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Introduction
‣ Computed Tomography 

- Absorption: Photon (X-ray), neutron, muon, … 
- Energy loss: Proton, … 
- Multiple Coulomb Scattering (MCS)  
with high energy electron 
✦Gaussian width of the deflection angle distribution: 
(Highland’s approximation of the Moliere’s theory) 
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Material Budget Imaging (MBI) with MCS
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Track-based multiple scattering tomography

‣ Measure the hit positions of individual electrons on 
sensor planes upstream and downstream of the sample 
under test (SUT) 

‣ Reconstruct the tracks and calculate the scattering 
angle (kx,y) 

‣ We use absolute deviation of the distribution’s inner 
90% quantile (AAD90) to calculate Θ0
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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.17,18 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.19 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! 3! 1.5 mm3 at the bottom side, shown
in Fig. 1(b). It features squared and round holes of 0.1 mm to
1 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! 106 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 1.6 GeV/c. With particle rates of about 1.6 kHz,
360! 106 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 H2

0 depends on the electron momentum and the radia-
tion length of the matter traversed.6–8 In Highland’s approxi-
mation of the Moliere’s theory, H2

0 for a single scatterer e
reads21
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with bc, 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.22 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

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 dmatch 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 kx and ky 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.23 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 e using Eq. (1), and
serves as an estimate of the radon transform

eðLÞ ¼
ð

L

1

X0ðx; y; zÞ
jdsj: (2)

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

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.

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.10 For this work, the open source software package
scikit-image24,25 is used, which is capable of performing a
filtered back projection based on the central-slice theorem.10

A maximum distance of dmatch¼ 35 lm has been used to
match upstream to downstream triplets. Figure 3(a) shows
the resulting kink (kx and ky) 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 H2

0, and subse-
quently e 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
(AAD90). Computationally, this method is faster in compari-
son to a parametric fit and produces robust and deterministic
estimates. The kink angles kx and ky per track at the SUT are
shown in a scatter plot in Fig. 3(b) for u ¼ 90" for the alumi-
num sample and show no correlation.

The transverse SUT plane is divided into cells of
100# 100 lm2 and the width is evaluated for all tracks within
a given cell. An image of the MB-estimator in the x–y-plane

at a rotation angle of u ¼ 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 y¼ 1.5 mm are visible. Small deviations
from the solid aluminium are visible around the location of
the smaller holes at y¼ 0 mm. Reproducing Fig. 3(c) individu-
ally for kx and ky, 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 lm, 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–u-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 evox per voxel of the alu-
minum (left) and the lead sample (right) in the y–z-plane. With
a cell size of 100 lm in the data column, the volume of a voxel
amounts to (100 lm)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 6 0.11)# 10–3, whereas for the
region containing aluminium (blue box) the mean and stan-
dard deviation are (1.09 6 0.16)# 10–3. The reconstructed
value deviates by only 3% from the expected literature value
elit¼ 0.1 mm/88.97 mm¼ 1.12# 10–3. At a voxel volume of
(100 lm)3, the contrast-to-noise ratio (CNR) of aluminium to
air amounts to 5.6 6 0.2. For lead, the reconstructed value of
(69 6 9)# 10–3 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 6 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 100 keV photon
beam4 (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

FIG. 3. (a) The kink angle distribution kx,y 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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Potentials of Material Budget Imaging

‣ Potentials 
- Non-destructive imaging of high-Z materials  
[>1 GeV electron] 

- Medical imaging for treatment planning 
[O(100) MeV electron] 
✦ Low dose, better spatial/density resolution, less 
metal artifacts 

‣ Challenges 
- Statistics: high rate data acquisition and beam rate 
- Detector size

5
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Test beam Experiment at DESY

‣ We performed test beam experiment on June 2020 

‣ Independent electron beam at DESY II synchrotron 

‣ User selectable energy: O(100) MeV ~ 6 GeV

6

Hamburg-Bahrenfeld

Figure 1: (Colour online) Aerial view of the DESY Campus at Hamburg-Bahrenfeld with
the DESY II synchrotron (blue) and the location of the test beam lines (red) in Hall 2.

ments (Sec. 7) and is compared to simulations of the test beam (Sec. 8), It
is concluded with a report on the user community (Sec. 9) and a summary
and an outlook on future improvements (Sec. 10).
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EUDET-type Telescope

‣ 6 silicon pixel sensors (MIMOSA26) 
- Pitch: 18.4 μm × 18.4 μm 
- Area: 10.6 mm × 21.2 mm 
- Intrinsic sensor resolution: > 3.24 μm 

‣ 4 PMTs for coincidence trigger 7

CollimatorBeam
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2D Material Budget Imaging

‣ SUT: small Lithium-ion battery 

‣ The AAD2 distribution shows the fine inner 
structure of the battery

8

10− 5− 0 5 10
 x [mm]

4−

2−

0

2

4 y
 [m

m
]

0

1

2

3

4

5

6

]2
 [m

ra
d

2
 A

AD
(k

in
k)

)2Material Budget Image (AAD

Preliminary



Page:

Electron CT

‣ Measurement with different rotation angles to 
create a sinogram 

‣ Reconstruction algorithm 
- Filtered back projection (FBP) 
- Iterative reconstruction?

