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Abstract
Objective.We report on the first experimental characterisation of a laser-wakefield accelerator able
to deliver, in a single pulse, doses in excess of 1Gy on timescales of the order of a hundred
femtoseconds, reaching unprecedented average dose-rates of up to 1013 Gy s−1. Approach. The
irradiator is demonstrated to deliver doses tuneable up to 2.2Gy in a cm2 area and with a high
degree of longitudinal and transverse uniformity in a single irradiation.Main results.
Proof-of-principle irradiation of patient-derived glioblastoma stem-like cells and human skin
fibroblast cells show indications of a differential cellular response, when compared to reference
irradiations at conventional dose-rates. These include a statistically significant increase in relative
biological effectiveness (1.40 ± 0.08 at 50% survival for both cell lines) and a significant reduction
of the relative radioresistance of tumour cells. Data analysis provides preliminary indications that
these effects might not be fully explained by induced oxygen depletion in the cells but may be
instead linked to a higher complexity of the damages triggered by the ultra-high density of ionising
tracks of femtosecond-scale radiation pulses. Significance. These results demonstrate an integrated
platform for systematic radiobiological studies at unprecedented beam durations and dose-rates, a
unique infrastructure for translational research in radiobiology at the femtosecond scale.

1. Introduction

Radiotherapeutic methods are among the most effective ways of treating cancer (Ahmad et al 2012), even
though they are known to be prone to significant side effects, such as the development of secondary cancers
(2024) and tissue damage that may require surgical intervention (Salvo et al 2010). These issues generally
result in conservative approaches by clinicians, with improvements mainly focussed on the precision and
control of dose delivery (Harrington 2019). As recognised by the research community (Freeman 2021) , these
technological advancements are, however, yet to be matched by the same level of effort in understanding of
their physicochemical effects. This approach is fully justified, if one considers that a fundamental
understanding of cellular response to ionising radiation requires disentangling an intricate web of processes
and mechanisms, crossing boundaries between physics, chemistry, and biology. These processes typically
span more than twenty orders of magnitude in time, starting with ionisation and the generation and
diffusion of radicals (from a few to hundreds of femtoseconds after irradiation), through the chemical
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reactions inducing DNA damage and repair (from picoseconds up to minutes after irradiation), and ending
with the macroscopic effects induced by the biological response of the cells (emerging even years after
irradiation) (Adams and Jameson 1980).

The primary role of ionising radiation is to produce radicals in the cell, a task that is typically completed
within the first few to hundreds of femtoseconds after entering biological tissue (Adams and Jameson 1980).
The water radical cation H2O+ then undergoes an ultrafast proton transfer reaction to a neighbouring water
molecule to form the hydroxyl radical (Loh et al 2020), while the electrons solvate within 200—500 fs (Low
et al 2022). Hydroxyl radicals can trigger extensive oxidative damage in the cell, while solvated electrons may
cause genomic damage by dissociative electron attachment (Alizadeh and Sanche 2012). The potential effects
of continued dose delivery during these early physico-chemical stages is largely unknown but is expected to
be non-negligible. It is possible that protracted irradiation times might significantly impact the efficiency of
signalling channels and repair processes, and on the recruitment of transducer proteins for programmed cell
death or senescence (Harrington 2019). As an example of this secondary effect of radiation, it is known that
radiation delivered after the solvation of the electron (>500 fs) can induce its excitation, thus altering its
reactivity (Low et al 2022).

Conventional radiotherapy typically delivers Gy-scale doses over a range of minutes, using trains of
µs-long mGy pulses (Schüler et al 2022). Also the FLASH-RT regime, while achieving relatively higher
average dose-rates in the range of 10 s—100 s Gy s−1 (Harrington 2019, Leavitt et al 2023), still operates on
timescales that are significantly longer than the cell’s physical response (Adams and Jameson 1980) (see
table 1). In order to minimise secondary effects triggered by protracted irradiation, it is thus essential to enter
a fundamentally different regime, where Gy-scale doses are delivered in a single pulse with a duration
comparable to that of the physical response of biological tissue (i.e.≲100 fs), resulting in average dose-rates
of the order of 1013 Gy s−1. Radiation delivery at such a high dose-rate will also be associated with a much
higher density of ionising tracks and radical clouds, which might induce non-linear effects in the radical
chemistry and in the processes involved in DNA damage and repair. While recent numerical work suggests
that these effects might be negligible up to the nanosecond timescale (Thompson et al 2023) and no
experimental evidence has been thus far observed on differential response down to tens of picoseconds (see,
e.g. references (Hill et al 2002, McAnespie et al 2023)), the importance of these effects is still largely unknown
for femtosecond-scale radiation. The ultra-high dose-rate (UHDR) regime accessed by femtosecond-scale
radiation is thus fundamentally distinct from FLASH-RT deliveries (Harrington 2019, Leavitt et al 2023) and
the observed potential benefits of FLASH-RT irradiation are likely to be triggered by mechanisms of a
different nature.

