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Abstract
Next generation high-power laser facilities are expected to generate hundreds-of-MeV proton beams and operate at multi-
Hz repetition rates, presenting opportunities for medical, industrial and scientific applications requiring bright pulses
of energetic ions. Characterizing the spectro-spatial profile of these ions at high repetition rates in the harsh radiation
environments created by laser–plasma interactions remains challenging but is paramount for further source development.
To address this, we present a compact scintillating fiber imaging spectrometer based on the tomographic reconstruction
of proton energy deposition in a layered fiber array. Modeling indicates that spatial resolution of approximately 1 mm and
energy resolution of less than 10% at proton energies of more than 20 MeV are readily achievable with existing 100 µm
diameter fibers. Measurements with a prototype beam-profile monitor using 500 µm fibers demonstrate active readouts
with invulnerability to electromagnetic pulses, and less than 100 Gy sensitivity. The performance of the full instrument
concept is explored with Monte Carlo simulations, accurately reconstructing a proton beam with a multiple-component
spectro-spatial profile.

Keywords: diagnostics; high repetition rate; ion acceleration; laser–solid interactions

1. Introduction

Laser-driven approaches to ion acceleration have shown
promise for applications in medicine, industry and
scientific research[1,2], with protons accelerated via target-
normal sheath acceleration (TNSA)[3,4] receiving significant
attention. Enhancement of proton energies via additional
acceleration mechanisms occurring at the onset of relativistic
induced transparency has recently been reported, with
maximum energies in the 100–150 MeV range[5,6]. The
many potential applications of these beams[1,2] mainly
require further development of the energy and stability of
current laser-driven sources. Measurement of the spatial
and spectral profile of these beams is necessary for many
applications, and to further investigate the influence of
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underlying laser–plasma interaction physics on key beam
parameters to facilitate continued source development. For
example, spatially resolving sub-millimeter-scale features
in TNSA proton beams has revealed information about fast
electron transport within the target plasma[7–9].

Data-driven methods promise advances across experimen-
tation and analysis[10], which will accelerate the development
of laser-driven particle and radiation sources. Development
of high-repetition-rate high-power lasers (HPLs), targetry
and diagnostics has enabled Bayesian optimization of charge
and energy spread stability[11,12] of laser-wakefield accel-
erated (LWFA) electron beams, and of maximum ener-
gies of TNSA protons in simulations[13] and experiments[14].
Active diagnostics that can operate at high repetition rate
are essential for capturing large experimental datasets to take
advantage of these techniques.

Many studies, particularly involving low-repetition-rate
(<1 mHz) lasers, have used stacks of passive detectors
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such as radiochromic film (RCF) for spectro-spatial
measurements of proton beams[15–17]. RCF stacks are
invulnerable to the electromagnetic pulses (EMPs) generated
in HPL–plasma interactions[18], and thin (�100 µm) active
layers enable high spatial and energy resolution and a
compact form factor (~cm) while sampling many (>10)
energy bins. However, these detectors are single-shot and
require physical removal from the target vacuum chamber for
readout, making them unsuitable for online measurements.

Scintillators produce prompt (typically <10 µs) optical
pulses at the site of energy deposition by ionizing radiation
in their volume[19]. This has given rise to the ubiquity of
scintillation-based radiation diagnostics in studies of high-
energy-density physics and laser–plasma interactions[20–22].
Proton beam diagnostics based on planar scintillators have
been reported, imaged with a charge-coupled device (CCD)
or scientific complementary metal–oxide–semiconductor
(sCMOS) camera[23–28]. However, the requirement of an
optical path along the axis of beam propagation for imaging
scintillation light limits the number of discrete energy bins
that these methods can resolve. For example, using filter
arrays to sample multiple energies within spatial macro-
pixels[25–29] results in limited spatial resolution, precluding
analysis of fine features that are important in studies
of electron transport[7–9] and transient electromagnetic
fields[30–34], and imaging applications more generally. An
alternative approach uses pinhole projection[35] or bi-
telecentric imaging[36] of scintillation light from a scintillator
volume. This enables resolution of many energy bins.
However, to achieve sufficient sensitivity the optical readout
is housed in close proximity to the detector head. The in-
chamber electronic readout makes this technique susceptible
to interference from the high-amplitude EMPs generated by
HPL–plasma interactions[18].

In this paper, we present an approach based on scintil-
lating fibers that generate optical light as protons deposit
energy and transport the light away from the axis of proton
beam propagation. We extend a recently reported technique
for tomographic reconstruction of two-dimensional (2D)
X-ray beam profiles[37] to three dimensions for spectro-
spatial analysis of laser-driven proton beams. Close packing
of small diameter (100 µm) fibers enables spatial resolution
of approximately 1 mm, spectral resolution of less than 10%
for proton energies of more than 20 MeV and sampling of
tens of energy bins in a detector extent of a few centime-
ters along the beam axis. Optical fibers transport scintilla-
tion light away from the laser–plasma interaction with high
efficiency, such that subsequent detection is possible with
minimal EMP concerns[29]. Imaging the scintillation light
from the ends of optical fibers onto a scientific camera allows
tuning of the dynamic range via control of the imaging sys-
tem. An experiment at an HPL facility has been conducted
to demonstrate the approach and test the expected sensi-
tivity of a beam-profiler prototype. Geant4[38] Monte Carlo

simulations are used to explore the tomographic extension
of the technique for three-dimensional (3D) reconstruction
of the spectro-spatial profile of a synthetic proton beam.
Finally, we discuss this work in the context of diagnostic
requirements of high-repetition-rate HPL experiments.

