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Abstract

Laser-accelerated electron beams, in the so-called Very High-Energy Electron (VHEE)
energy range, are of great interest for biomedical applications. For instance, laser-driven
VHEE beams are envisaged to offer suitable compact accelerators for the promising field
of FLASH radiotherapy. Radiobiology experiments carried out using laser-driven beams
require the real-time knowledge of the dose delivered to the sample. We have developed an
online dose monitoring procedure, using an Integrating Current Transformer (ICT) coupled
to a suitable collimator, that allows the estimation of the delivered dose on a shot-to-shot
basis under suitable assumptions. The cross-calibration of the measured charge with
standard offline dosimetry measurements carried out with RadioChromic Films (RCFs) is
discussed, demonstrating excellent correlation between the two measurements.

Keywords: laser plasma acceleration; real-time dose monitoring; integrating current trans-
former; radiochromic films; very high-energy electron beams

1. Introduction

Advances in laser technology have allowed laser plasma accelerators (LPAs) to be
experimentally explored and continuously improved. Over the past two decades, studies
have led to significant progress in the quality of electron beams generated by the Laser
Wakefield Acceleration [1] (LWFA) process. For instance, LWFA's ability to produce quasi-
monoenergetic electron beams with energies ranging from tens of MeV to tens of GeV in
just a few millimeters [2—4] to centimeters [5,6] brought LPAs to the attention of many
scientific and industry communities. Among the most promising applications of LPAs,
especially when high repetition rates are available, is radiotherapy with Very High-Energy
Electron (VHEE) beams. Particularly, electron beams with kinetic energies between ~50 and
~300 MeV have received great interest due to their potential for improving dose conforma-
tion in radiotherapy treatments [7], reduced sensitivity to anatomical inhomogeneities [8],
and ease of electromagnetic scanning in pencil beam configurations [9,10]. A growing inter-
est in laser-driven VHEE beams is coming from the perspectives of their usage for future
radiotherapy treatments exploiting the so-called FLASH effect [11]. It has been shown to
have the beneficial results of lower damage to healthy tissues while maintaining biological
effectiveness in cancer treatment [12-14]. This effect has been observed in the ultra-high
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dose rate regime (>40 Gy/s) [11,15], but recent studies also highlight the influence of
a sufficiently high instantaneous dose rate (>10° Gy/s) on the activation of the FLASH
effect [16]. Thus, laser-accelerated electrons may offer a unique approach to FLASH radio-
therapy, as they feature ultra-high instantaneous dose rates due to their sub-picosecond
duration [17] and comparable charge per bunch as “conventional” accelerators used in
radiotherapy [18,19].

On the other hand, VHEE beams may be affected by a relatively limited stability in
terms of energy spectrum, charge, and pointing. In a typical radiobiology study, samples
are typically irradiated with a predefined dose to allow direct comparison with results
from conventional irradiation. In the case of laser-driven VHEE beams, the desired dose is
usually delivered by integrating over a certain number of shots of the driving laser, and
the dose delivered to the sample is determined a posteriori through measurements with
offline dosimeters such as RadioChromic films [20-23] (RCFs). This may lead to unwanted
discrepancies between the desired dose and the actual delivered dose. Other types of
dosimeters, such as alanine [22,24,25] or thermoluminescent dosimeters [26], can be cited,
whose potential to cope with the ultra-high dose rate typical of LPA electrons is currently
under investigation in the context of FLASH-related studies. An online-monitoring tool for
the dose delivered to the sample is thus of great interest for biomedical irradiation studies.