Laser-driven particle accelerators have been identified as potential tools to access this novel regime of
radiobiology, due to the inherently short duration of the particle beams that they can produce.
Proof-of-principle experimental studies of the biological effect of UHDR radiation have been recently
reported using a wide range of radiation and particle beams (see, e.g. references (Nias et al 1970, Adams and
Jameson 1980, Hill et al 2002, Acharya et al 2011, Doria et al 2012, Beyreuther et al 2015, Oppelt et al 2015,
Margarone et al 2018, Hanton et al 2019, Kroll et al 2022, McAnespie et al 2023), figure 1, and table 1 for a
qualitative summary of typical parameters). However, these could only achieve Gy-scale irradiations either
via dose fractionation (Beyreuther et al 2015, Oppelt et al 2015) (thus still resulting in average delivery times
of the order of seconds to minutes) or on timescales of the order of nanoseconds (Nias et al 1970, Adams and
Jameson 1980, Acharya et al 2011, Doria et al 2012, Margarone et al 2018, Hanton et al 2019, Kroll et al 2022)
or tens of picoseconds (Hill et al 2002, McAnespie et al 2023). In all cases, no definitive deviation of
radiobiological response from dose delivery at conventional dose-rates has been reported.

Here, we experimentally demonstrate that single-pulse delivery of Gy-scale doses at the femtosecond level
can now be achieved using a wakefield accelerator (LWFA, see, e.g. reference (Esarey et al 2009)) driven by
oversized laser focal spots (Poder et al 2024). The capability of performing single-shot irradiations, together
with the on-shot full characterisation of the dose deposited, makes the experimental platform robust to
shot-to-shot variations in the electron beam characteristics. The wakefield accelerator, driven by a 100
TW-class laser system, is shown to deliver doses tuneable from zero up to 2.2Gy at a duration of the order of
150 fs, resulting in average dose-rates up to 1013 Gy s−1. This novel accelerator configuration provides a
step-change enhancement in capability when compared to other laser-driven sources able to deliver Gy-scale
doses at 20 ps (McAnespie et al 2023, 2024), by reducing dose delivery times by more than two orders of
magnitude and thus allowing access to the physical stage of cellular response to radiation.

The viability of this radiation source for radiobiological studies at the UHDR frontier has been
demonstrated by performing pilot irradiations of patient-derived glioblastoma stem-like cells (E2 cell line)
and human skin fibroblast cells (AG01522 D cell line), typical models to mimic tumour and healthy tissue in
the laboratory. The results have been compared to irradiation at a conventional dose-rate of 0.49 Gymin−1

using a 225 kVp x-ray source, a widely accepted standard in comparative radiobiology against which relative

2



Phys. Med. Biol. 70 (2025) 155001 C A McAnespie et al

Table 1. Qualitative summary of parameters for conventional, flash, and ultra-high dose-rate irradiations. The figures quoted are only
indicative for the wide breadth of irradiation modalities in each configuration.

Conventional Flash Other laser-driven This work

Delivery mode Pulse trains Pulse trains Single pulse or trains Single pulse
Dose per pulse mGy Fraction to a few Gy mGy up to 10Gy Up to 2.2Gy
Intra-pulse dose-rate Up to 103 Gy s−1 Up to 106 Gy s−1 Up to 1011 Gy s−1 >1013 Gy s−1

Total irradiation time s to min ms to s ps—s ≃150 fs
Average dose-rate Gymin−1 10 s–100 s Gy s−1 109 − 1011 Gy s−1 >1013 Gy s−1

Average beam density ≃10−2 cm−3 ≃1− 100 cm−3 > 1010 cm−3 >1012 cm−3

Figure 1. Timescales accessed in this work compared to state of the art: single-shot dose and irradiation times accessed in this
study (green rectangle) compared with the typical timescale of the physical response to radiation (blue band) and representative
experimental work reported in the literature for electron, photon (orange dots) and ion (grey dots) irradiations. Dose-rate
isocurves are shown for comparison (green dashed lines).

biological effectiveness (RBE) is typically calculated (see, e.g. reference (Murshed 2019)). Even though the
energy of the photons is much lower than that of the electrons from a wakefield accelerator, we note that
recent numerical work has demonstrated that doses delivered by high energy electron beams at conventional
dose-rates do not induce a statistically significant change in biological outcome if compared to sub-MeV
x-rays, with an RBE still approximately equal to 1 (Delorme et al 2021). This conclusion is supported by
proof-of-principle simulations using TOPAS (Perl et al 2012) of the propagation of an electron beam with
the same spectrum that we observed experimentally and the 225 kVp x-ray source through a 10micron water
sphere. The distribution of linear energy transfer (LET) is very similar for the two radiation sources, with the
225 kVp x-rays showing, on average, a slightly higher LET (weighted average of 2.0 keVµm−1 and
0.2 keVµm−1 for the 225 kVp x-rays and VHEE electrons, respectively).This is also consistent with other
proof-of-principle experiments using laser-wakefield electron beams operating at conventional average
dose-rates (see, e.g. references (Beyreuther et al 2015, Oppelt et al 2015)).

When compared to reference irradiations at conventional dose-rates, clonogenic survival assays and DNA
damage measurements by 53BP1 foci induction under normoxic and hypoxic conditions provided
preliminary indication of differential response to femtosecond-scale radiation. Both tumour and normal cell
lines exhibited an RBE= 1.40 ± 0.08 at 50% survival, in conjunction with a higher concentration of damage
sites per cell with a statistically significant larger foci size. Interestingly, the typically higher radioresistance of
tumour cells was also considerably reduced at these UHDRs. Recent results obtained at picosecond
timescales (≈10–20 ps) did not provide clear evidence of these effects (Hill et al 2002, McAnespie et al 2023),
suggesting that they might be related to novel effects arising at these ultra-short timescales.