2. Scintillating fiber imaging spectrometer

Scintillating fibers have been established as sensitive
detectors in many high-energy-density experiments, such
as the LHCb tracker at CERN[20] and for neutron imaging of
inertial confinement fusion (ICF) implosions at the National
Ignition Facility (NIF)[39], and have been implemented in a
profile monitor for ion therapy beams[40]. In Section 2.1 the
concept of the scintillating fiber imaging spectrometer (SciFi
stack) is introduced and the operating spatial resolution,
energy resolution and sensitivity to protons are outlined.
Performance is benchmarked against standard use RCF
detectors. The design of a beam-profile monitor (BPM)
prototype is presented in Section 2.2, which was used
to verify the estimated sensitivity of the detector to
energy deposited in the scintillating fibers and demonstrate
operation at high repetition rates to diagnose laser-
accelerated particles.

2.1. Concept and system performance

Figure 1 illustrates the concept of the SciFi stack. An array
of parallel scintillating fibers forms a one-dimensional (1D)
BPM. The integral of the energy deposited along the length
of each fiber, scaled by a factor accounting for ionization
quenching[41], is proportional to the output optical signal.
The output from fibers in a 1D array corresponds to a
projection across the incoming beam. A panel of parallel
fibers corresponds to a 1D beam profile at a single Bragg
peak energy, assuming gaps between fibers are filled with a
material with proton stopping closely matched to the scintil-
lator. Subsequent panels provide profiles at higher energies,
according to the relation between a proton’s initial energy
and its range in the detector volume. By forming a layer
of panels at different rotation angles, the combination of
1D projections can be treated as a quasi-sinogram, enabling
reconstruction of a 2D beam profile by methods used in
emission tomography[42]. By using more panels at more
finely spaced angles, the spatial resolution of the system
increases whilst sampling a broader energy range.

In general, the spatial resolution of a tomograph is depen-
dent on the particular distribution of the function for which
it is the objective to reconstruct, including contrast and noise
effects[43], so dedicated studies based on phantoms with
standard features are used to compare the performance of
different systems. However, the condition that the number of
independent samples should match the number of resolved
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Figure 1. Scintillating fiber imaging spectrometer (SciFi stack) concept. (a) A parallel fiber array forms a single-axis beam-profile monitor. (b) A layer
is formed from parallel fiber array panels rotated at a number of angles. This layer samples the 2D beam profile such that it can be reconstructed with
tomography methods. (c) Stacking many layers enables reconstruction of many energy bins, maintaining the ability to introduce filtering between the layers
to extend the range to high energies in a compact manner.

elements[44,45] can be used to make an initial estimate for our
requirements. We can write this condition as follows:

n×m � πR2

δs2 , (1)

where n is the number of elements in a single projection, m
is the number of projection angles, R is the radial size of
the sampled area and δs2 is the area of a resolved element.
However, we notice that δs → 0 for m → ∞. To enforce the
condition that the resolution is limited by the fiber pitch,
δs → 2df, where df is the fiber diameter, we simply add a
corrective factor:

δs �
(

πR
m

df

)1/2

+2df. (2)

While this has the effect of increasing δs for all m,
unaccounted noise and reconstruction artefacts will con-
tribute similarly to the overall resolution, so this is an
acceptable estimate. Figure 2(a) shows the spatial reso-
lution of a scintillating fiber tomograph with fiber thick-
nesses df = 500,250,100 µm and a typical sampled area
radius R = 25 mm, compared to published values for the
resolution of HDV2 and EBT3 RCFs for 4 MeV protons,
using a flat-bed scanner[46]. Resolutions for a benchmark
design with m = 8 projection angles are labeled, with δs �
3.2,2.1,1.2 mm for the respective fiber thicknesses.

TRIM[47] Monte Carlo simulations allow us to compare the
energy resolution of SciFi stack designs to RCF detectors, by
approximating the active layer of each as a sub-section in a
volume of polystyrene. Here we define dE as the difference
between proton energies with a mean range at the maximal
and minimal layer depths, and the layer energy, Emid, as the
proton energy with a mean range in the middle of the layer.
Figure 2(b) shows the energy resolution of the benchmark
SciFi stack designs with active layer thicknesses mdf, and
the energy resolution of HDV2 and EBT3 RCFs modeled
as 12 and 28 µm active layers of polystyrene, respectively.

