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1 Abstract

High repetition rate laser facilities require active diag-
nostic systems in order to process data promptly. Cur-
rent methods to image the spectral-spatial distribution
of protons are incapable of this, and so novel diagnostic
tools need to be developed. Here we present software
as a proof-of-concept active proton imaging system ca-
pable of measuring the spectral-spatial distribution of
proton beams. This novel approach utilises tomographic
reconstruction, with scintillating fibres as the medium of
signal transport. We exhibit the reconstructed images as
further projected angles are used, and demonstrate the
necessity of correcting for light absorption within a scin-
tillator fibre. We analytically present how the spectral
resolution of such a diagnostic tool would vary as further
projected angles are used.

2 Introduction

Laser-plasma interactions can be used as prompt, high
repetition radiation sources [1]. Characterisation of this
radiation is necessary for diagnosing the interactions.
One diagnostic tool currently used to observe the highly
energetic proton beam from such interactions is Ra-
diochromic Film (RCF) stacks [2]. This diagnostic is ca-
pable of separating the proton beam into energy bins and
exhibiting the cross-section of the beam at each given
energy. These measurements constitute the spectral-
spatial distribution of the proton beam.

This diagnostic has only single-shot capabilities, and is
impractical for high repetition rate facilities. It is there-
fore of interest to investigate alternative methods of ob-
serving the spectral-spatial distribution of these highly
energetic protons. Previous investigations have demon-
strated that scintillators can replace RCF stacks using
scintillators of unique emissions [3], or scintillators dis-
placed angularly in an ”accordion” setup [4], however
both techniques are unable to image a wide range of
proton energies from a single shot.

A new proposal using scintillators would replace RCF
stacks, employing scintillating fibres to tomographically
reconstruct the image. This would exploit the technique
of resolving spectrally in much the same way that RCF
stacks do, but involve lateral signal detection, and com-

puter tomography to reconstruct the proton beam. The
scintillating fibres would constitute a fibre mesh of a sim-
ilar size to RCF, and by adding fibre meshes of a differ-
ent orientation, a more resolved image could be recon-
structed.

This report demonstrates a proof-of-concept recon-
struction model, implementing the physical fibres across
a pixel grid, and the attenuation of optical light as it
travels through the scintillating fibre. The reconstructed
image is compared to the original for several mesh arrays
oriented uniquely, and its effect on the spectral resolu-
tion of the arrangement is discussed.

3 Theory

As highly energetic ionising protons traverse a material
they deposit energy. This energy deposition is not uni-
form, but varies with depth, exhibiting a peak at the
end of the protons journey. The entire trend of proton
energy deposition to depth is known as the Bragg curve,
with the peak named the Bragg peak. Protons with a
higher energy will have a Bragg peak that is deeper into
a material.

Layers of RCF are used for radiation diagnostics; act-
ing as layers inside such a material, each layer absorbing
the Bragg peak dose of a given proton energy. As of such,
each layer can distinguish between protons of certain en-
ergies. It cannot absorb protons of a unique energy, as
it would have to be extremely thin to do so. Instead,
each layer absorbs a spectrum of proton energies. The
range of this spectrum is known as the spectral resolu-
tion of the diagnostic tool. A schematic of this is shown
in Fig.1.

This feature is not intrinsic to RCF, but is apparent
through all mediums. If layers of scintillator blocks re-
placed the layers of RCF, then the schematic above still
applies. Using scintillator blocks would require the light
response to be viewed laterally with a photo-detector.
Spectroscopic analysis has been done using this setup for
X-rays [5]. However all spatial information is lost within
the block of scintillator due to internal diffuse reflections
of photons.

This new proposal would instead use a fibre array
mesh in place of the scintillator block. With a single
proton absorbed by a fibre mesh, the point of interac-
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Figure 1: Schematic of proton energy deposition as a function of
depth when interacting with layers of RCF. Layers that are deeper
into the diagnostic will absorb protons of higher energies. Each
layer will also absorb a distribution of energies, the width of which
represents the spectral resolution of each layer, and this is shown
as L1 and L2 on the right.

Figure 2: Schematic of the proposed diagnostic. The incident pro-
ton beam travels through each layer depositing energy. At each
layer, several meshes are packed together, each oriented at a dif-
ferent angle.

tion could be determined through measuring the signal
of each fibre end. The spatial resolution of this mea-
surement would be limited by the thickness of the fibre.
For a larger complex shape incident on the mesh, such
as a circular proton beam, fibre meshes oriented at dif-
ferent angles could be introduced to improve the spatial
resolution of such a diagnostic. This introduction of fur-
ther meshes poses a problem, as the addition of meshes
would necessitate a thicker layer. This would cause each
layer to absorb a wider spectral range of protons, and
thus deplete the spectral resolution. A schematic of the
proposed diagnostic is shown in Fig.2.