This experimental platform provides a novel and integrated infrastructure for radiobiological research at
the femtosecond scale, i.e. at timescales comparable to the physical response of cells to radiation (Adams and
Jameson 1980). The demonstrated irradiation area and spatial uniformity are also consistent with those used
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in other proof-of-principle in-vivo irradiation (see, e.g. reference (Kroll et al 2022)). The proof-of-principle
demonstrator presented here thus provides hypotheses-generating evidence that lays the foundations for
further steps including in-vivo and pre-clinical studies.

2. Experimental setup and electron beam properties

The experiment (sketched in figure 2) was carried out using the Gemini laser at the Central Laser Facility,
UK, which delivered laser pulses with (6.7± 0.3) J of encircled energy in focus in (45± 5) fs. The laser was
focused using an F/40 off-axis parabola 5mm above a 15mm long supersonic gas-jet to drive the laser
wakefield accelerator, in conditions similar to reference (Poder et al 2024). A 98% He–2% N2 gas mixture
was used, and the electron bunches were produced following ionisation injection (Pak et al 2010, Mirzaie
et al 2015), resulting in broadband and high-charge ultra-relativistic beams. The electron plasma density in
the accelerator was measured via means of optical interferometry to be ne = (4.0 ± 0.4)×1018cm−3. The
residual laser exiting the gas-jet was dumped by a 1mm ceramic screen placed 1m downstream of the gas-jet.
In this article, we present results of foci formation and clonogenic assays, which require different electron
beam characteristics. Foci formation studies generally require a larger irradiated area with a deposited dose
of the order of 1Gy, while clonogenic assays require higher and tuneable peak doses to be delivered in a
smaller region. After an extensive parametric scan of the performance of the accelerator, it was found that the
electron beam divergence—and, therefore, the beam size at the irradiation plane—could be controlled by
varying the laser intensity in focus, with smaller beam divergences obtained at higher laser intensities. This
can be intuitively understood by considering that, in this regime, a higher laser intensity results in stronger
electron cavitation, which in turn may produce higher focussing fields in the accelerating cavity (Lu et al
2007, Esarey et al 2009). The laser intensity in focus was controlled by modifying the size of the laser focal
spot using an adaptive optic placed before the off-axis parabola. For the foci formation studies, the laser was
focussed down to a focal spot size of (52.4± 1.8)µm by (72.8± 1.8)µm, resulting in a peak intensity of
(3.9 ± 0.4)× 1018 Wcm−2 (dimensionless laser intensity a0 = 1.4 ± 0.1). For the clonogenic assays, the
laser was focussed down to a focal spot size of (46.3± 0.9)µm by (60.6± 1.7)µm, resulting in a peak
intensity of (5.4± 0.5)× 1018Wcm−2 (dimensionless laser intensity a0 = 1.6 ± 0.1).

The electron beam from LWFA was diagnosed, immediately before and after each cell irradiation run,
using a magnetic spectrometer consisting of a 30 cm, 1 T dipole magnet and a LANEX scintillator screen
(Glinec et al 2006), allowing for the simultaneous measurement of spectrum, energy-dependent divergence,
and total charge of the beam. The measured electron spectra used for the foci formation studies and the
clonogenic assays are shown in figures 3(a) and (b), together with their standard deviation. The divergence of
the electron beam was measured at the cell plane to be 3.6 ± 1.1mrad and 2.3 ± 0.3mrad for the foci
formation and the survival studies, respectively.

The electron beams presented relatively flat spectra extending from 200MeV (lower detection limit of the
magnetic spectrometer) up to 600MeV, as typically expected from LWFA following ionisation injection (Pak
et al 2010, Mirzaie et al 2015), and contained a total charge in the range of 1–2 nC. The different spectral
shape of the electron beams can be qualitatively understood by considering that, in the initial phases of the
wakefield acceleration process, the laser beam undergoes strong self-focusing, which is a highly non-linear
process dependent on the incident intensity distribution. This can significantly affect the injection and
acceleration processes (Mangles et al 2012, Poder et al 2024) and, thus, the spectral shape and total charge of
the electron beam. While the electron beam spectrum could only be measured immediately before and after
irradiation, we note that spectral variations of this kind have a negligible effect on the dose deposited (e.g.
variation of<0.5% in dose between electrons at 200 and 800MeV across a 1 cm depth in the sample). The
deposited dose is thus predominantly dictated by the electron beam charge and spatial distribution at the
sample.

Since it was not possible to measure the electron beam duration directly, it has been inferred from
matching Particle-In-Cell simulations using the FBPIC code (Lehe et al 2016). The simulation assumes a
15mm plasma with an electron density of 4.0×1018 cm−3 composed of 98% of helium and 2% of nitrogen
with 1mm cosine ramps at either side. The simulation box lengths were 145µm and 90µm along the
longitudinal (z) and radial (r) directions respectively, with a resolution of 50 nm× 0.8 µm. A moving
window set-up was used to simulate the entire plasma length. The particles per cell were 2 along z, 2 along r
and 8 along θ, and two azimuthal modes were used. A Gaussian laser pulse with a central wavelength of
800 nm and a pulse length of 45 fs at FWHM was focused inside the plasma to a spot size of 53µm
corresponding to a normalised vector potential a0 = 1.6. A snapshot of the electron density in the r–z plane
at the end of the acceleration inside the plasma is shown in figure 3(c). The accelerated electron beam
presents a similar spectrum and overall charge to those experimentally measured. The accelerating bubble

4



Phys. Med. Biol. 70 (2025) 155001 C A McAnespie et al

Figure 2. Sketch of the experimental set-up: (a) top-view sketch of the experimental setup. L1 and L2 are calibrated Lanex
scinitillator screens used for spectrum and dose measurements, respectively. B1 is a removable 30 cm-long 1 T dipole magnet. The
laser-driven accelerator was placed in a vacuum chamber with the electrons propagating, through a thin vacuum window made of
Mylar and Kapton, onto a shielded cell irradiation area in air. Sketch of the cell irradiation area used for the foci formation studies
(b) and for the clonogenic assays (c).