An upper bound of dE/Emid = 10% is marked with a black
dashed line, and opaque lines are the operating region for
each design. The smallest thickness active layer SciFi stack
design considered here is 800 µm, compared to RCF active
layers less than 100 µm thick. Compared to RCF, the energy
resolution of the SciFi stack is therefore inferior at all proton
energies; however, a df = 100 µm design can resolve proton
energies Emid > 20 MeV with dE/Emid < 10%, and achieve
δs ≈ 1.2 mm spatial resolution. While spatial and energy
resolution may be improved with df < 100 µm fibers (which
have been manufactured in fiber bundles[48–50]), there is a
trade off with sensitivity. Thinner fibers subtend a smaller
solid angle, and the energy deposited by a particle traversing
a shorter path will be reduced, so higher flux or more
sensitive optical detection is required.

We also note that scintillating fibers with a round cross-
section are used in this work due to their more efficient opti-
cal transport compared to fibers with square cross-sections.
While this choice enhances device sensitivity, round fibers
also increase the uncertainty in the detected proton energies
within each layer of the SciFi stack. This effect is discussed
in more detail in Section 4, where we propose embedding
the scintillating fibers in a material with a similar proton
stopping power to minimize this uncertainty.

Imaging of scintillation light offers a simple way to readily
tune the sensitive range of the detector, via control of the
imaging system. Figure 2(c) shows the sensitive range of
a SciFi stack as a function of the numerical aperture, NA,
of the imaging system, using scintillating and optical fiber
specifications of the prototype described in Section 2.2 and
the specifications of the camera used in the experimental
work presented in Section 3. The sensitive range is shown as
a green shaded region, bounded by solid and dashed green
lines to indicate the noise floor and saturation limit of the
imaging system, respectively.

Signals measured by an optical sensor, S [counts], can
be expressed as the product of three factors: the energy
deposited by protons in a scintillating fiber, Edep [MeV];
the total efficiency of generation and detection of optical
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Figure 2. Modeled performance of a SciFi stack imaging spectrometer.
(a) Estimated spatial resolution as a function of the number of projection
angles, m, for fiber diameters, df = 500,250,100 µm. Resolutions for
designs with m = 8 angles are labeled. The resolutions of HDV2 and EBT3
RCFs and a plane scintillator instrument with a filter array[25] are shown for
comparison. (b) Energy resolution of protons for m = 8 SciFi stack designs
for each fiber diameter and RCF active layers. (c) Detector sensitive range as
a function of the numerical aperture, NA, for df = 500 µm and the imaging
system described in Section 3. The effects of altering the instrument via
the magnification, M, or optical density, OD, of the imaging system and
scintillation yield, κscint., or fiber coupling efficiency, εcoup., are indicated
with black arrows.

photons in the detector system, κscintεfiberεlensεQ/npx

[photons-per-MeV]; and the optical sensor gain factor,
ηcam [counts-per-photon]:

S = Edep · κscintεfiberεlensεQ

npx
·ηcam. (3)

In the second factor in Equation (3), κscint = κee/QF

is the number of optical photons generated per MeV of
energy deposited by protons in the scintillator, where

κee = 7100 MeV−1[51] is the electron equivalent scintillation
efficiency and QF = 1.8 is the ionization quenching
correction factor. The quenching factor is determined from
the layer-averaged linear energy transfer (LET) found from
Monte Carlo simulations (akin to the methods described by
Corvino et al.[36] and Schollmeier et al.[52]) by substituting
the LET into the empirical formula for QF in polystyrene-
based SCSF-3HF fibers[53] in the work of Penner et al.[54].
The efficiency of light transport by scintillating and optical
fibers is given by εfiber = εtrap.εcoup.εtrans., where εtrap. = 0.031
is the fraction of light trapped in the scintillating fiber[53],
εcoup. = 0.1 is the fraction coupled to optical transport fibers
and εtrans. = 0.98 is the fraction transmitted through the
optical fibers[55]. The collection efficiency of the imaging
lens is εlens (see Section 1 of the Supplementary Material),
and εQ is the quantum efficiency of the camera sensor. The
number of pixels over which optical signals are spread is
npx = πd2

t M2/
(

4s2
px

)
, where dt is the diameter of the optical

transport fibers, M is the magnification of the imaging
system and spx is the sensor pixel pitch. The second and
third factors in Equation (3) are the overall sensitivity
of the instrument to protons, and thus are fixed by the
detector design. The minimum and maximum signals that
can be measured are determined by the read noise and the
saturation limit of the camera, respectively. Using S = Smin

and S = Smax, where Smin and Smax represent the read noise
and saturation limit of the sensor, respectively, Equation (3)
can be rearranged to express the sensitive range limits of
detector designs in terms of the total energy deposited in a
scintillating fiber.

