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Abstract

We report on the characterisation of a laser driven,
very high energy electron source for radiobiological ap-
plications. This work builds on preliminary findings
that demonstrated significant reduction of the relative
radioresistance of cancerous tissue using this radiation
source when compared to conventional radiotherapy
techniques. High charge electron beams (∼nC) were gen-
erated by a laser driven plasma wakefield accelerator al-
lowing for dose deposition up to and exceeding 3Gy per
pulse. The electron beam duration was approximately
25 fs, equating to unprecedented mean dose-rates in ex-
cess of ×10 13Gy/s. The radiation source was charac-
terised, compared to Monte Carlo simulations and its
applications to radiobiological research discussed.

1 Introduction

The clinical management of cancer is still a challeng-
ing problem in the twenty-first century. About 50% of
cancer patients receive radiation therapy at some point
during their illness, and it accounts for 40% of cancer
cures [1]. The main goal of radiotherapy is to minimize
the damage and exposure of normal tissue to radiation
while also delivering the required dose to cancerous cells.
While radiotherapy is an effective cancer treatment, it
can also cause significant side effects and may fail to
eliminate cancerous tissue, as cancer cells often exhibit
greater radioresistance than normal tissue [2]. Continu-
ous research into different techniques is therefore essen-
tial to achieve the best outcomes for patients.

Conventional radiotherapy techniques, which are rou-
tinely used for current radiation treatments, typically
deliver low dose-rate (≈ 1 Gy/min) radiation in fractions
over several weeks, providing time for healthy tissue to
repair between sessions. Delivery procedures are well op-
timized, however, this approach can still result in dam-

age to normal tissue and the therapeutic effectiveness
can be limited in some cases [3]. Recently, FLASH ra-
diotherapy (FLASH-RT) has emerged as a cutting-edge
research focus in the field of radiation therapy. It has
shown potential to improve outcomes by delivering high
radiation doses to the treatment target in short times,
equating to dose-rates much higher than that of conven-
tional radiotherapy techniques (≥ 40 Gy/s). FLASH-RT
has been shown to reduce the toxicity to normal tis-
sues while achieving comparable tumor control efficacy
to conventional radiotherapy. Although the results are
not yet fully understood, FLASH-RT offers a promis-
ing direction for cancer treatment [3]. Advancements in
laser technologies have significantly expanded the field,
enabling the development of laser-driven particle accel-
erators as an alternative to conventional facilities. These
systems can deliver ultra-short, high dose-rate pulsed ra-
diation sources with timescales shorter than nanoseconds
[4, 5, 6]. With Gy-scale dose deposition achievable per
pulse, laser-driven particle accelerators can achieve un-
precedented mean dose-rates ≥×10 9Gy/s.

Recent advancements in laser wakefield acceleration
(LWFA) have enabled the routine generation of very high
energy electron (VHEE) beams (≥ 100 MeV) with high
charge (≥ 1 nC) and pulse durations as short as tens
of femtoseconds [7]. Since the late 1990s, VHEEs have
been proposed for the treatment of deep-seated tumors
[8]. VHEEs can achieve excellent dose conformity due
to their dose distributions and deep penetration depths,
which is attributed to their high inertia. This makes
them comparable to, if not better than, current treat-
ment modalities[9, 10]. Theoretical studies indicate that
VHEEs can enhance the sparing of critical structures
while providing similar or superior target coverage than
photons, with reduced susceptibility to tissue inhomo-
geneities [11, 12, 13]. More recent Monte Carlo and ex-
perimental studies showed that by externally focusing
the electron beam using a magnetic lens, the depth-dose
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profile of a collimated VHEE beam, which is almost uni-
form, results in a profile that resembles a degraded Bragg
peak. These focused VHEE beams concentrate dose into
a well-defined volume deep in tissue reducing surface and
exit doses [14, 15, 16]. These findings point to a new,
promising direction in radiobiological research.