Figure 3. Electron beam properties: measured averaged angularly integrated spectra of the electron beams used for the (a) foci
formation studies and (b) clonogenic assays. Black solid lines and grey shaded areas indicate the mean electron spectrum and the
associated standard deviation, respectively, over an average of 30 shots. The mean and standard deviation of total charge in the
beam is shown as Q̄. (c) Snapshot of the electron density at the end of the electron beam acceleration from a matching FBPIC
simulation (details in the text), showing the accelerating cavity and an electron beam duration of the order of 150 fs.

extends for approximately three plasma periods and the electron beam has an overall duration of the order of
150 fs, which will be assumed hereafter.

3. Dose properties at the cell irradiation plane

The dipole magnet was removed for each irradiation run, with the electron beam propagating into a shielded
cell-irradiation area (see figure 2). The cell cultures were placed 1.7m downstream of the electron beam
source. Here, a second LANEX screen and absolutely calibrated EBT3 Gafchromic films (Karsch et al 2012,
Marroquin et al 2016, Jaccard et al 2017) were used to monitor, on-shot, the beam transverse profile and the
spatial distribution of dose deposited (see figure 2). The procedure to absolutely calibrate the RCF films at
conventional dose-rates is discussed in reference (McAnespie et al 2024). The use of RCFs at higher dose rates
is justified by recent experimental work that showed a high degree of linearity of EBT3 films in a range of
dose-rates up to 1.5× 1010 Gy s−1 (Karsch et al 2012). The excellent agreement between the measured dose
and the simulation results in this experiment (shown below) further confirms the suitability of these films
for this type of irradiation. The LANEX screen was calibrated by cross-comparison with the RCF films, with
the dose found to be linear with scintillation counts up to a maximum of 4Gy (McAnespie et al 2024).

Figures 4(a) and (b) show the typical spatial distribution of the dose delivered at the cell plane for both
the foci formation and the clonogenic studies, respectively. The dose profile is well approximated by a
Gaussian distribution with a standard deviation of 0.6 cm and 0.4 cm for the two cases. In the cell region, the
typical coefficient of variation of the dose distribution is 8.4% and 14.1%, respectively. The observed dose
was confirmed by matching Monte-Carlo simulations using the TOPAS (Geant4) code (Agostinelli et al 2003,
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Figure 4. Experimental and simulated dose profiles: (a), (b) examples of the measured transverse profiles of the delivered dose for
the foci formation and clonogenic assays studies, respectively. (c), (d) Corresponding simulated dose profiles obtained using the
Monte-Carlo scattering code TOPAS and assuming the average electron spectra shown in figure 3. Red circles indicate the area
occupied by the cell cultures. (e), (f) Simulated dose-depth profiles for each configuration. The solid rectangles indicate the
regions occupied by the cells. (g), (h) Lineout along the central axis of the simulated dose-depth profiles shown in frames (e) and
(f), respectively. The grey shaded regions indicate the regions occupied by the cell cultures.

Perl et al 2012, Allison et al 2016) (compare figures 4(a), (b) with (c), (d)). In the simulations, the electron
beam was input with a custom energy spectrum replicating the measured electron spectra in figure 3. The
source size was taken as 10 µm, whereas the beam divergence was set to be 2.3 and 3.6mrad for the foci
formation and survival studies, respectively, in order to match the values measured during the experiment.
In the simulations, the cell sample was replaced with a 2× 2× 10 cm water phantom, split into 50µm3 voxels
for scoring dose in the transverse and longitudinal direction. The simulations were ran with 109 primaries,
with the results then scaled to match the electron beam charge measured during the experiment. The
simulations also indicate a rather uniform dose-depth profile (figures 4(e)–(h)) with a variation of only 1.2%
over the region occupied by the cells, consistent with the weak dependency of LET on particle energy for
ultra-relativistic electrons. All these uncertainties in the dose have been taken into account in the analysis of
the data. In order to check potential discrepancies in dose deposition profiles between water and cell culture
medium, further simulations were performed assuming the typical composition of cell culture medium in
the experiment, i.e. Eagles MEM with Earles salts, L-glutamine and sodium bicarbonate including 10% Fetal
Bovine Serum (FBS) and 1% penicillin-streptomycin with a density of 1.007 g cm−3. Simulations indicate a
difference in dose deposition of 0.500± 0.005% over the sample depth. This percentage difference is much
smaller than the dose uncertainties in the experiment, justifying the use of water in the dose modelling.

While the electron spectra presented some level of shot-to-shot variability due to intrinsic fluctuations in
the laser and gas parameters, the results presented in this work are independent of it, thanks to the on-shot
measurements of the dose properties for each single-pulse irradiation. Furthermore, the dosimetric
properties of ultra-relativistic electrons present minimal variations across the energy range and cell-sample
depths relevant to this experiment; for example, simulations show that 200MeV and 800MeV electrons
present<0.5% difference in dose deposition across 1 cm of water. Nonetheless, the shot-to-shot fluctuations
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observed in this work, while not affecting the results reported here, can in principle be reduced down to the
percent level in a similar wakefield accelerator, as recently demonstrated experimentally (Maier et al 2020).