Figure 2(c) shows the sensitive range of the detector as a
function of the numerical aperture of the imaging system,
and highlights the flexibility of the SciFi stack concept to
operate in different environments. Selecting a higher yield
scintillator material or increasing the fiber optical coupling
efficiency reduces the noise floor of the instrument, as
indicated by the downward arrow in Figure 2(c). This sets the
lower bound of the sensitive range; however, the final oper-
ating region can be selected to suit a particular environment
by the choice of the optical sensor and design of the imaging
system. Control of the numerical aperture, magnification or
optical density of the imaging system can be used for actively
tuning the sensitive range of the instrument, enabling charac-
terization over the wide range of source parameters that can
be achieved with a single high-repetition-rate HPL system.

2.2. Beam-profile monitor prototype

Figure 3 shows a computer-aided design model of the two-
axis BPM (SciFi BPM) prototype that has been built and
then implemented in laser–solid experiments at the PHE-
LIX[56] and SCAPA[57] laser facilities (see Section 3 in the
Supplementary Material for results from the latter). Sixty
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Figure 3. Computer-aided design model render of the SciFi BPM detector
head construction, excluding optical transport fibers. Scintillating fibers and
fiber clamps are highlighted in green and yellow, respectively. The top
and right-hand side fiber clamps have been removed to show the grooves
machined in the Al to set the fiber positions.

millimeter lengths of scintillating fibers, Kuraray SCSF-
3HF (1500)[53], with diameters df = 500 µm, are arranged
in two perpendicular arrays with a pitch of 1.5 mm. The
scintillating fibers are fastened against a machined aluminum
frame by 10 mm lengths at the fiber ends with 3D printed
clamps. Grooves in the frame and clamps evenly distribute
pressure to prevent damage to the delicate fiber cladding.
Two meter long, 1 mm diameter plastic optical fibers[55] (not
shown in Figure 3) are similarly fastened such that their
ends are contact-coupled to each scintillating fiber. Optical
fibers carry signals away from the beam axis and output
fiber ends are held in a 3D printed structure. Signals are
then digitized by imaging onto a complementary metal–
oxide–semiconductor (CMOS) camera, and extracted by
masking the pixels in the image corresponding to each fiber
end. All scintillating and optical transport fiber ends were
manually polished with as low as 1 µm grit Al2O3 lapping.
Emission at the scintillation wavelength (λ = 530 nm) can
also be induced by ultraviolet (UV) excitation, enabling
flat-field calibration with a UV light-emitting diode (LED)
(λ = 380 nm), described in more detail in Section 2 in the
Supplementary Material. By illuminating individual fibers
with the UV LED, this method was also used to measure a
maximum optical cross-talk of 10−3 between fibers.

3. Experimental results

Two experiments have been conducted with 100 TW-class
laser pulses incident to tens-of-micrometers thick solid

Focusing
parabola,
// 11 . 77

110 J,
800 fs

Target
normal

Laser axis Vacuum chamber

10 μm Cu
foil target20 °°

550 mm
°°

PTFE block

RCF stack

SciFi BPM

Mirror

Chamber
window

Transport
fibers

Fiber imaging
camera

c)

a)

b)

Figure 4. (a) Experimental setup for determination of SciFi BPM sensi-
tivity (not to scale), illustrating the incoming laser path, target and SciFi
BPM geometry. A PTFE block is in the path between the target and the
SciFi BPM, introducing an edge to the beam, and five layers of RCF are
used to absolutely characterize the proton spectrum. Scintillation light from
the SciFi BPM travels to the ends of optical transport fibers that are imaged
through a window with a camera outside the chamber. (b) Raw image on
the SciFi BPM camera. (c) Calibrated SciFi BPM profiles after processing
the raw image data.

targets, in two pulse duration regimes. In this section RCF
measurements of TNSA protons accelerated by the approx-
imately 800 ps PHELIX laser are used to benchmark the
sensitivity of the SciFi BPM, and demonstrate the capability
to resolve spatial variations introduced to the proton beam,
using an active readout capable of high-repetition operation.
Results obtained using the approximately 30 fs SCAPA laser
are presented in Section 3 in the Supplementary Material,
where the SciFi BPM was used to diagnose laser–solid inter-
actions at laser-limited repetition rates of more than 0.01 Hz,
with Monte Carlo numerical simulations used to analyze the
species and energy distribution of the measured particles.

Figure 4(a) shows the experimental geometry used to
determine the sensitivity of the BPM and capability to spa-
tially diagnose proton beams at the PHELIX laser facility. A
laser pulse with energy EL = (110±10) J and pulse duration
τL = (800±100) fs was incident on a 10 µm thick Cu foil,
focused to a spot radius of r = (20±2) µm by displacing
the foil by approximately 90 µm relative to the best focus,
yielding an intensity of IL = (1.1±0.3) × 1019 W cm−2

using uncertainties for EL,τL and r based on compressor-
throughput calorimetry, autocorrelator measurements and
low-power focal spot image analysis, respectively.