In this article, we present a real-time dose monitoring system based on measuring
the charge of the VHEE beam impinging on the sample using an Integrating Current
Transformer (ICT), a widely adopted tool in the LPA community, as it allows for the non-
destructive charge measurement of the electron beam with 5 pC sensitivity. However,
several sources of noise can influence the ICT charge measurement. Sources of noise
include electromagnetic pulses generated during the laser—matter interaction [27,28], the
transmitted laser beam or energetic particles hitting the ICT, and plasma particles, such as
ions and low-energy electrons, entering the ICT aperture. In two previous studies [29,30],
ICT measurements on LPA-generated electron beams have been reported to overestimate
the charge by more than an order of magnitude and by a factor of four, respectively,
compared to image plate-based charge measurements. On the other hand, accurate charge
measurements with an ICT were obtained in a successive study with the ICT placed
relatively far from the laser-plasma interaction point (4.2 m) [31]. In the experimental
study presented here, the ICT is used much closer to the interaction point (72 cm), with
purposely designed shielding. A dedicated collimator ensured that only the charge of
electrons reaching the sample was measured, and the system was calibrated using standard
RCF dosimetry.

The rationale of this study stems from the fundamental relationship between bunch
charge, dose, and electron flux. Under conditions specified in Section 2, the dose can be
expressed in terms of the electron flux, enabling an independent estimate of bunch charge
from dose measurements. We note that the dose assessment in this work only considers
“thin” samples meaning that the thickness of the irradiated samples is smaller than the
penetration depth of electrons whose energies correspond to the lower limit of energy
spectra obtained in our experimental setup [32]. Absolute dose values can be then obtained
from a calibrated ICT signal. In this work, the charge is first determined directly with the
ICT and, in parallel, derived from the measured dose from the RCFs and Monte Carlo
simulations. The two values are then compared. This approach not only serves to validate
the reliability of ICT-based charge diagnostics but also establishes a framework for their
use in real-time monitoring of VHEE beam dose delivery. In this regard, we first present the
real-time dose monitoring system and a simple analytical model for the dose calculation
from the charge measurement in Section 2. In Section 3 we describe the experimental
measurements for the calibration of the dose monitoring system with standard RCF dose
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measurements. We then discuss the experimental results and the validity of using ICT as
an online dose monitoring system. Conclusions are drawn in the last section, Section 4.

2. Real-Time Dose Monitoring System

In this section we briefly present a simple analytical model for the calculation of dose
from the charge measurement with the real-time dose monitoring system. The system
consists of an ICT equipped with a collimator with an opening diameter equal to the size
of the sample to be irradiated. The charge measurement performed with the ICT on the
VHEE beam passing through the collimator aperture can be related to the dose delivered
to the sample due to the characteristics of the electron interaction with matter. Electrons
with energies above ~30 MeV deliver on a thin layer of material a dose/electron nearly
independent of their initial kinetic energy [23,33]. Therefore, for VHEE beams the dose
is proportional to the electron flux and thus also the charge. As stated in the previous
section, this holds true over a depth smaller than the penetration depth of the electrons. To
compare the ICT charge measurement with the dose measured by the RCFs as described in
the following section, we use a simple analytical model. The collisional stopping power
that considers only energy losses with energy transfer to the secondary particle lower than
a given value A is called the restricted collisional stopping power. In this regard, the dose
delivered by VHEE beams to the RCF can be approximated by the formula

coll

D:/Eiij)A (E) - ®(E)dE, (1)

coll
where E is the primary electron kinetic energy, ®(E) is the electron flux, (%)A (E) is

the restricted collisional stopping power, and D is the deposited dose. The integral is
performed over the spectral range of the electron beam. In this formula, the kinetic energy
of the primary electron is considered constant over the propagation distance, which is a
good approximation for our experimental conditions, as the VHEE electrons lose only a
few keV of energy over the active layer thickness of the RCF in the experimental setup.

3. Calibration of Dose Monitoring System with Standard RCF Dosimetry

In this section we report on the cross-calibration of the real-time dose monitoring
system based on the ICT charge measurements using standard dosimetric techniques
employing RCFE. The experimental studies were conducted in the target area of ILIL’s
220 TW laser system at CNR-INO [34], capable of delivering up to 5] laser pulses on a target.
The experimental setup is illustrated in Figure 1. As shown, ultra-short laser pulses are
focused by an Off-Axis Parabolic (OAP) mirror into a supersonic gas jet (99% He + 1% N»)
generated via a cylindrical nozzle with a 2 mm diameter with a 4 bar backing pressure.