As a final remark, it should be noted that additional sources of radiation are generated during the laser
wakefield acceleration process and these contribute to dose deposition in the cell sample. X-ray betatron
radiation is produced by the transverse oscillations of the electron beam in the accelerating cavity (Kneip
et al 2010, Corde et al 2013, Cole et al 2018). While not directly measured in the experiment, simulations
indicate the generation of a co-propagating betatron x-ray beam with a critical energy of the order of 20–30
keV, a total number of photons of the order of 5× 1010, and an opening angle of∼10mrad, consistent with
similar experimental results obtained at the same facility (see, e.g. reference (Cole et al 2018)). TOPAS
simulations of our set-up show that photons with energies<10 keV are effectively stopped by the vacuum
window and laser dump. The remaining betatron photons deposit a dose of the order of 0.6mGy per nC of
electron charge at the cell sample. Bremsstrahlung photons are also generated during the interaction of the
primary electron beam with the vacuum window and laser dump. Simulations indicate a dose deposition of
1.3mGy per nC of electron charge. These photon sources thus deposit mGy-scale doses in the cells per
irradiation and will be neglected hereafter.

4. Cell cultures and analysis

Human skin fibroblast cells (AG01522 D) were obtained from Coriell Institute for Medical research and
maintained in α-modified essential medium (MEM), supplemented with 20% FBS and 1%
penicillin-streptomycin. Early passage cells (2–4) were used here after procurement from the Coriell institute.
Patient-derived glioblastoma stem-like cells (E2 cells) that expressed the most common stem cells biomarkers
such as Nestin and Sox-2 were also irradiated. The cells were cultured in Advanced DMEM-F12 medium
supplemented with B27, N2, L-Glutamine, heparin, epidermal growth factor and basal fibroblast growth
factor. All cells were incubated in 5% CO2 in air (unless otherwise stated) with 95% humidity at 37 ◦C.

For monolayer irradiations (foci kinetics), cells were plated in triplicates for each sample 24 h prior to
irradiation inside slide flasks, with approximately 1− 3× 105 cells transferred and incubated with 5ml
cell-specific medium. Prior to irradiation, the medium was removed and the slide flask filled with fresh
medium, as to cover the whole surface and prevent dehydration during the irradiation process. After
irradiation, the medium was replaced to cover the cells before incubation, until the desired fixation time had
passed.

The preparation procedure was different for cell suspensions (cell survival assay). Prior to irradiation, the
cells were detached from their culture flask using Accutase. The cell concentration was then measured and
used to fill a 500 µl Eppendorf tube. A typical cell concentration in this case was 1.5× 105 cellsml−1,
implying that≈7.5× 104 cells were irradiated for each sample. Six replicates were used for each endpoint.

In order to assess cellular response under hypoxic conditions, the cells were grown on customised
stainless steel dishes with a 3 µmMylar membrane base for cell attachment. The dishes were then inserted in
an custom-built hypoxia chamber (see (Chaudhary et al 2022) for full details). 95% N2 and 5% CO2 gas was
passed through the chamber at a flow rate of≈0.5 lmin−1. Once disconnected from the gas supply, the
chamber was then sealed. Previous calibration showed that the oxygen concentration remained below 0.4%
O2 for up to 45 min (Chaudhary et al 2022).

DNA double-strand break (DSB) repair kinetics were measured by the persistence of radiation-induced
foci as a function of time after irradiation. After irradiation, the cells were fixed in 5% paraformaldehyde at
time points of 0.5, 1, 6 and 24 h. After fixation, the cells were permeabilised, blocked in 10% goat serum and
probed with 53BP1 primary antibody for 1 h at 37 ◦C. The unbound primary antibody was then rinsed away
with triple washing of the samples. Subsequently, the cells were labelled with Alexa Fluor 488 conjugated
secondary antibody and finally mounted with glass coverslips using prolong gold antifade reagent containing
DAPI and left overnight to dry. For hypoxia samples, we used an antibody specific to hypoxia inducible
factor 1-α and used the same immuno-staining steps used for 53BP1. In each condition, 2 sham irradiations
were performed to measure endogenous and background foci formation. The oxic control values were
3.4± 1.0 and 2.0± 1.3 for AG0 and E2 respectively, with similar values of 2.9± 1.1 and 3.0± 0.9 for hypoxic
conditions. The number of 53BP1 foci reported here are radiation-induced and therefore control values had
been subtracted from the measured values. For comparison of results between Mylar and slide flask grown
cells, a reference comparison was performed at 0.5 h post irradiation. It was found that under oxic conditions
on Mylar and slide flasks the radiation-induced foci/cell/Gy were 24.3± 1.4 and 25.2± 1.6 respectively.
Therefore, there is no statistically significant effect on DNA DSB damage for cells grown on slide flasks or
Mylar, allowing a direct comparison between hypoxic and oxic data-sets despite the different cellular set-ups.

Cell survival assays were also carried out to quantify the ability of a cell to reproduce and form colonies
12–14 d after irradiation. After irradiation, the cells were transferred from suspension to six well-plates along
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with fresh medium before incubation. After 14 d, the cell medium was removed and the cells were stained
with crystal violet dye (Feoktistova et al 2016). The survival fraction (SF) is then quantified as

SF=
Colonies

Cells plated× PE
(1)

where PE is the plating efficiency, which was measured during two sham irradiations as 9.8% and 11.2% for
AG0 and E2 cells, respectively.