The SciFi BPM is positioned in the direction of the beam
of protons accelerated from the target rear, at 18◦ from target
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normal and 550 mm away from the target. Typical proton
beam divergence of more than 10◦ ensures small variations
in the beam profile are smoothed out at this distance, and
a laminar portion of the beam is sampled. A 5 mm thick
polytetrafluoroethylene (PTFE) block that will stop protons
up to E ≈ 23 MeV is placed in the beam to introduce an
edge feature, and five layers of HDV2 RCF are placed before
the SciFi BPM to provide absolute characterization of the
incident proton beam. A 13 µm thick Al foil before the RCF
stops heavier ions (e.g., carbon and oxygen) in the energy
range produced in the experiment and protons with energy
of less than 0.9 MeV, and is also used between the final
RCF layer and the SciFi BPM to provide light tightening of
the scintillating fibers. One end of each scintillating fiber is
coupled to transport fibers in this case, and the transport fiber
ends are imaged through a chamber window with an f /2.5
lens at a working distance dW ≈ 1.2 m, ensuring effective
invulnerability to EMPs. An AVT Manta G-235B[58] with
a Sony IMX174 CMOS sensor was used in this setup. The
collection efficiency by lens imaged emission from round,
single-clad optical fibers is dependent on the exit angle
from the fiber and the subtended angle of the lens. The
derivation of the collection efficiency is given in Section 1 in
the Supplementary Material. For this long working distance
setup the lens collection efficiency is 0.06%.

Calibrated RCF signals and SciFi BPM data are presented
in Figure 5. The number of protons detected in the five layers
of HDV2 RCF is shown in Figure 5(a), where the RCF was
scanned with a Nikon Super CoolScan 9000 and calibrated in
comparison to scans of HDV2 films exposed to known doses
at the Birmingham MC40 cyclotron[59]. This calibration is
used to convert scanned signals to the energy deposited in
each RCF. By normalizing the energy deposited to the Bragg
peak energy of the RCF layer, its full width at half maximum
(FWHM), dE, and the solid angle subtended by the area
of the scanned RCF pixels, d	, we derive the proton flux
in units of MeV−1 sr−1. This quantity remains independent
of the detector configuration, allowing for straightforward
comparisons with other studies. Regions of interest (ROIs)
associated with the scintillating fibers in the BPM behind
the RCF are overlaid as green and yellow lines. Blue markers
in Figure 5(b) show the calibrated RCF signals summed over
the horizontal fiber ROI corresponding to the scintillating
fiber with the highest signal in the flat-field calibration,
henceforth denoted by the subscript, α, and indicated in
Figure 5(a) with the yellow line. Fiber α has the highest
optical throughput of all the coupled fibers, and therefore
the lowest signal uncertainty resulting from shot noise. RCF
signals in the fiber α ROI are plotted at the Bragg peak
energies found with TRIM Monte Carlo simulations. Error
bars indicate the FWHM of the Bragg peaks. An isothermal
plasma expansion model introduced by Mora[60] for TNSA
proton spectra is used to predict the proton spectrum incident
to the scintillating fibers, given here for convenience in

Equation (4):

dN
dE

= N0√
2EkBTe

exp

(
−
√

2E
kBTe

)
, (4)

where N0 is the total number of accelerated protons, E is the
proton energy, kB is the Boltzmann constant and Te is the hot
electron temperature. A maximum energy cutoff is given by
the following:

Emax = 2kBTe

(
ln
(

tp +
√

t2
p +1

))2
, (5)

where tp = 1.3τLωpi/
√

2exp(1) is the normalized accelera-
tion time[61], using ion plasma frequency ωpi =

√
e2ne0/mpε0

for protons with mass, mp, initial electron density, ne0, and
vacuum permittivity, ε0. Established scaling laws[62,63] are in
agreement at IL ≈ 1019 W cm−2, and can be used to estimate
a hot electron temperature of kBTe ≈ 0.65 MeV. Equation (5)
then gives a proton cutoff energy of 20.3 MeV. Using
Emax = 20.3 MeV, the hot electron temperature kBTe =
0.83 MeV is obtained by fitting Equation (4) to the RCF
data. Any choice of Emax > 10 MeV is found to result in a
less than 1% change in the value obtained for kBTe, ensuring
confidence in the validity of the fit.

Monte Carlo simulations provide the energy deposited per
proton in five RCF active layers and two 500 µm layers of
polystyrene as a function of proton energy, where the latter
layers are used to model the two layers of scintillating fibers.
These deposition profiles for the RCF active layers and the
scintillating fiber layers are shown in Figure 5(b) with blue
and green solid lines, respectively, after being scaled by the
proton spectrum incident on fiber α, dNα

dEd	
. The second layer

of scintillating fibers is exposed to a portion of the beam that
has traversed only the RCF layers, due to the gaps between
the fibers in the first layer, as well as a portion that has
traversed the additional material of the first layer of fibers.
To account for the change in the response due to attenuation
by the first layer, the response of the second layer of fibers
can be expressed as the sum of two components. The energy
deposited in the second layer is as follows:

Edep,L2 = A1ET1 +A2ET2

Atot.
, (6)

where ET1 and ET2 are the energy deposition in monolithic
layers 1 and 2, respectively, A1 and A2 are the areas of
the scintillating fibers in the second SciFi BPM layer of
vertically oriented fibers that are exposed to the equivalent
filtering of monolithic layers 1 and 2, respectively, and Atot.

is the total area of the vertical fibers exposed to the beam.
The dark green line in Figure 5(b) shows the response of the
second layer multiplied by the proton spectrum incident to
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Figure 5. Calibrated RCF and SciFi BPM data for measuring sensitivity and verifying the spatial capability of the detector. (a) Scanned RCF from the front
of the SciFi BPM. Green lines indicate positions of scintillating fibers in the BPM behind the RCF layers, used as ROIs for comparison to fiber signals. The
yellow line is the ROI for fiber α. (b) Proton spectrum for fiber α. Blue markers are the RCF summed signals in the fiber ROI, at the Bragg peak energies of
each RCF layer found with Monte Carlo simulations and labeled in the lower right-hand legend. The dashed red line is the proton spectrum from Equation (4)
fit to the RCF data, with Emax = 20.3 MeV. Solid blue and green lines are the simulation proton deposition for RCF layers and 0.5 mm scintillating fibers,
respectively, scaled by the fitted spectrum. Green markers are the predicted deposition in the scintillating fibers. Error bars are the full width at half maximum
(FWHM) of the Bragg peaks. (c) Horizontal and (d) vertical profiles from RCF fiber ROIs (blue) and calibrated SciFi BPM signals (green). See the main
text for discussion of uncertainty limits. The darker grey shaded region in (c) shows positions where the whole length of fibers is blocked by PTFE, and the
lighter grey region indicates fibers that are partially blocked due to the angle of the filter from vertical. (e) SciFi horizontal (dark green) and vertical (light
green) profiles on a linear y-scale. Black solid and dashed lines are idealized proton x- and y-profiles, respectively, with the filter modeled as a binary mask
rotated at φ = 3.7◦ to the vertical.

fiber α:

Edep,L2
dNα

dEd	
.

The energy deposited in scintillating fiber α is as follows:

Edep,α = EBP

∫∫
ET1

dNα

dEd	
dEd	, (7)

where EBP is the Bragg peak energy, and the integrand is
shown with the pale green line in Figure 5(b). Taking the
ratio of the measured signal to the deposited energy yields
the detector sensitivity for fiber α: ξα = Sα/Edep. This is
equivalent to the product of the second and third factors
in Equation (3). The range of energies deposited in the
scintillating fibers to which the instrument is sensitive is thus
obtained by dividing the camera noise floor and saturation
limit each by ξα , yielding a sensitive range of 49 GeV–
230 TeV for this long working distance imaging system.
For a 500 µm diameter polystyrene scintillating fiber with
a 35 mm length exposed to the beam, this is equivalent
to 80 Gy–3.8 MGy absorbed dose. Scaling the flat-frame

calibration obtained with a UV LED by εα provides a cross-
calibration for the energy deposited in all fibers. Account-
ing again for the Bragg peak energy of the fiber, E, the
FWHM, dE, and the solid angle subtended by the fibers,
d	, we obtain the horizontal and vertical profiles shown in
Figures 5(c) and 5(d) with dark green and light green mark-
ers, respectively. RCF signals obtained by summing over the
fiber ROIs are also shown in blue. Error bars in the SciFi
BPM profiles are calculated by treating the signals from
the UV flat-field calibration and the measurement of laser-
accelerated protons as Poisson processes, with uncertainties
δ =√

Np, where Np is the equivalent number of protons with
energies within the FWHM of the Bragg peak of the layer.

Dark green symbols in Figure 5(e) show the clear edge
in the horizontal SciFi profile on a linear y-scale, with a
contrast ratio of

(
Isig. − Ibkg.

)
/
(
Isig. + Ibkg.

) = 0.7, where
Isig. is the mean of the signals in fibers to the left of the
edge in the profile (x < 13.7 mm), and Ibkg. is the mean of
the signals in fibers to the right of the edge (x > 16 mm).
Black solid and dashed lines are idealized proton x- and
y-profiles, respectively, normalized to Isig.. These are
obtained by modeling the filter as a binary mask rotated
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Figure 6. (a) Proton beam profile used for Geant4 simulations. (b) Sinograms generated from selected layers of the SciFi stack. (c) MLEM reconstructions
of the energy deposited in the selected SciFi stack layers. Regions of interest with a radius of 2σbeam are used for evaluating the reconstructed energy
deposited by each beamlet, and are shown with white dashed lines.

at φ = 3.7◦ to the vertical, and assuming the filter blocks
all protons. The gradient of the step in the x-profile and
the overall gradient in the y-profile are therefore entirely
determined by the rotation angle of the filter edge. Good
agreement between the modeled and the measured profiles
demonstrates the potential of the technique for diagnosing
subtle spatial variation in laser-accelerated proton beams.