4 Method

The reconstruction technique utilised the Maximum-
Likelihood Expectation Maximisation algorithm [6].
This method iteratively modifies a ’guess’ image pixel
by pixel by comparing the lateral readouts between the
’guess’ image and the measured data. Given an ade-
quate number of measurements from different angles, the

reconstructed image will approach that of the original.
This method was preferred to Filtered Back Projection
(FBP), a commonly used reconstruction algorithm, due
to its superiority in reconstruction from few-angle pro-
jections [7] [8].

The MLEM algorithm begins with acquiring a prior
image that has similar characteristics to the true im-
age, and forward projects this image from each angle
used in the original data collection. This forward pro-
jection compresses the ’guess’ image into the same data
format as the measured readout. The algorithm iterates
through each pixel and locates the readout values that
corresponds to that pixel for both the ’guess’ image and
the measured image. It then uses a weighting algorithm
involving this list of readout values, and returns a ratio
that the ’guess’ image pixel will be multiplied by. It does
this for each pixel within the image. After the last pixel
has been modified, the new image is then forward pro-
jected again, returning a new list of readouts, and the
process continues.

Because the maximum capabilities of this algorithm
wanted to be tested, the reconstructed images used were
those with the lowest mean standard error (MSE) be-
tween itself and the original image. In a laboratory set-
ting this true image is not known, and therefore the re-
constructed image with the lowest MSE between itself
and the original is unknown. The intended image to re-
construct was chosen as the Shepp-Logan phantom [9] as
it is a standard for simulating tomographic reconstruc-
tions [10].

To apply the characteristics of light transport within
a scintillator, a Monte Carlo simulation was employed
to approximate the reduction in signal amplitude as a
function of depth in the scintillator fibre. The simula-
tion was provided with the attributes of a scintillating
fibre, and the fibres diffuse reflective surface was given
a reflectance coefficient of 0.999. This amplitude reduc-
tion was applied to the reconstruction process where the
signal of a given pixel was reduced depending on its dis-
tance from the detector.

The reconstruction technique relied on weighting pixel
values in a two dimensional array to be represented in the
readout. Using solid fibres, a single pixel may represent
more than one physical fibre, and therefore presents a
challenge as to how to accurately represent the signal
in the readout. This was resolved by writing a separate
Python script that calculated the ratios of each solid
fibres surface area within a pixel to the pixel itself.The
readout signal in the reconstruction method were then
weighted by this ratio.

Using the readout from the measured data, we are
able to construct the prior image in order to begin the
reconstruction technique. This prior image was the back
projection of the measured readout. The angles between
each simulated mesh (panel) were linearly spaced over
90◦. We observed the change in the MSE for each it-
erated reconstruction, and how the number of panels
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Figure 3: The reconstructed images of the Shepp-Logan phantom
using one of three methods. A) is where the measured signal is at-
tenuated, and the reconstruction software accounts for. In B), no
signal is attenuated, and the therefore no attenuation is accounted
for in the reconstruction. In C), the measured signal is attenuated,
however the reconstruction software does not account for this, and
the effects are observable. Each panel consists of four angles where
the reconstructed image is projected. The number below each re-
construction is the number of panels used, where each panel is lin-
early spaced angularly, e.g for two panels, the angles [0,90,180,270]
consist of one panel, while the second is [45,135,225,315]. The heat
map for each is set to be the range between each figures minimum
and maximum value.

used impacted the reconstruction accuracy. The effect
of attenuating the light signal, but not accounting for it
was also observed, alongside a benchmark reconstruction
with no attenuation features.

The Stopping Range of Ions in Matter (SRIM) soft-
ware was used to ascertain the corresponding spectral
resolution for the given thickness of the layer - which
is dependent on the number of panels used, the thick-
ness of each fibre, and the fibre material. This mod-
elled CH scintillator fibres from Saint-Gobain [11] as the
medium. This is compared to RCF which uses Polyethy-
lene terephthalate.

5 Results

The three regimes explored using the MLEM algorithm
are presented in Fig.3 for a different number of panels.
Each panel represents a mesh as seen in Fig.2. The
regimes include: attenuating the light signal, and ac-
counting for this in the reconstruction, applying no at-
tenuation to the signal, and attenuating the signal but
not accounting for this in the reconstruction respectively.
The colour bars represent the range in signal amplitude
for these regimes.

The MSE and SSIM were calculated for the three
regimes and are presented in Fig.4 and

The spectral resolution was calculated using SRIM
software for the CH fibres and the base material of RCF,
and is represented in Fig.6 as the error bars of the plot.
Several permutations of fibre thickness and panel num-
ber were presented for comparison.

Figure 4: The mean standard error was calculated for each of the
regimes portrayed in Fig.3, with A) consisting of an attenuated
signal which is accounted for in the reconstruction, B) including
no attenuation characteristics in either signal nor reconstruction,
and C) with the attenuation characteristics measured, but not ac-
counted for in the reconstruction process.