9
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Examples of 3D MBI

Vert. slice Sinogram

Reconstruction

2D Material Budget map
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Examples of 3D MBI

Vert. slice Sinogram

Reconstruction

2D Material Budget map

(Ref: APPLIED PHYSICS LETTERS 112, 144101)
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Iterative Image Reconstruction
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⃗y = A ⃗x
Data

Model
⃗y

Image 
(Truth)

⃗x

⃗y = A ⃗x + ⃗n

Landweber method: 

⃗x (k+1) = ⃗x (k) + αAT( ⃗y − A ⃗x (k))

⃗x (k+1) = ⃗x (k) +
I

∑
i=1

α∥ ⃗ai ∥2 yi − ⃗ai ⋅ x(k)
i

∥ ⃗ai ∥2
⃗ai

noise

Simultaneous iterative reconstruction technique (SIRT)

J(~x) = kA~x� ~yk2

ATA~x = AT~y (minimize J(~x) ! @J(~x)/@~x = 0)

Suppose that: 
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Projection method
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⃗x (k+1) = ⃗x (k) +
I

∑
i=1

α∥ ⃗ai ∥2 yi − ⃗ai ⋅ x(k)
i

∥ ⃗ai ∥2
⃗ai

y1 = a ⋅ x
y2 = a ⋅ x

x1

x2

x(2) x(3)

x(4)

x(5)⋯

x = (x1, x2)T
y = (y1, y2)T

= 1 → Algebraic reconstruction technique
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SIRT Projection
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y1 = a ⋅ x
y2 = a ⋅ x

x1

x2

x(k)

x = (x1, x2)T
y = (y1, y2)T

⃗x (k+1) = ⃗x (k) +
I

∑
i=1

α∥ ⃗ai ∥2 yi − ⃗ai ⋅ x(k)
i

∥ ⃗ai ∥2
⃗ai

x(k−1)

Simultaneous projection with weighting
I

∑
i=1

α∥ ⃗ai ∥2

α: step size (free parameter) 
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Comparison between FBP
‣ Computing time 😥 

- Concurrent processing in forward/back projection 

‣ Statistical noise 🤔 
- Unknown statistical noise of the width (AAD90) of the 
scattering angle distribution 

‣ Regularization 🙂 
- Many variety of the regularization term can be 
implemented in the iterative algorithm

13

⃗x (k+1) = ⃗x (k) + α [AT( ⃗y − A ⃗x (k)) + β
∂U( ⃗x )

∂ ⃗x ]
U(x): energy function

Function: quadratic, gaussian, total variation, …
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Alignment Phantom

‣ 5 iron rods in a half-length plastic cylinder 

‣ Online monitoring was performed to fix the 
position of the rotation stage 

‣ 360° scan with 0.9° step scan for 3D image 
reconstruction (= 400 projections)
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DESY Logo Phantom
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Tissue-like samples, 500 MeV
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w/o regularization w/ regularization

‣ 40 iterations 

‣ Regularization reduces 
the noise 
- Energy function:  
quadratic  
(smooth the image)

Preliminary (scale is modified for comparison)

Quantitative study is on-going!
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Toward the Electron CT for Medical Imaging

‣ All-pix2 simulation framework 
- https://project-allpix-squared.web.cern.ch/project-allpix-squared/ 
- Based on Geant4 toolkit 

‣ Study of systematical effect 
- Mechanical misalignment, metal artifacts, most likely path estimation, … 

‣ Feasibility study of medical imaging with O(100) MeV electron  
- Target: Anthropomorphic model with GDML 
- CNR, resolution, dose, …
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G4 Visualization:

https://www.slideserve.com/taylor/gean4-human-phantom-advanced-example-a-geant4-anthropomorphic-model
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Conclusions
‣ Material Budget Imaging/Electron CT has 

potentials for non-destructive imaging and 
clinical imaging 

‣ Test beam experiment was performed at 
DESY in June 

‣ Iterative image reconstruction algorithm was 
developed for 3D reconstruction 
- Regularization contributes to the noise reduction 

‣ MC simulation has been developed for 
systematic study and clinical imaging

17
Any ideas/comments are welcome!
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Backups
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Track reco and width estimation
General Broken Lines (GBL) for track fitting

- Find the most probable trajectory

based on the measured hits

- Includes known MB at planes

- Introduces unbiased kink at the sample

Method for width estimation

- Calculate Average Absolute Deviation 

of the inner 90% quantile

- Best performance out of 11 tested 

fitting and statistical methods

- Conversion to MB via Highland formula

      or via calibration 

Challenges

- Non-Gaussian tails of the distribution

- Low statistics

?
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Comparison to CT
Cross-sections CT scan at 170 kVp

(inverted grey scale)
MBI
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3D reconstruction for alignment phantom

‣ 10 iterations, no regularization 

‣ Artifacts due to the absence of calibration (under study)
21

Preliminary

Preliminary

artifacts