4. Three-dimensional SciFi stack: Monte Carlo
simulations

To demonstrate the extension of the simple two-axis BPM
design to the full tomographic imaging spectrometer illus-
trated in Figure 1, the SciFi stack concept was modeled
using Geant4. Each panel of parallel fibers is modeled as
thirty 30 mm long, 500 µm diameter polystyrene cylinders
with a 1 mm pitch. A 2D tomographic layer is formed
from eight panels of fibers rotated at 22.5◦ intervals and
separated by 0.2 mm. Ten such tomographic layers separated
by 2 mm thick PTFE filters are then stacked to enable
spectral analysis, with no filtering before the first layer.
To benchmark the spatial and spectral performance of the
instrument, a proton beam with a triple-Gaussian spatial
structure (see Figure 6(a)) is incident on the detector array.
The simulated Gaussian beamlets have radii (at one standard
deviation, σbeam) rbeam = 4,2,1 mm, and have monoenergetic
energy spectra at E0 = 30,45,60 MeV. Fiber signals are
retrieved by integrating the energy deposited in each fiber
volume and arranging the signals from each layer into a
sinogram. Each sinogram is then processed by a maximum-
likelihood expectation maximization (MLEM)[64] algorithm
to reconstruct a 2D profile of the energy deposited.

A selection of the sinograms and reconstructed profiles for
five tomographic layers is shown in Figures 6(b) and 6(c),
respectively, demonstrating the capability to spatially resolve
all three of the Gaussian beamlets in layers 1–3. Beamlet
I has increasing energy deposition from layers 1–3, but is
not observed in the later layers. Beamlets II and III penetrate

to deeper layers according to their higher proton energies,
in both the reconstructions and the corresponding sine-wave
features in the sinograms. The total energy deposited in
each layer is plotted as a function of the effective depth
of plastic traversed with black markers in Figure 7, with
layers whose sinograms and reconstructions are plotted in
Figures 6(b) and 6(c) highlighted with yellow circles. To
account for the gaps between fibers, the effective depth of
polystyrene is calculated for each layer as the average depth
of polystyrene traversed by protons in the middle of each
layer. The depth of the PTFE filters is added between each
layer of fibers to calculate the total effective depth of plastic
traversed. The error bars in Figure 7 are the upper and
lower limits of the effective depth of each fiber layer. Three
distinct step-like features are clearly observed in the total
deposition-depth profile. The spatial reconstructions enable
us to evaluate the reconstructed signal in ROIs corresponding
to each of the beamlets (dashed white lines in Figure 6(c)).
These are plotted for beamlets I–III with blue, purple and
red symbols, respectively. The deposition-depth profile of
each beamlet clearly corresponds to each of the step-features
in the total layer profile, and exhibits a Bragg-peak-like
shape characteristic of monoenergetic proton deposition. A
second peak in the depth-deposition profile for beamlet I,
at a depth of approximately 32 mm, is beyond the range
of 35 MeV protons in polystyrene. On inspection of the
reconstructions at these greater depths, this feature is found
to be an artefact resulting from the sparse angular sampling
of the beam profile, used to limit the depth of each layer
and the corresponding range of energies that are sampled.
Future work will investigate the application of reported
interpolation methods[65] to mitigate these artefacts.

The Bragg peak deposition that is evident from the data
shown in Figure 7 enables the application of iterative algo-
rithms to accurately reconstruct energy distributions. For
example, the spatial distribution of the highest energy pro-
tons can be measured in the last layer with signals above
the background noise, and subtracted from earlier layers to
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Figure 7. Energy deposition as a function of depth of plastic. Black
symbols show the total energy deposition in each layer, where gold circles
highlight the layers whose spatial reconstructions are plotted in Figure 6(c).
Blue, purple and red symbols are the reconstructed energy deposition within
the regions of interest for beamlets I–III, respectively. The grey shaded
regions indicate the 2 mm thick filters between the scintillating fiber layers.

isolate the deposition from lower energy protons[66]. While
ionization quenching will suppress scintillation at the Bragg
peak, existing analysis methods[52] can be implemented to
account for this in the spectral reconstruction.

Gaps between fibers result in a complex deposition profile,
preventing straightforward reconstruction of the energy spec-
trum. The fixed arrangement of fibers in each layer results
in some paths through the diagnostic intersecting signifi-
cantly more fiber volume than others, causing a spatially
dependent attenuation of the beam profile and degrading
the energy resolution of layers deeper in the stack. Fibers
with round cross-sections, chosen in this work for their
efficient optical transport, also exhibit the characteristic that
protons that traverse the center of a fiber are attenuated
more than those that traverse the edge. This differential
attenuation contributes to increased uncertainty in the energy
of the protons detected by fibers at a specific depth in the
detector. Embedding the scintillating fibers in a polymer of
similar density to the fiber material could mitigate these
effects, facilitating spectral reconstruction using established
techniques[15,67]. Using a polymer that strongly absorbs light
at the scintillation wavelength would further prevent any
potential increase in optical cross-talk between fibers. The
full spectro-spatial reconstruction using this approach will
therefore be demonstrated in future work.

