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1. Lens collection efficiency

Lacking an analytical model for emission at large angles,
the dependence on numerical aperture used in Section 2.1 is
obtained by a sigmoidal fit to measurements in Reference [1]

for 1 mm diameter single-clad optical fibers, which are also
used in the prototype presented in Section 2.2. Fitting

εlens(NA) = exp
(
−A exp

(
B − C sin−1 (NA)

))
(1)

yields A = 0.103, B = 6.41, C = 4.69, with R2 = 0.999.
For angles θ ≤ 20° (= π/9 rad), the angular distribution

of emission from round, single-clad optical fibers increases
linearly with polar angle [1,2], and the total fraction emitted
into this cone is ≈1/4. In the experimental cases presented
in Sections 3.1 and 3.2 the half angle of the collecting lens
is <5°, so the radiant intensity (flux per solid angle) is
approximately

IΩ(θ) = mθ, (2)

where m is found from the integral over polar and azimuthal
angles,

m

∫ 2π

0

∫ π/9

0

θ dθdϕ =
1

4
, (3)

m =
81

4π3
. (4)

Equation (2) then becomes

IΩ(θ) =
81

4π3
θ, (5)
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and by assuming the collection lens is centred on the fiber
optical axis, the lens collection efficiency is the integral over
azimuthal (0 < ϕ < 2π), and polar angles (0 < θ < NA),

εlens =

∫ 2π

0

∫ NA

0

IΩ(θ)dθdϕ, (6)

εlens =
81

4π2
NA2, (7)

where NA = tan−1 (dlens/2dW) is the numerical aperture
(equivalent to the half-angle subtended by the collection lens
in the paraxial approximation) with lens diameter dlens, and
working distance dW.

2. Flat-field calibration, fiber indexing and optical cross-
talk

Ionising radiation induces emission of the scintillating fibers
with a primary peak at 530 nm. This emission can also
be induced by UV excitation, providing a useful route to
characterising the fibers in a table-top setup with reduced
safety requirements compared to more hazardous ionising
radiation sources. Illuminating each scintillating fiber with
a UV LED allowed indexing of each of the signals to an
associated position in the image. By exciting an individual
fiber, the optical cross-talk in all neighbouring fibers was
measured to be < 10−3 times the signal in the illuminated
fiber. Relative variation in the fiber optical couplings mean
that a flat field calibration is required. This was performed
with a UV LED and a diffusing screen to homogenise the
UV illumination, as illustrated in Figure 1a). The raw image
and relative fiber signals from such a calibration are shown
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Figure 1 : Flat-field calibration of scintillating fibers using a UV LED. a)
Setup schematic. b) False color flat field image of optical fiber ends. Black
and green circles indicate fibers which are coupled to vertical and horizontal
oriented scintillating fibers, respectively. c) Relative fiber signals sorted by
position in array.

in Figures 1b) and c), respectively. This method was used for
the results presented in Section 3 of the main text.

3. Particle analysis at ∼1/20 Hz

A second experiment used the SciFi BPM to diagnose the
species and energy distribution of laser accelerated particles
by spatially resolving differently filtered regions, while op-
erating at ∼1/20 Hz repetition-rates. A series of single-shot
measurements with the SciFi BPM were taken using fixed
laser and target parameters, which were then averaged to
increase the signal-to-noise ratio in the measured profiles.
Measurements were made using the 350 TW SCAPA [3]laser
in the solid target experimental area referred to as Bunker
B, using the arrangement shown in Figure 2a). This was
done during the commissioning of a new target station and
so the laser parameters, such as energy and focal spot, as
well as target thickness and pre-plasma scale length were not
optimised for proton acceleration, but were sufficient to pro-
duce energetic particles suitable for testing the diagnostic. A
τL = (29.6 ± 0.4) fs, λ = 800 nm laser pulse was incident
to a 25 µm thick Kapton tape target at 10° with respect to
the target normal axis. An f/1.6 off-axis parabola was used
to produce focal spots with diameter d = (3.2 ± 0.4) µm
FWHM, containing EL = (133± 4) mJ within the FWHM,
resulting in an average peak intensity of IL = (6 ± 1) ×
1019 Wcm−2. Uncertainties in the pulse duration and focal
spot radius are based on frequency resolved optical gating
(FROG) and focal spot imaging measurements, respectively.
The encircled laser energy is based on the focal spot diameter
measurements and calorimeter measurements averaged over

