estimator in the y—¢@-plane, which is shown in Fig. 3(f)
for aluminium. A pedestal in the signal has been subtracted.
This sinogram serves as input to an inverse radon transform,
with the result shown as two half-spaces in Fig. 4(a), represent-
ing the reconstructed material budget ¢,0x per voxel of the alu-
minum (left) and the lead sample (right) in the y—z-plane. With
a cell size of 100 um in the data column, the volume of a voxel
amounts to (100 ,um)3.

An analogous reconstruction was performed on the mea-
sured data acquired for a coaxial adapter. Figures 4(c) and
4(d) show cross-sections through the reconstructed SUT in
the y—z- and the x—y-plane, respectively.

Readily visible in Fig. 4(a) for both the aluminium and
the lead sample is the set of upper holes. Two holes of the
lower set, which were hardly visibly in the projections [cf.
Figs. 3(c) and 3(e)] are less discernible. For the aluminium
sample, within a region of air [red box in Fig. 4(a)] the mean
and the standard deviation of the signal of the inverse trans-
form amounts to (-0.01 £0.11) x 10*3, whereas for the
region containing aluminium (blue box) the mean and stan-
dard deviation are (1.09 = 0.16) x 107, The reconstructed
value deviates by only 3% from the expected literature value
&ir = 0.1 mm/88.97 mm =1.12 x 107, At a voxel volume of
(100 ,um)3, the contrast-to-noise ratio (CNR) of aluminium to
air amounts to 5.6 = 0.2. For lead, the reconstructed value of
(69 +9) x 107 exceeds the literature value by roughly a fac-
tor of three and a reduction in signal is observed from the
center of the sample towards the edges. Both findings are
likely caused by a noticeable energy loss of the electrons,
approx. 68%, which has not yet been accounted for during
the reconstruction. Likewise, this energy loss leads to the arti-
facts at the corners. The contrast value for lead of 7.8 = 0.3
depends on the evaluated area, again due to the signal trend
caused by the energy loss. We note that a 6 mm lead sample
constitutes about 38 attenuation lengths for a 100keV photon
beam” (equivalent to a filtered 200 kVp beam), rendering CT
imaging of such samples impossible. In contrast, the material
budget of 6 mm lead merely amounts to about one radiation
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length for GeV electrons enabling tomographic images of
high-Z samples by means of TBMST.

We define the edge resolution G4, as the width of the
transition from one continuous region to another. This value
is extracted by fitting a modified error function

2
U 1 !/
f(u):kj exp _2<u u0> du' +b, ueczy (3

0 Oedge

to the signal of the inverse radon transform along either the
z- or y-coordinate at various locations, see Figs. 4(b) and 4(d).
This resembles the integration of a normal distribution with
Ocdge @S its Gaussian width, a scaling factor £, the inflection
point z, and an offset b. To increase the signal-to-noise ratio
and therefore the precision of this measurement, the signal is
integrated over twelve voxels in the y-direction prior to the
fit. This does not change the value of g4, but decreases its
uncertainty. For a voxel size of 100 um, edge resolutions of
(77 =7) pm and (73 £9) um are extracted for the positions
(1) and (2), respectively. The combined, corresponding
FWHM amounts to (177 = 13) um. The edge resolution
improves towards smaller voxel sizes, but at a fixed particle
fluence the contrast decreases with smaller voxel sizes due to
lower statistics per voxel.

The image of the coaxial adapter is rich in detail with
structures visible down to a few voxels in size, e.g., showing
clearly the inner and outer conductor. The tomographic
reconstruction based on measured data demonstrates the fea-
sibility of a TBMST. Assuming a homogeneous material,
CNR and edge resolutions are evaluated at the indicated
areas, resulting in 15.3 = 1.0 and (50 = 2) um, respectively,
the FWHM is (117 = 4) um.

(a)
1.4
T2
%1
“0.8
0.6
0.4
0.2
0
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Assuming a 6mm thick sheet made of aluminium
(esyr = 0.067) or lead (esyr = 1.07), a track resolution at
the center of the SUT of (2.5 % 0.1) um is calculated®® for
both materials, posing a lower limit on the resolvable feature
size. Also, a transversal movement of the traversing particles
inside the SUT due to the MCS deteriorates the position
resolution depending on the thickness of the scatterer. The
contribution of this effect is calculated to be less than 1.1 um
(4.9 um) for the simulated aluminium (lead) sample. This
implies possible resolutions down to 2.8 um (5.5 um) for the
presented method, although cell sizes of this order come at
the cost of a lower contrast, or increased measurement time.
The field of view of a single projection is limited by the area
of the particle sensors. However, x—y-stages allow for subse-
quent images at a fixed rotation angle and therefore stitching
to form larger projections. In principle, with larger sensors
and appropriate stages, the imaging of samples with a vol-
ume of several cubic centimeters with several radiation
length material budget are feasible. With a beam and a beam
telescope optimized for TBMST, similar contrast and resolu-
tion values as achieved herein could be acquired with imag-
ing times of about an hour, but in this work, the beam
intensity dominates the acquisition time of 60h. The practi-
cality of this technique is not compatible with industrial CT
for samples of low material budgets, but presents a method
with potential towards high-Z samples.

For samples of about one radiation length and above in
size, a correction of the kink angle distribution for the energy
loss seems possible. This could, e.g., be done using calibra-
tion samples of known material budget. Further improve-
ment of the image quality can be achieved by larger statistics
(higher particle fluence) by a dedicated track-model

(b)

FIG. 4. (a) An inverse radon transform
on the sinogram yields the recon-
structed material distribution in the y-
z-plane of both the aluminum and the
lead sample. The coloured boxes indi-
cate the regions used for the determi-
nation of the contrast, blue for
aluminium/lead, red for air. The brack-
eted numbers reference horizontal lines
at which the edge resolution is evalu-
ated, shown on the right. The recon-
structed image of a coaxial adapter in
the (c) y-z-plane and the (d) x-y-plane.

X [mm]
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describing the electron trajectories and by a more sophisti-
cated image reconstruction method.

In conclusion, by means of simulated and experimental
data, we have demonstrated the feasibility of the reconstruc-
tion of centimeter-sized objects probed by gigaelectronvolt
electrons based on the angular deflection caused by multiple
Coulomb scattering. 120 million electron tracks have been
simulated, 360 million measured, and FWHM edge resolu-
tions of (177 £ 13) um and (117 = 4) um have been achieved
at a chosen voxel size of (100 ,um)3. This allows for the dis-
crimination of structures of about 200 um in size. A contrast-
to-noise ratio of about 5.6+0.2 (7.8 +0.3) has been
measured comparing regions of aluminium (lead) with
regions of air, and 15.3 = 1.0 for a coaxial adapter. With
mean photon energies around 100keV, such a lead sample is
not suitable for CT, whereas a track-based multiple scattering
tomography is applicable for non-destructive material testing
of high-Z samples.

The measurements leading to these results have been
performed at the Test Beam Facility at DESY Hamburg
(Germany), a member of the Helmholtz Association (HGF).
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