Knowledge and understanding of DNA damage and
repair following irradiation with laser-driven electron
beams remains limited due to variations between the ra-
diation source. Some literature report on the accumula-
tion of multiple pulses delivering mGy to cGy doses util-
ising low energy electrons [17, 18, 19] and VHEEs [20],
while others report on single pulses of low energy elec-
trons with sub-picosecond durations [21] and nanosecond
durations [22]. Recent work by our group and the work
presented in this report extends on the above literature,
utilising femtosecond pulses of VHEEs with each pulse
delivering Gy-scale doses, marking a significant advance-
ment in the field. Preliminary results, when delivering
laser driven, ultra short, VHEE beams onto cell samples,
show significant reduction of the relative radioresistance
of cancerous tissue compared to conventional radiother-
apy methods [4]. The extremely short duration of these
beams approaches timescales comparable to the initial
cellular response to ionising radiation, allowing possible
novel phenomena in radiobiology to be investigated [23].

Building on the preliminary studies which demon-
strated the potential of a LWFA VHEE source as a plat-
form for femtosecond-scale, radiobiological research, this
study expanded on initial results by irradiating seven dif-
ferent cell lines (five cancerous and two healthy). The
goal was to confirm that the enhanced killing of can-
cerous cells with ultra-short electron beams, compared
to conventional radiotherapy techniques, is consistent
across all cell lines and independent of cell type.

2 Experiment set-up

Figure 1 shows a schematic of the experimental set-up
used at the Gemini laser, Central Laser Facility, UK,
which delivered laser pulses with (6.3 ± 0.3) J of en-
ergy in (45 ± 5) fs. The normalised laser intensity was
measured as a0=1.4±0.1. The laser was focused using a
F/40 off-axis parabola 5mm above a 15mm long super-
sonic gas-jet where a 2% nitrogen in helium gas target
was used.

The energy spectrum of the accelerated electrons was
obtained using a magnetic spectrometer consisting of a
removable 30 cm, 1T dipole magnet and two LANEX
scintillator screens. Two LANEX screens, L1 and L2,
were used to capture the full range of energies, detecting
higher and lower energy electrons, respectively. A Mu-
metal tube was installed on the dipole magnet to shield
on-axis electron shots from fringe fields.

A Kapton and Kevlar window (with 130µm and
370µm thicknesses, respectively) was used to allow the

Figure 1: Simplified schematic of the experimental set-
up. The magnetic spectrometer consists of a removable
1T dipole magnet and two Lanex screens, L1 and L2.
A third LANEX screen, L3 is positioned behind the cell
wheel to obtain online dose profiles of the electron beam
for on axis-shots.

propagation of the electrons from the vacuum chamber
into the cell irradiation area. A removable set of 1mm
PTFE and 1mm Fe plates were placed directly after the
Kapton window to increase the divergence of beam- re-
quired for some cell analysis. The residual laser beam
was dumped onto a 1 mm ceramic screen positioned in-
side the vacuum chamber. Up to 10 cell samples were
placed in the sample wheel, which was rotated to irra-
diate different samples after each shot. A third dose-
calibrated LANEX screen, L3, was positioned behind
the cell wheel to provide online dose profile measure-
ments during optimization and characterization. Each
cell sample had a stack of three RCFs facing the elec-
tron beam to obtain final absolute dose measurements
from the optimised electron beam.

3 Main results

Figure 2 shows the electron energy spectra for 10 shots
with the mean displayed as the thick black line and stan-
dard deviation represented by the grey shading. The
mean charge of the electron beam, Ne, was 1.8± 0.3 nC.

Figure 2: The angularly integrated spectra of 10 con-
secutive shots at different energies in MeV. The mean
of these 10 shots is displayed as the black line, with the
standard deviation as the grey shading.

The maximum duration of LWFA electron beams can
be estimated to be on the order of the plasma bub-
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ble radius, which can be estimated as rb/c = 2
√
a0/ωp

where c and ωp are the speed of light and plasma fre-
quency, respectively [24]. Using the electron plasma den-
sity ne, which was measured via optical interferometry
as (2.8± 0.2)× 1018 cm−3, the plasma frequency ωp was
calculated. Along with the a0 stated above, the electron
bunch duration τe was estimated to be 25± 1.8 fs.

The dosimetric properties of these beams were mea-
sured when the magnet was retracted off-axis. The dose
measured on the LANEX screen for 12 consecutive shots
is shown in figure 3. It is clear that the electron beam ex-
hibits both shot-to-shot pointing and dose fluctuations.
This pointing fluctuation can be attributed to the point-
ing of the LWFA laser, shot-to-shot instabilities in the
plasma channel and fluctuations in laser parameters [25].
The root-mean-square deviation in electron beam point-
ing was measured to be 2.40mrad and the divergence of
the electron beam was measured to be 1.44 ± 0.42 mrad.