Electron beams generated during the laser—plasma interaction propagated 58 cm
in vacuum. Afterwards, electron beams passed through a 13 pm thick aluminum foil
attached to the 75 um thick vacuum window (Mylar) on the vacuum side to shield the
co-propagating remnant laser pulse. From outside the vacuum chamber, a scintillating
screen (Regular Lanex, Carestream) was fixed to the vacuum window. Alignment tests
prior to the RCF irradiations showed stable electron beam pointings of oy ~ 3.6 mrad and
0y ~ 2.9 mrad at the vacuum-air entrance window and average FWHM beam sizes of
Stor ~ 0.98 cm and Svyer & 0.73 cm (see Supplemental Material). After the aluminum foil,
vacuum window, and Lanex screen, the electron bunch passed through the collimator and
the ICT (ICT-028-070-5.0-LD-VAC-H, Bergoz) with a sensitivity of 10 mV /pC, placed 15 cm
away from the vacuum window. As can be seen from Figure 2, the ICT was put inside a
PolyLactic Acid (PLA) cover, designed with the open-source software Blender® 3.6.5 and



Instruments 2025, 9, 25

40f13

3D printed for easy mounting, partial shielding, and collimation of incoming electrons. The
front collimating part is 5 cm thick with an inner diameter of 1.45 cm and made of PVC-
based material employed to reduce noise that originates from scattered, more divergent,
and low-energy electrons while minimizing hard X-ray emissions from Bremsstrahlung.
As the collimator consists of a non-conducting material, potential influences on the electron
beam resulting from charge buildup were taken into account. As for charging occurring
over a single shot, a very simplified estimate, treating the collimator as a simple cylindrical
capacitor, indicates that the electric field would result in very weak focusing (lateral
displacement of less than 5 um over 1 m of propagation). Concerning cumulative effects
over multiple shots, we observe that experiments of this type are typically characterized by
relatively low average beam currents, with electron beam charges of the order of ~10-100
s of pC and repetition rates on the order of Hz. Under such conditions, the amount of
deposited charge on the collimator is negligible, and any resulting perturbation of the
subsequent electron beam is expected to be insignificant. Accordingly, no cumulative
perturbation of the electron beam was observed during the experiment, even after several
hundred shots. The internal surface of the ICT was lined with 0.43 cm thick PLA plastic to
ensure partial isolation from the elements. The diameter of the ICT was d = 1.93 cm.

Lanex

Pb ‘ ccp
shielding K
\
\
\

Nozzle

M2

\Laser pulse

Figure 1. Schematic of the experimental setup. Transporting mirrors are described with the letter M.

Figure 2. ICT cover with a PVC-based collimator and a PLA-based enclosure.

The connection between the ICT and its controller (BCM-IHR-E, Bergoz, Saint Genis
Pouilly, France), placed at a large distance and separated by a 33 cm thick barite concrete
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shielding wall, was provided by a coaxial cable that was externally braided with a grounded
metallic shield. A mirror was placed 56 cm away from the ICT. The reflecting image was
captured by a CCD camera fixed at a 32 cm distance from the mirror. As a result, it was
possible to assess at any time during the experiment the electron beam pointing with respect
to the ICT based on the Lanex emission signal reflected from the mirror and captured by
the CCD camera.