the 15 shots used in this work. A Thomson parabola
spectrometer was positioned to measure the energy spectrum
of ions along the laser axis. The SciFi BPM was positioned
630 mm from the laser focus, at polar and azimuthal angles
θ = 15° and ϕ = 36° from target normal, respectively. For
an initial run of 5 shots, 13 µm thick Al filtering was placed
in front of the fibers to obtain an average beam profile. This
measurement includes contributions to non-uniformity due
to both the beam profile, and variation in the relative fiber
throughput. In the absence of a calibration with a UV LED,
this measurement can be used as a ’flat-frame’ calibration
to isolate the effect of introducing additional filtering. For
a subsequent run of 10 shots, 300 µm Mylar and 3 mm
Pb filtering was added to the lower two- and one-thirds of
the front of the SciFi BPM, respectively, allowing particles
to be resolved based on their minimum energy or species.
Scintillating fibers were coupled at both ends to 2 m long
optical transport fibers in this case, and the transport fibers
were imaged with an f/0.95 lens at a working distance
of dW ≈ 0.2 m, resulting in a lens collection efficiency
of 0.5%. An AVT Manta G-040B camera [4] with a Sony
IMX287 CMOS sensor was used in this setup. A shorter
working distance was chosen due to the expected reduction
in fluence of accelerated particles due to lower laser energy
and the greater distance of the SciFi BPM from the source
compared to the setup in Section 3 of the main article,
leading to lower scintillation light yield. Owing to the
7.2× increase in collection efficiency compared to the long
working distance setup in Section 3 of the main article, and
a 4.2× increase in the magnification of the imaging system,
the energies deposited in a scintillating fiber to which this
setup is sensitive are ∼30× smaller, at 160 MeV - 7.6 TeV,
or 2.6 Gy - 120 kGy absorbed dose.

Imaging scintillation light from both ends of the fibers
increases the collected signal, and therefore the signal-to-
noise ratio in a single profile. Furthermore, attenuation of
light due to transport losses in the scintillating fibers enables
additional spatial information to be inferred. The ratio of
the signals measured at each end of a scintillating fiber can
be used to calculate the weighted average position of the
scintillation emission along the length of the fiber. This is
equivalent to measuring the first moment of the distribution
of the scintillation emission as a 1D function of position
along the length of the fiber, and is analogous to the center-
of-mass of a mass distribution.

Figure 2b) illustrates the filtering in the second run of
shots, and shows the average profiles obtained with the
additional Pb and Mylar filtering, calibrated using the aver-
age flat-frame profile obtained from the shots with uniform
Al filtering only. Positions of the plots (left, right, top,
bottom) correspond to the ends of the scintillating fibers
from which signals are transported by optical fibers. The
additional Pb and Mylar filtering stops more protons in the
lower portions of the beam, with significantly higher flux in
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Figure 2 : a) Top and side views of experimental arrangement (not to scale) for high repetition particle discrimination measurements. b) Filter positions on
front of SciFi BPM, illustration of fiber positions (light green rectangles) and plots of the processed mean signals. b - Center) Dashed grey lines indicate
the position of filter edges. b - Top & Bottom) Blue lines and annotations are the mean of the signals from top and bottom coupled vertical scintillating
fibers, with the standard deviations given as the errors. b - Left & Right) Dashed grey lines are the filter edges positions projected to the detection plane
(see main text for details). White regions are filtered by Al only, light grey shaded regions are filtered by Al and Mylar, and darker grey shaded regions are
filtered by Al, Mylar and Pb. c) Flat calibration profiles for 5 shots (dashed lines) and filtered profiles for 10 shots (dotted lines), with their respective mean
profiles shown with darker colours. Solid lines and round symbols show the filtered profile calibrated by dividing by the normalised flat profile. See main
text for error bar calculation. Signals from fibers coupled at the left and right ends are shown in green and purple, respectively. Black arrows and annotations
indicate the extent of filter materials and shaded regions also indicate filtering as in b).

the upper portion of the beam incident to the SciFi BPM.
This is evident in the left (green) and right (purple) vertical
profiles from the horizontal fibers. With higher proton flux
generating more scintillation emission towards the top of the
vertical fibers, the scintillation light undergoes less optical
attenuation on average along the path to the top ends of
the fibers than the bottom ends. This results in the higher
average signal measured from the top ends of vertical fibers
than the bottom ends, as annotated in blue on the horizontal
profiles (top and bottom plots) in Figure 2b).