In the simulation results presented here, the proton beam-
lets were implemented with idealized parameters, including
zero divergence angle, to demonstrate the main capability
to diagnose spatial and energy features in proton beams.
However, proton beams from laser–foil interactions have
divergence angles of tens of degrees, and the divergence also
varies with proton energy[15,16]. Subsequent panels within
tomograph layers will therefore sample spatial distributions

that change by a small amount, potentially causing aber-
rations in the reconstructed profiles and reducing spatial
resolution. To address this, a smaller number of panels
could be used to analyze narrower energy bands than a full
tomograph layer, for example with m = 8 panels. Using
fewer angular samples will result in lower resolution spatial
reconstructions, but may be sufficient to ascertain a key
beam parameter, such as the diameter of a beam. By using
a smaller number of panels, the beam diameter can be
measured throughout the depth of the scintillating fiber stack
by scanning panel by panel. The energy dependence of the
divergence of the beam can thus be characterized. The varia-
tion of the apparent size of the beam measured by each panel
can then be compensated to mitigate aberrations in the recon-
struction. Future work will evaluate the proposed analysis
methods with broadband energy spectra and spatial beam
profiles, which are more representative of those expected
from laser–plasma interactions, and will characterize the
spatial resolution of the instrument in more detail.

5. Summary

In studies at single-shot HPL systems, RCF has proven
to be an important diagnostic of spectro-spatial distribu-
tion of laser-accelerated protons. However, the increasing
prevalence of high-repetition-rate HPL systems requires the
development of active detection systems that can operate at
matching repetition rates. The SciFi stack imaging spectrom-
eter is introduced to address this.

A stack-style design similar to RCF diagnostics enables a
compact form factor, with optical transport away from the
beam axis removing the requirement of an axial optical path
required by imaging systems in previous approaches[23–26,28].
High sensitivity has been demonstrated with a prototype
BPM, taking advantage of the volume integration of energy
deposited in scintillating fibers in measured optical sig-
nals. Electrons from laser–solid interactions have also been
measured in a short working distance setup, with a laser
pulse energy of a few joules. The results from this work
are presented in Section 3 of the Supplementary Material.
Analytical modeling suggests that the sensitivity of the SciFi
BPM prototype, equipped with 500 µm diameter fibers,
could be enhanced for detecting deposited energies below
100 MeV by directly coupling transport fibers to optical sen-
sors. This approach could also be extended to measure hard
X-rays for studies involving betatron radiation[68] or inverse
Compton scattering[69–71], for example. There are established
routines for deconvolving the spectra of hard X-rays using
attenuating detectors[72–75], and a similar technique applied
to 2D dose reconstruction for quality assurance of clinical
X-ray beams was recently reported[37].

Efficient optical fiber transport of scintillation light
enables long working distance imaging, with readout
electronics located at large distances from interactions,
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making EMP mitigation straightforward. Imaging of
transported optical signals offers readily tuned sensitive
range, via control of numerical aperture, magnification
or optical density. Energy resolution of less than 10% at
proton energies more than 20 MeV and spatial resolution of
approximately 1 mm is attainable with 100 µm diameter
scintillating fibers, which can be achieved with current
manufacturing capabilities.

In the work presented in Section 3 of the Supplementary
Material we demonstrate operation at repetition rates of up
to 0.05 Hz using the SCAPA laser system[57]. This capa-
bility facilitated measurements with reduced uncertainty
and enabled quantitative comparison of the relative fluence
of protons and electrons by comparing the measurements
against numerical simulations. Moreover, the instrument’s
sensitivity is such that it can function as a single-shot
diagnostic in finely sampled parameter scans or efficiently
explore the high-dimensional parameter space of laser–solid
interactions. The SciFi imaging spectrometer is ultimately
capable of camera readout rates exceeding 100 Hz[76], posi-
tioning it for the future of data-driven experiments in the next
generation of HPL facilities that are expected to operate at
high repetition rates.

The results presented in Section 3 of the Supplementary
Material also indicate that ionization quenching in plastic
scintillators with thicker active layers than RCF suggests
that electrons are likely a significant source of background
signal when diagnosing ions from laser–solid interactions.
However, recent developments have introduced automated
segmentation methods to distinguish contributions from dif-
ferent species in RCF stack analysis[77]. These methods
can also be applied to spectro-spatial profiles from a SciFi
stack diagnostic to distinguish between contributions from
electrons and protons to measured profiles. This capability
highlights the versatility of the proposed technique in diag-
nosing multiple particle species.

Further Monte Carlo simulations will be conducted in
future work to characterize the spatial resolution of SciFi
stack designs, to investigate the impact of beam divergence
on reconstructions and evaluate analysis methods with a
range of spectro-spatial beam profiles relevant to laser–
plasma experiments.
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