For the sake of this calibration experiment, a single RCF (GAFChromic EBT3, Ashland,
Bridgewater, NJ, USA) strip was attached to the rear part of the ICT cover and replaced with
a new one after 10 consecutive single-shot irradiations by the passing electron beams. This
allowed for the simultaneous measurement of the electron charge and their deposited dose
to the RCFE. After the irradiation, a Magnetic Dipole (MD) with the Lanex screen was placed
in the electron beam path to measure the energy distribution of electrons. Irradiated RCFs
were scanned with the same orientation [35] and position [36] with respect to the scanning
surface of a flatbed scanner (Perfection V600 Photo, Epson, Amsterdam, The Netherlands)
24 h after the exposure to account for the post-exposure changes [37]. RGB positive scans
were collected with 45-bit depth resolution per color channel with a spatial resolution of
150 dpi, without any additional color enhancements. Afterwards, scanned RCFs were
analyzed in the red channel for better sensitivity [38], while the Gray Value (GV) of each
pixel was retrieved from an irradiated region of fixed diameter that corresponds to the
effective diameter of the ICT. Each GV per pixel was converted to dose and subsequently
averaged. EBT3 RCF films were calibrated in advance using 9 MeV clinical electron beams
produced by the ElectronFlash LINAC at Hospital Santa Chiara (Pisa). The pixel Mean Gray
Value (MGV) was extracted from the red channel and directly employed for calibration,
without conversion to net optical density, to maintain a consistent scanning workflow.
The calibration curve, see Figure 3, was obtained by fitting the delivered dose against the
corresponding MGV values using the NIH Rodbard four-parameter function [39], with
weighted least squares having weights derived from the standard deviation of the three
replicate films.

10 Fit: y = a((x-b)/(c=x) V) ]
a=36%02
b = 6540 + 968
8r C=42150 + 457
d =-0.80 + 0.04
— RMSE = 0.027
>
o 6f -+ Data
2
o 4r
a
2 L
0 L

20,000 25000 30000 35000 40,000
Pixel Mean Grey Value [a.u.]

Figure 3. Calibration curve of EBT3 RCF films, showing dose versus mean pixel gray value.

3.1. Experimental Calibration of Dose Versus Charge

In this subsection we report the results of the experimental measurements aimed at
finding the actual relationship between the charge and the dose. To this purpose, a total of
40 shots in four sets of 10 shots were used. The corresponding charge values, measured
by the ICT Qjcr are displayed in Table 1. In our experimental conditions, the shot-to-shot
variations of the charge are due in part to variations of the electron beam charge, but the
main contribution also stems from the beam pointing variations.
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Dose [Gy]
0.2

Table 1. Measured charge values Qjct of 10 consecutive electron beams that passed the ICT and
irradiated the RCF strip. The error of the summed charges was determined through the propagation
of uncertainty using quadrature and the sensitivity of the ICT provided by the manufacturer. The
accumulated dose per set is in units of Gy. The numbering of each set corresponds to the numbering
of the RCFs. Background charge was measured with a shielded ICT placed 30 cm perpendicularly
from its measuring position, giving ogcg ~ 3.4 pC (RMSpcg =~ 3.4 pC). ICT calibration, performed in
advance with a pulse generator and reference wire, yielded ocap ~ 4.8 pC. The effective resolution
of the ICT was estimated as oggs = 6.1 pC, giving a per-shot uncertainty of ogjngle = 8.5 pC and
summed error gy, ~ 26.9 pC. The coefficient of variation is approximately 29%, 27%, 23%, and 19%
for Set 1, Set 2, Set 3, and Set 4, respectively.

Qicr [£8.5 pCl

Shot No. Set1 Set 2 Set 3 Set4

1 78.6 56.3 87.3 117.8

2 67.9 90.8 82.5 99.9

3 101.3 55.4 40.4 93.2

4 62.2 42.6 83.3 98.3

5 30.1 82.4 76.2 120.3

6 59.0 113.7 111.8 103.4

7 73.6 76.7 83.0 56.8

8 53.6 83.7 80.5 135.2

9 91.0 91.3 84.9 103.6

10 56.3 59.2 113.4 111.8
Sum: 673.6 = 26.9 752.1 £+ 26.9 843.3 + 26.9 1040.3 £ 26.9
Average + STD: 67.4 +19.2 75.2 +20.4 84.3 +19.0 104.0 &+ 19.7