To verify that the relative difference in the signals in the
top and bottom horizontal profiles is consistent with the
measured vertical profiles, we can model the beam profile
incident to the full length of the vertical fibers using the
measured right-hand vertical profile. The measured vertical
profile lacks data at positions y < 5 mm and y > 32
mm. With uniform filtering in these regions, we can assume
the flat-field calibrated profile is constant here to model the
beam profile incident to the full 36 mm length of the vertical
fibers exposed to the beam. We therefore set the values at
positions y < 5 mm and y > 32 mm in our modelled profile
equal to the first and last respective samples in the measured
vertical profile. The signal-weighted average of the positions
in the resultant modelled vertical profile is ⟨y⟩vert. = 29 mm.
Fiber losses due to scintillation emission at angles greater
than the fiber critical angle are independent of position in
the fiber, and the bending radius of fibers is kept to ≳ 60
mm with the fiber clamps, causing losses ≲1% [5]. These
effects can thus be neglected. Attenuation due to scattering
and absorption in the fiber material results in optical signals

decaying exponentially as a function of path length in the
fiber, according to the Beer-Lambert law [6]. For a known
length of fiber, L, the distance from the bottom of a fiber to
the centre of mass of the optical emission in the fiber is

⟨y⟩atten. =
L

ln
(
IB
IA

)
+ 1

, (8)

where IB/IA is the ratio of the signal measured at fiber
end B to the signal at end A. Using the average relative
signals from the bottom (A) and top (B) of vertical fibers,
IB = (0.37± 0.02), IA = (0.47± 0.02), Equation (8) gives
the average signal position, ⟨y⟩atten. = (29± 2) mm, in
close agreement with average position in the padded vertical
profile.

Light green shaded regions in the middle panel of Figure
2b) show the positions of the scintillating fibers behind the
filtering, and the solid grey lines are the edges of the filters.
Dashed grey lines in Figures 2b) and 2c) show the maximum
and minimum vertical positions of the filter edges in the
vertical profiles, arising from small rotations of the filter
edges from horizontal, measured as 1.1° and -2.4° for the
Pb and Mylar filters, respectively. The position of the filter
edges is projected to the plane of the scintillating fibers,
which are 16 mm behind the filters, accounting for the 15°
polar angle from the plane of the laser axis and target normal.
Figure 2c) shows the profiles from the horizontal scintillating
fibers read out from the left and right. Normalised profiles
from the flat-field shots are shown with faint dotted lines,
and those from the shots with the additional Pb and Mylar
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filtering are shown with faint dashed lines. Darker dashed
and dotted lines show the mean of the flat-field and the
filtered profiles, respectively. The average filtered profiles
calibrated with the average flat-field profiles are shown with
solid lines and circle markers, and the error-bars are given by√
σ2

flat + σ2
filt, where σflat and σfilt are the standard deviations

of the flat and filtered signals, respectively.
Measurements made using a Thomson parabola ion spec-

trometer shown in Figure 3a) indicate maximum proton
energies of Emax = 2.1 MeV. It is found from Monte-Carlo
simulations that all protons with energies up to this cutoff
are stopped in the 300 µm Mylar and the 3 mm Pb filtering,
and ≳0.9 MeV protons pass through the region with only
13 µm Al filtering. However, the measured profiles still
have significant signal in the region with Mylar filtering, and
the three regions are separated by relatively shallow gradient
transitions, rather than a single sharp step.