5. Foci formation results

DNA DSB repair kinetics were measured using 53BP1 foci induction for control, 0.5, 1, 6 and 24 h after
irradiation under both hypoxic and oxic conditions and for both cell types (E2 and AG01522 D). As an
example, figure 5 shows typical images of stained cells, as a function of time after irradiation for AG01522 D
cells, with a direct comparison between oxic and hypoxic conditions. The nuclear region of the cell is visible
in blue, showing consistent nuclear size and spacing between samples. Exemplary datasets for all irradiation
conditions and for both cell lines are available as Supplementary material.

Up to one hour after irradiation, an expected reduction of foci in the hypoxic case for both cell lines is
observed, a phenomenon linked to the well-known radiosensitising role played by oxygen in biological cells,
confirming successful hypoxia induction in our set-up. Successful induction of hypoxia is also visible in the
split channel images, available as Supplementary material, for both the AG0 and E2 cells. As expected, the
number of 53BP1 foci decreases in time for all conditions. However, the number of foci still persisting 24 h
after irradiation is not significantly different between the oxic and hypoxic conditions, at approximately 2
foci per cell per Gy (figure 6).

In order to quantify potential differences from lower dose-rate irradiations, reference experiments have
been carried out in similar conditions using a 225 kVp x-ray source (X-Rad 225, Precision, USA), operating
at a dose-rate of 0.49Gymin−1. Also in this case, both cell types were irradiated in oxic and hypoxic
conditions (split channel images available as Supplementary material). A direct comparison between the two
dose-rates for all the different configurations is shown in figure 7. In the oxic case (frames a. and b.), both
AG0 and E2 show a similar amount of foci induced immediately after irradiation for the two dose-rates. No
statistically significant difference is observed also in the average number of foci persisting 24 h after
irradiation, which is of the order of 1–2 foci per cell per Gy in both cases.

In the hypoxic case, there is an expected overall reduction in the number of foci detected promptly after
irradiation. However, the average number of foci persisting 24 h after irradiation does not show any
significant difference between the two cell lines and the two dose-rates. It must be noted that a
comprehensive characterisation of the role of oxygen concentration in cell damage and repair mechanisms
following femtosecond-scale irradiation will require dedicated and extensive studies (see also the ‘Discussion
and conclusions’ section). However, this proof-of-concept assessment gives a preliminary indication that
oxygen tension might play a limited role in the response of the cell to femtosecond-scale radiation and
demonstrates the full viability of this experimental platform to carry out systematic studies with varying
oxygen concentration.

While there is no statistically significant difference in the average number of foci persisting 24 h after
irradiation for the UHDR irradiations, a significant difference is observed in the sub-populations of cells
exhibiting multiple foci. This is shown in figure 8, which depicts histograms of the number of cells as a
function of the number of radiation-induced foci persisting 24 h after irradiation, for both AG01522 D and
E2 cells. For each cell-line, the distribution of foci per cell in UHDR conditions is significantly different from
that obtained at more conventional dose-rates, with an apparent increase in the number of cells with more
than one damage site (71± 4% for the UHDR compared with 33± 2% for x-ray irradiation for the
AG01522D cells and 63± 2% versus 46± 3% for the E2 cells). A two-sample Kolmogorov–Smirnov test on
the distributions yields p-values<0.001 in both cases, a strong indication that the two distributions are
significantly distinct.

The distributions of the size of the damage sites 24 h after irradiation are shown in figure 9 for both cell
lines under both irradiation conditions. The data is well-fitted by a two-Gaussian distribution in all cases,
indicating the presence of a bulk of relatively small-size foci and of a smaller population of foci with a larger
size. An increase in the average size of the damage sites is observed for the UHDR irradiation for both
AG01522 D and E2 cells, even though it is less pronounced for the AG01522 D cells (see figure 9). In both
cases a higher population of damage sites with sizes larger than 1µm contributes to the increase in average
size. A two-tailed t-test on both cell lines yields a p-value<0.001, indicating a high significance for the
increase in average foci size for both cell lines.
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Figure 5. 53BP1 foci distributions as a function of time after irradiation for AG01522 D: examples of merged channel images of
AG01522 D samples stained with 53BP1 DNA DSB marker (green), DAPI nuclear stain (blue) and HIF-1α hypoxia marker (red).
The images are shown as (from left to right) control, 0.5, 1, 6 and 24 h after irradiation and for oxic and hypoxic conditions (top
and bottom, respectively). Split channel images for all irradiation conditions and for both cell lines are available as Supplementary
material.

Figure 6. 53BP1 foci measurements for oxic and hypoxic conditions: background-corrected 53BP1 foci in AG01522 D (a) and E2
(b) cell samples as a function of time after electron irradiation. For each cell line, 53BP1 foci are measured in hypoxic (≃0% O2)
and normoxic (≃20% O2) conditions. Each distribution is obtained from a population of>150 irradiated cells in two individual
repeats, with error bars representing the standard deviation.