RCF Dose: 0.1578 £ 0.0722 0.1857 £0.0891 0.2010 = 0.1042 0.2488 £ 0.1134

The RCEF strips placed behind the ICT were replaced after each set of 10 shots. The 2D
dose maps retrieved from the RCF strips are shown in Figure 4. The average dose values
retrieved from each of the four RCF strips are shown at the bottom of Table 1. To correlate
the measurement of the ICT charge with the dose measurement performed with the RCF,
the sum of the charges of each set of ten shots is computed. The dose of each set is plotted
against this sum in Figure 5, from which a strong correlation can be observed between the
measured charge and dose, as expected from theory. Such a correlation is in agreement
with previous studies in which LINACs [40-42] or laser-driven ion accelerators [43] were
used as a particle source together with an alanine dosimeter [41].

Dose [Gy] Dose [Gy] Dose [Gy]
0.4 0.0 0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4 0.6

x [cm]

Figure 4. Two-dimensional dose maps of RCF strips irradiated by 10 consecutive electron beams each.
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0.261 __ Linear fit: D=0.00024-Qcr — 0.00020
R2 = 0.990
0.24¢ X2 =0.325
[# Data

_0.22}
>
S
= 0.20f
0.18}
0.16}
700 800 900 1000
Qict [pC]

Figure 5. Summed electron charge Qjct, measured by the ICT during 10 consecutive single shots in 4
sets, expressed as a function of the accumulated dose D deposited to the corresponding RCFE.

The regression line with two degrees of freedom, retrieved in the correlation analysis,
can be expressed as

D [Gy] =24 x107*- Qicr [pC] —2.0 x 1074, )

where the non-zero intercept value, with no physical meaning, is attributed to uncertainties
arising during the calibration procedure of the RCFs, such as the intrinsic sensitivity of
the films, the reading sensitivity and reproducibility of the scanner, or for that matter,
the sensitivity of the ICT. The deviations of the measured dose with respect to the dose
calculated from the calibration formula, in Equation (2), are at most 3.2%, showing that
the dose delivered to the sample can be estimated from the charge measurements with a
few percent accuracy. The system is therefore suitable to monitor the dose delivered to a
sample in real-time during the irradiation with the VHEE beams.

3.2. Cross-Validation of the Dose Monitoring System

In order to cross-check the validity of the relationship between the charge measured
through the ICT and the dose, the measured dose values can be used to retrieve the RCF
charge corresponding to that dose via Equation (1), and then compared with the ICT
measurements. This requires inverting Equation (1) and applying suitable assumptions to
derive the RCF charge from the flux, as detailed in what follows.

Starting from Equation (1), derived in Section 2, the relation between the measured
dose from the RCF expressed in Gy and the electron fluence on the RCF ¢RCF(E) expressed
in cm~2 is given by

coll

p= [ pEaE=k (f))A (E) - < (E)dE, ©)

min

coll
where (E)A (E) is the energy-dependent restricted mass collisional stopping power

[
expressed in MeV-cm?-g~1. From now on, when referring to the collisional stopping power,

we will intend the restricted mass collisional stopping power. The constant K = 1.6 x 10710
represents a conversion factor used to convert MeV-g~! in Gy and the integral is performed
over the spectral range of the electrons.

The energy spectrum of electrons that propagated through the ICT was measured
with a magnetic dipole spectrometer placed behind it, following the procedure described
in the recently accepted article [44]. The obtained result is shown in Figure 6. The spectrum
shows a peak around 42 MeV and a spectral FWHM of about 17 MeV. The collisional
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stopping power, displayed in Figure 7, was calculated using the formula derived from the
Bethe soft-collision stopping power and the Mgller hard-collision stopping power [45],
considering the composition of the EBT3’s active layer [46], shown in Table 2.