Geant4 [7] simulations have been conducted to investigate
the effect of contributions from both protons and hot elec-
trons on the vertical profiles. Expected contributions by
x-ray was found to be negligible. Scintillating fibers are
modelled as 500 µm diameter polystyrene cylinders, and
the 13 µm Al, 300 µm Mylar and 3 mm Pb filters are
included, accounting for the offsets and rotations of the filter
edges, and the 15° projection over the 16 mm separation
between the fibers and the filtering in the experimental
geometry. A Maxwell-Boltzmann distribution is used to
model the electron beam energy spectrum incident to the
detector, with a kBTe = 1.4 MeV temperature taken from
the ponderomotive scaling of electron temperature with laser

intensity [8]. The proton beam energy spectrum, fp(E), is
modelled with an energy distribution given by Equation
(4) of the main article, using the hot electron temperature,
kBTe = 1.4 MeV, a lower threshold of 0.5 MeV, a cutoff
energy Emax = 2.1 MeV, and calculating the normalised
acceleration time, tp, in accordance with Reference [9]. This
modeled proton energy spectrum is shown with a red line in
3a), overlaid on proton spectra measured on 15 shots with
the Thomson parabola (grey lines) and the mean of these 15
shots (black line). The modelled spectrum is normalised to
the mean TP spectrum at E = 0.5 MeV. The SciFi BPM was
not simultaneously run on these shots, but the same laser and
target parameters were used to enable comparison.

Figure 3b) shows the normalised response of the scintil-
lating fibers to the simulated electron and proton beams with
blue and red lines, respectively. The relative responses are
calculated as

R(x) =
Edep(x)κscint.εopt.

Etot.QF
, (9)

where Edep is the energy deposited in the fibers and Etot.

is the total kinetic energy in each beam. For the simulated
electron energies, the average LET in the fibers is ≲0.5
MeVmm−1, and so the quenching effect is relatively small
(∼5%) and we can make the approximation QF,e ≈ 1.
Lower proton energies are generated in these lower laser
energy, shorter pulse duration interactions compared to the
measurements in Section 3 of the main article. Monte-Carlo
simulations show that these lower energy protons have a
greater path-averaged LET in the scintillator, resulting in a
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Figure 3 : a) Proton energy spectra measured using a Thomson parabola (TP) ion spectrometer on 15 shots (grey lines) using the same laser and target
parameters and their mean (black line). Data above 3 MeV are all in the noise, and are truncated for clarity. The proton energy spectrum used for Geant4
simulations is shown with a solid red line. b) Normalised scintillating fiber response to the simulated electron beam (blue line) and proton beam (red line). c)
Mean experimental profiles from fiber signals (green and purple) with combined profiles from simulations with electrons and protons (yellow), normalised
to the average measured signals at x = 32 mm. The dashed yellow line shows the profile with no contribution by protons, and the solid yellow line shows
the profile from combining the responses according to Equation (10) with a proton weight Wp = 0.1Wtot..
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higher QF,p = 2.4. Figure 3c) shows the measured vertical
profiles with green and purple markers as in Figure 2c),
along with combined fiber responses from the Monte-Carlo
simulations. Contributions to the total detector response by
electrons and protons can be combined as in Equation (10),

Rtot.(x) =
(Wtot. −Wp)Re(x) +WpRp(x)

Wtot.
, (10)

where Re(x) and Rp(x) are the electron and proton re-
sponses calculated with Equation (10) using QF,e and QF,p

respectively, Wtot. is the total beam flux and Wp is the
proton flux. The dashed yellow line in Figure 3c) shows the
combined profile with Wp = 0, i.e. with no contribution
by protons. The solid yellow line shows the profile with
Wp = 0.1Wtot., corresponding to a 10% contribution by
protons to the total beam flux. Each of these profiles is
normalised to the signal in the final fiber, at position x = 32
mm, so that the shapes of the two profiles can be compared
with respect to the measured data. The region between the
the two cases is shaded yellow to indicate the range of values
for Wp which are in agreement with the measured profiles.
With the strongest deposition by protons in the region with
Al filtering only, the relative signal in the other regions is
reduced when the contribution by protons is increased to
Wp = 0.1Wtot.. When Wp is increased further, the modelled
response in the regions with additional Mylar and Pb filtering
is significantly lower than the measured data. Based on this
analysis, at the resultant polar and azimuthal angle of 39° of
the SciFi BPM from target normal, the protons contribute a
maximum of 10% to the total beam flux.
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