In summary, while the total number of damages is not significantly different in the UHDR irradiations
(figure 7), the increase in sub-population of cells with a higher number of damages (figure 8) and in the size
of the damage sites (figure 9) are indicative of more structured and clustered damages. This is a preliminary
signature of the induction of more complex—and, thus, less likely to be repaired—damages induced by
UHDR irradiation, with an indication of this effect being more pronounced for E2 cells. Direct comparison
between oxic and hypoxic conditions indicates that this effect might not be dominated by oxygen depletion
induced by the UHDR irradiation (more details in the ‘Discussion and conclusions’ section).

6. Clonogenic assay results

Cell survival assays in oxic conditions were performed to complement the DNA DSB repair kinetics
discussed in the previous section. The SF as a function of delivered dose is shown in figure 10 for both cell
types, with data in red showing the UHDR results and data in black showing reference data obtained with the
225 kVp x-ray source operating at a dose-rate of 0.49Gymin−1. The data is shown up to 3Gy for a better
visual comparison between x-ray and UHDR irradiation; full data sets for the x-ray irradiation over a larger
dose range are available as Supplementary material. Each dataset is fitted using the linear-quadratic model
(McMahon 2018):
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Figure 7. Comparison of UHDR radiation-induced 53BP1 foci with x-ray data: in all frames, red and grey bars represent the
results for UHDR irradiation and for irradiation using the low dose-rate x-ray source, respectively. (a) Oxic conditions for the
AG01522 D cells; (b) oxic conditions for the E2 cells; (c) hypoxic conditions for the AG01522 D cells; and (d) hypoxic conditions
for the E2 cells. Each distribution is obtained from a population of>150 irradiated cells in two individual repeats, with error bars
representing the standard deviation.

Figure 8. Distribution of sub-population of cells as a function of foci persisting 24 h after irradiation for (a) AG01522 D and (b)
E2, in oxic conditions. Each distribution is obtained from a population of>150 irradiated cells in two individual repeats, with
error bars representing the standard deviation in the data set. A two-Gaussian fit has been applied to guide the eye. The inset
indicates the average number (µ) and the standard deviation in the sample (σ) in each condition.
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Figure 9. Distribution of radiation induced 53BP1 foci size 24 h after irradiation for (a) AG01522 D and (b) E2 cells in oxic
conditions. Each distribution is obtained from>100 foci in two repeats, with error bars representing the standard deviation in
the data set. A two-Gaussian fit has been applied to guide the eye. The inset indicates the average size (µ) and the standard
deviation in the sample (σ) in each condition.

Figure 10. Cell survival assay results: comparison of cell survival assay for 225 kVp x-rays (black) and wakefield accelerated
electrons (UHDR, red) for (a) AG01522 D and (b) E2 cells. Each data set is fitted using the linear quadratic model (equation (2)).
The error in the SF is estimated as the standard error in the mean from two sets of six repeated measurements. The error in dose is
estimated as the convolution of the coefficient of variation across the irradiation region and uncertainties in the dose
measurements reported above. X-ray data is available as Supplementary material up to 4Gy but shown here only up to 3Gy for
easier visual comparison between x-ray and UHDR irradiations.

Table 2. Table of fitting parameters for figure 10 together with the mean inactivation dose D̄, and the relative biological effectiveness
(RBE) at 50%. The reduced χ2 values are provided as a measure of the goodness of fit.

Cell line Source α(Gy−1) β(Gy−2) D̄(Gy) RBE (50%) χ2

AG0 X-ray 0.37± 0.03 0.13± 0.01 1.46± 0.08 3.3
e− 0.74± 0.01 0.02± 0.01 1.27± 0.05 1.41± 0.08 0.5

E2 X-ray 0.32± 0.01 0.09± 0.01 1.77± 0.02 2.3
e− 0.54± 0.06 0.09± 0.02 1.35± 0.04 1.40± 0.08 1.0

S(D) = exp
[
−
(
αD+βD2

)]
, (2)

where S(D) represents the SF as a function of delivered dose D and α and β are fitting parameters,
qualitatively representing the relative weight of prompt damage induced by clustered hits from a single track
and accumulation of damage from multiple tracks, respectively (Joiner and Van der Kogel 2009, McMahon
2018). The obtained fitting parameters and their associated uncertainties for each data set are shown in
table 2.

The reference data obtained at 0.49Gymin−1 shows an expected degree of enhanced radioresistance for
tumour cells, with comparatively lower values of both α and β. This results in a higher mean inactivation
dose with D̄= (1.77 ± 0.02)Gy for E2 and D̄= (1.46 ± 0.08)Gy for AG01522 D. However, data obtained at
UHDR show a significantly different behaviour. The first apparent difference is a lower SF for both cell lines
across the dose range reported in this study, resulting in a RBE of 1.40 ± 0.08 at 50% survival for both cell
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lines. Associated with this, we observe a significantly lower mean inactivation dose for both cell lines, when
compared to irradiations at 0.49Gymin−1 (i.e. D̄= (1.35 ± 0.04)Gy versus D̄= (1.77 ± 0.02)Gy for E2
and D̄= (1.27 ± 0.05)Gy versus D̄= (1.46 ± 0.08)Gy for AG01522 D). The lower SF observed for the
UHDR electron irradiation appears to be related to a significantly higher α parameter, possibly indicating a
higher probability of induction of lethal clustered damages. Interestingly, the almost purely linear shape of
the UHDR survival curves closely resembles those typically obtained with irradiation with higher LET
particles, such as ions or protons (see, e.g. reference (Doria et al 2012)). This is also suggestive of more
complex damage from a single track.