1.0t Ene;gy spectrum! ]
— T Efek=42.65 Mev
=
© 0.87
©
20.6f
‘©
©
g 0.4r
©
€0.2
o
=2
0.01 1
20 40 60 80 100
Ekin [MeV]

Figure 6. Graph of the electron kinetic energy measured by the magnetic dipole and the Lanex screen
placed behind the ICT.

Table 2. Elemental mass composition of EBT3 RCFs [46] used during the experiment.

Thickness Density Mass Composition [%]
Layer [um] [g/cm3] H Li C (0) Al
Polyester 125 1.35 42 0.0 62.5 33.3 0.0
Active layer 25 1.2 8.8 0.6 51.1 32.8 6.7
Polyester 125 1.35 42 0.0 62.5 33.3 0.0

In the inset of Figure 7, the region of the stopping power relevant to the electron
spectral range in our experimental conditions is shown in more detail. In this range the
stopping power has a nearly constant value. Therefore, it is possible to rewrite Equation (3)
using the weighted average of the stopping power, weighted by the energy spectra values
y depicted in Figure 6, i.e.,

(F) -1 we- () mee o wor-getilm o

Emin

H .l EBT3 Restrictled stopping pbwer
- 3.0t 2 —— Region of interest
g =7 1.70
° o
o .
o= "
£225 % 165)
= p
o v <
B> 2.0p kg . . . ]
52 08576 45 50_-%5
_t) =
5 15
()
m 1 1 1 1 1
1071 10° 10! 102 103

Restricted Ekin [MeV]

Figure 7. Collisional stopping power of electron beams that irradiated the RCFs of elemental
composition depicted in Table 2, thickness, and density. The black line corresponds to the values
linked with the electron energy, shown in Figure 6.
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Therefore, Equation (3) can be rewritten as

Emax D
Pow = | 9"F(E)E = — . )
min K- (ﬁ)

Ultimately, substituting the accumulated dose D from the experiment, depicted in

Table 1, together with K and weighted (%) = 1.633 £ 0.023 MeV-cm?-g !, into Equation (5),

RCF
(PTotal

The electron beam divergence and scattering in the materials encountered, such as the

can be retrieved.

13 pum thick aluminum foil, 75 pm thick vacuum window, and the Lanex screen, cause the
electron fluence to decrease over the beam propagation from the interaction point to the ICT
and finally to the RCF [44]. For this reason, Monte Carlo simulations were performed using
the FLUKA code [47,48] to determine the ratio T, further referred to as the transmission
function, between electron fluences that will reach the ICT and the RCFE.

Simulation parameters such as the distance between the ICT, RCF, and the entrance
window were set to be the same as during the experiment while taking into account both
the aluminum foil and the Lanex screen placed at the entrance window. In order to obtain
good statistical accuracy per energy bin of finite width denoted with the index i, an electron
beam consisting of 6 x 10° primary particles was considered. The spectrum of the primary
particles was retrieved by the experimental one (see Figure 6), corrected for the effects
due to the propagation through the different elements (including vacuum, Al foil, vacuum
window, and air) from the source up to the magnetic dipole; to this purpose, the FLUKA
code was used to retrieve the flux on the dipole at selected energy bins. Such a procedure
resulted in a “transfer function,” which was used to backpropagate the measured spectrum
for this purpose. The energy-dependent electron fluences ¢; were retrieved at the position
of the ICT and the RCF strip, while their ratio was calculated to obtain the transmission
function T; for which ‘P%gl =Y T,-(/)}CT and T; < 1Vi. Based on the results depicted in
Figure 8, T can be approximated with relatively high accuracy as a constant value, defined
as an average T = 0.409 £ 0.012. Such a value of T is consistent with the recent study [44]
showing that upstream components, particularly the Lanex screen, induce scattering and
divergence growth, perturbing electron trajectories and reducing the fraction of electrons
that reach the downstream RCF after the ICT.