Figure 5: The Structural Similarity Index Matrix was calculated
between the original image, and the reconstructed image for a vary-
ing number of panels. This was done for both A) attenuated light
signal, with the attenuation mechanism incorporated within the
reconstruction, B) non-attenuated light signal, and C) attenuated
light signal without incorporation of this in the reconstruction.
The panels were linearly spaced angularly.
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Figure 6: The proton energy deposition simulated with SRIM soft-
ware package at each layer for one of four conditions labelled above
the plot, varying the number of panels, and the thickness of the
fibre. The error bars represent the spectral resolution of each con-
dition for the proton energies.

6 Discussion

If disregarded in the reconstruction process the light at-
tenuation significantly affects the reconstruction process,
as seen in Fig.3, and quantitatively in Fig.4. The MSE
appears constant due to the magnitudinal difference in
light signal, as shown in the colour bars of Fig.3. If,
however the attenuation is accounted for, the accuracy
is of a similar grade to the non-attenuated regime. The
MSE suggests that the attenuated form is slightly better
to that of the non-attenuated between four to six pan-
els. The reasoning for this is unclear, however, there is
a streaking component that is observable for the non-
attenuated images within the phantom, that are not
present in the attenuated reconstructions in Fig.3. If
reconstructions of other images were made, its possible
that the performance of the attenuation/no attenuation
would be unique to each image. The SRIM (Stopping
Range of Ions in Matter) software was used to calculate
the depth of peak deposition (Bragg Peak) by the pro-
tons for a range of 10keV-10MeV, using the square plas-
tic scintillator fibre properties from Saint-Gobain [11],
but for a width of 0.1mm - which is not currently avail-
able from the manufacturer, but is intended to be used.
The effect on the spectral resolution for a differing num-
ber of panels per layer can be seen in Fig.6, where the
2-6 panels’ spectral resolution were compared to that
of RCF. RCF’s spectral measurements were carried out
using it’s base constituent element; polyester. This com-
pound was Polyethylene terephthalate [12]. RCF also
contains another layer called the emulsion layer. SRIM
does not allow for simulating ion interactions within non-
homogeneous mediums, and so this emulsion layer was
disregarded due to having a marginal volume within the
film compared to the Polyester [13].

As the number of panels used per layer increases, a
higher spatial resolution is attainable if the same image
is projected onto all panels. However this corresponds
to a lower spectral resolution. It’s evident that the spec-
tral resolution of RCF cannot be achieved with these
parameters. Thinner fibres would close the gap between
the two spectral resolutions, however, with very small fi-
bres diffraction phenomena may become more apparent
as the width is now tending towards the wavelength of
the light being transmitted.

The figure of merit of tomographic reconstruction of-
ten used is the MSE, however many reports include the
use of the Structural Similarity Index Matrix (SSIM)
which compares the luminance, contrast and structure
of the image. A concise explanation of the differences
between MSE and SSIM can be found in Ref.[14], where
its demonstrated that MSE is not ideal when compared
to our own perception of the ”likeness” of two images. In
particular its shown that spatially shifting an image and
comparing significantly increases the MSE, compared to
compressed, or blurred versions of the image where the
MSE is smaller (but to our perception, more unlike the
original). The SSIM was calculated for each reconstruc-
tion also, and found that the non-attenuated reconstruc-
tion outperformed the attenuated reconstruction for ev-
ery simulation, as shown in Fig.5. Each pixel value
contributes to several readouts from the fibre at non-
cardinal angles, and therefore a ”smoothing” function is
applied to the readout - meaning that sharp contrasts
in the original image will take more projected angles to
reconstruct accurately. As mentioned, contrast is an im-
portant weighting component for the SSIM. A deeper
look into the spectral-spatial distributions would be of
interest in proving that the smoothing function that oc-
curs in this simulation does not detrimentally impact the
reconstruction, and may also be used as a guide in decid-
ing what benchmark is most useful for this simulation.

The choice of the prior image (i.e. the first guess)
has been shown to be influential to the reconstruction
accuracy [8] [7], however the image used as the initial
guess needs to be chosen wisely in order to achieve op-
timal reconstruction. If MLEM is used as the method
to reconstruct, it is suggested that a database be con-
structed that is capable of sorting through the digitised
spectral-spatial distributions based on the energy output
of the target, and the expected divergence, among other
necessary parameters. A neural network has been ap-
plied before to tune the weighting of its reconstruction
method according to prior knowledge [15]. The Shepp-
Logan phantom was chosen due to its high contrast, and
spherical shape, and that if the method was able to re-
liably reconstruct an image, then it would be able to
measure intricate proton emission such as filamention
[16] and beam divergence [17].
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7 Conclusion

The iterative reconstruction software was successful in
reconstructing images, and correctly handling attenu-
ated light signals in order to reconstruct, with the cor-
responding spectral resolution also described in the Dis-
cussion. As the number of projected angles increased,
the quality of the reconstruction improved through the
mean standard error and the SSIM. However a better
benchmark needs to be validated for the reconstruction
method proposed. Thinner fibres were shown to im-
prove the spectral resolution at a given number of angles
projected, and is therefore the most obvious route to a
highly resolved spectral spatial detector.
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