Figure 3: Dose profiles and pointing stability obtained
from the LANEX screen behind the cell samples for 12
consecutive shots after optimisation. The peak dose for
each shot is printed in white.

For certain cellular analysis techniques, a larger irradi-
ation area was required. This was achieved by the addi-
tion of 1mm PTFE and 1mm Fe plates at the exit of the
vaccuum chamber. Monte Carlo simulations using the
TOPAS (Geant4) code were run to fully characterise the
effect that the addition of the two plates had to the elec-
tron beam. In the simulations, the electron beam was
input with a custom energy spectrum using the average
of the measured electron spectra in figure 2. The beam
divergence was input as stated above and the cell sam-
ple was replaced with a 1.5×1.5×10 cm water phantom,
split into 50 µm3 voxels for dose scoring in the trans-
verse and longitudinal directions. The simulations were
run with 107 primaries, and the results scaled to match
the measured electron beam charge.

Figure 4 shows RCF measurements for when the two
plates were removed and inserted, alongside the corre-

sponding TOPAS simulation results.

Figure 4: Dose profiles from RCF measurements (a, b)
and corresponding TOPAS simulations (c, d). Depth-
dose curves are shown in (e, f), with the cellular irradia-
tion area highlighted in grey. Results without the PTFE
and Fe plates are displayed on the left (a, c, e), while
results with the plates are shown on the right (b, d, f).

The full-width half-maximum (FWHM) of the electron
beam, visible in figure 4 (a), was measured to be 0.92cm
x 0.94 cm. This measured value from the RCF is well in
agreement with the simulated values of 0.92cm x 0.93cm
as seen in figure 4 (c). The average doses across the
FWHM region were 2.2Gy and 2.6Gy for measured and
simulated results, respectively. Figure 4 (e) shows this
average dose value along the cell sample in the longitudi-
nal direction, where the variation of dose in the shaded
cell area region was 0.61%. The results following the in-
sertion of the PTFE and Fe plates can be seen in figures 4
(b, d, f). The measured FWHM values show an increase
of 54% to 1.42cm x 1.43cm as well as a 43% increase in
the simulated results to 1.31cm x 1.32cm. The average
dose values were effectively halved with measured and
simulated results of 1.1Gy and 1.3Gy, respectively. The
variation in average dose in the longitudinal direction in
the cell area was 0.43%.

It was important to verify that the insertion of the
two plates into the setup did not generate significant
amounts of bremsstrahlung radiation. TOPAS simula-
tions showed that the addition of the two plates to the
set-up resulted in a 0.31% rise in gamma radiation con-
tribution to the total dose deposited in the cell region,
compared to the setup without the plates. Overall, the
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dose deposited by gamma radiation on the cell plane was
in the range of 20-30mGy, which was a negligible fraction
(∼1%) of the maximum dose delivered by the electron
beams.

Shot-to-shot stability of all the beam parameters is
of crucial concern for real clinical applications. We ob-
served the beam charge to be rather stable when aver-
aged over 10 laser shots, however, the dose and beam
pointing are quite variable. This in turn limits the ap-
plication of this source to radiobiological studies, which
require strict spatial and dosimetric properties for effec-
tive measurements of biological outcomes. That being
said, we successfully mapped the dose to the irradiated
cell area and conducted clonogenic cell assays as well as
53BP1 foci induction assays (to measure DNA double-
strand break repair, as seen in figure 5) similar to before
[4], to quantify the effect that this radiation source has
on biological samples.

Figure 5: 53BP1 Foci Formation. Foci distributions
as functions of time (0.5hr, 24hr after irradiation) for
RPE-1, a healthy cell line, and MCF7, a cancerous cell
line. Shown are merged channel images of 53BP1 DNA
DSB marker (green) and DAPI nuclear stain (blue).

4 Conclusions

Our study presents a comprehensive characterisation of
a laser driven electron beam produced by the Gemini
laser. Our results show that doses exceeding 3Gy can be
attained within an estimated 25 fs pulse duration. With
Gy-scale dose deposition in a femtosecond pulse, this
electron source enables unprecedented dose-rates in ex-
cess of ×10 13Gy/s to be achieved. The duration of the
electron beam aligns with the initial cellular response to
ionising radiation, allowing for a unique regime of radio-
biological research to be investigated.
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