20 T T T
—— Fluence at the ICT
—}— Fluence at the RCF
Nr—! 15 [ 7
€
L
g 107
c
2
S 5f
S
O L
20 40 60 80 100
Transmission function
1t —+ 7-0.40920.01
| aa 252 Rl s it St P 3 e Lo S5
= of
30 35 40 45 50 55

Exin [MeV]

Figure 8. Blue line—fluence distribution at the ICT. Red line—fluence distribution at the RCF.
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Eventually, one can rewrite <p¥§§l =T- ¢ITC0£1 by using the equation
RCF 2
d
QRCF__¢?P1.<2> e, (6)

where e is the elementary charge. Therefore, it is possible to obtain the electron beam charge
Qrcr, from the knowledge of the deposited dose to the RCF strip, i.e., using Equation (5),
and T. The results are shown for each irradiated RCF in Table 3.

Table 3. Calculated electron beam charge values Qrcr based on the deposited dose to each RCF strip
using Equations (5) and (6).

Qrcr [pCl
RCF1 RCF 2 RCF 3 RCF 4

Total charge: 692.1 £ 38.8 814.5 £ 47.2 881.6 =53.9 1091.3 £ 61.0

Comparing these results with the charge measured by the ICT as shown in Figure 9, it
is evident that the two measurements are consistent. It should be noted that for significant
changes in the electron energy range, the calibration of the dose monitoring system will
change. The new calibration formula can then be calculated from the stopping power and
the transmission curve.

1400 —— Linear fit: Qrer=1.05262:Qicr = 0.99433
R2 = 0.990
X2 =0.217

1200 % Data

Qrcr [pC]
=
o
S
o

800¢

600

700 800 900 1000
Qict [pC]

Figure 9. Total Qjct expressed as a function of total Qrcr in pC.

4. Conclusions

Laser plasma accelerators are gradually gaining importance in the medical field as
radiation sources for innovative FLASH radiotherapy due to their capability of producing
Very High-Energy Electron (VHEE) beams. Given the strict conditions put on the quality
of the generated electron beams with the requirement of delivering a dose to the target,
non-invasive beam diagnostic devices are required. Therefore, we have developed a
real-time dose monitoring system based on a charge measurement with an integrating
current transformer equipped with a collimator with an aperture corresponding to the
sample transverse dimensions. After calibration, the system is suited to monitor with a
few percent accuracy the dose delivered to a sample whose thickness is assumed to be
less than the penetration depth of electrons at the lowest energies measured in our setup.
Further developments include the possibility to access calibration based on a single shot,
rather than averaging multiple shots. This will require replacing radiochromic film with a
more sensitive dosimetric detector to capture dose on a single shot. Our study ultimately
provides direct access to dose monitoring to be implemented in future preclinical and
clinical settings based on laser-driven VHEE radiotherapy devices.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/instruments9040025/s1, Figure S1: Electron beam pointing
prior to RCF irradiation. The captured signal originates from the Lanex screen placed at the vac-
uum-air entrance window, imaging through the collimator and ICT aperture. These images represent
a subset of the data used to estimate the electron beam pointing, from which values of oy ~ 3.6 mrad
and 0, &~ 2.9 mrad at the entrance window (58 cm away from the laser-plasma interaction) were
retrieved. Figures (B) and (F) show minimal light yield from the Lanex, while figures (E) and (H)
indicate a portion of the electron beam hitting the ICT collimator; Figure S2: Correlation between
the integrated density signal from Lanex and the corresponding single-shot ICT measured charge.
Measured data labeled as “low light yield at Lanex” (grey dots) correspond to figures (B) and (F)
in Figure S1, while data labeled as “collimator hit” (red dots) correspond to figures (E) and (H).
Integration area of the Lanex signal corresponds to diameter of 4 = 1.93 cm.; Figure S3: Extracted
horizontal and vertical 1D dose profiles through the ICT aperture center from the 2D dose maps
reported in Figure 4 of the main article; FLUKA Simulation parameters.
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