Another difference observed at these dose-rates is the significant reduction in the relative radioresistance
of the E2 cells (see also figure 1(b) in the Supplementary material for a direct comparison between E2 and
AG01522D at UHDR). This is demonstrated by a similar mean inactivation dose for the two cell lines at
UHDRs with a relative difference of (D̄E2 − D̄AG0)/D̄E2 ≃ (6 ± 3)% for the UHDR irradiations, to be
compared with a relative difference of≃ (18 ± 3)% for the low dose-rate irradiations. As an example of this
reduced radioresistance of E2 cells, AG01522 D and E2 cell present a similar SF at 2.2Gy, the highest dose
accessed in this work (i.e. (16 ± 4)% for AG01522 D and (18 ± 2)% for E2).

7. Discussion and conclusions

The results presented here give the first experimental demonstration of the full capability of laser-wakefield
accelerators to access a novel regime of radiobiology, whereby single-shot Gy-scale doses can be delivered,
with a high degree of spatial uniformity, over timescales matching those of the physical response of biological
cells to radiation. A characterisation of the accelerator indicates that tuneable doses up to 2.2Gy can be
delivered over timescales of the order of 150 fs, resulting in unprecedented dose-rates up to 1013 Gy s−1.
Numerical modelling indicates that further optimisation of the laser and plasma parameters can allow
reaching doses of up to 4Gy per pulse with a 100-TW class laser, with higher doses in principle achievable at
PW-scale laser facilities. Full on-shot characterisation of the dose delivered allows disentangling of the results
from any potential shot-to-shot variations in the electron beam characteristics. The irradiation area and
dose-depth profile achievable by the accelerator are shown to be sufficient to proceed to follow-up in-vivo
studies (similar to reference (Kroll et al 2022)).

The viability of the radiation source to carry out radiobiological experiments has been tested with pilot
irradiation of patient-derived glioblastoma stem-like cells (E2 cell line) and human skin fibroblast cells
(AG01522 D cell line), typical models to mimic tumour and healthy tissue in the laboratory. The results have
then been compared with irradiation using a 225 kVp x-ray source with a dose-rate of 0.49Gymin−1, a
typical standard in comparative radiobiology with a defined RBE= 1.0 (Murshed 2019). Preliminary
indications of differential biological response to femtosecond-scale radiation have been observed, providing
hypotheses-generating evidence for further studies in this regime, in conditions that are fundamentally
different from FLASH radiotherapy.

Clonogenic assays indicate a statistically significant decrease in survival rate for both cell types, when
compared to the same range of doses delivered at 0.49Gymin−1. This is exemplified by a net decrease in
mean inactivation dose and an increase in the RBE for both cell types (RBE= 1.40 ± 0.08 at 50% survival).
The data also evidence an apparent relative reduction of radioresistance for the E2 tumour cells that, for
doses of the order of 2Gy, present similar survival rates when compared to the AG01522 D cells (SFs of
18 ± 2% and 16 ± 4% for E2 and AG01522 D, respectively, see also figure 1(b) in the Supplementary
material). The high RBE is accompanied by an increase in the α/β ratio, a first indication of the induction of
more complex damage in the cell.

The observed increase in radiobiological effectiveness does not appear to be correlated with the average
number of foci persisting up to 24 h after irradiation, which are not significantly different from those
observed during low dose-rate irradiations. However, analysis of the sub-populations of cells does indicate a
statistically significant increase in the percentage of cells with multiple radiation-induced foci persisting 24 h
after irradiation. An associated and statistically significant increase in the average size of the damage sites is
also observed.

Recent experiments on the same cell cultures using 20 ps long electron beams did not provide clear
evidence of the same effects (McAnespie et al 2023), similar to independent results using ps-long x-ray beams
(Hill et al 2002). While it is worth noting that the experiments reported in reference (McAnespie et al 2023)
suffered of significant uncertainties in dose due to the structured dose-depth profile of MeV-scale electrons
(McAnespie et al 2024), their broad agreement with the results reported in reference (Hill et al 2002) provides
additional indications that such differential response might be distinctive of femtosecond-scale irradiation.

A direct comparison between oxic and hypoxic foci formation results does not evidence a clear link
between this reduction in tumour radioresistance and the oxygen levels in the cells. This is illustrated in
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Figure 11.Measured oxygen enhancement foci induction for (a) E2 glioblastoma stem-like cells and (b) AG01522 D human skin
fibroblasts cells: In both graphs, red and black lines refer to the UHDR and reference x-ray data, respectively.

figure 11, which shows broad agreement between the oxygen enhancement ratios (OERs) measured in both
dose-rate regimes and for both cell lines. The figure shows that, 30 minutes after irradiation, the number of
foci is consistent with the OER quoted in literature for low LET radiation sources (Joiner and Van der Kogel
2009). While oxygen depletion is one of the possible causes for the observed increase in radioresistance for
normal cells irradiated under FLASH conditions (Wilson et al 2020, Jansen et al 2021), our results do not
show clear evidence that oxygen depletion might play a significant role in the differential effects of
femtosecond-scale irradiations reported here. This can be qualitatively understood if we consider that, both
these and previously reported picosecond irradiations (McAnespie et al 2023) deliver their dose in a
timescale much shorter than the≈5ms timescale of oxygen fixation of DNA (Watts et al 1978), suggesting
that oxygen depletion kinetics are likely to be similar in these two cases, unless other currently unknown
physico-chemical effects are involved at these extreme timescales.

It is not clear what might be the primary cause of the observed increase in radiobiological effectiveness
and reduction in radioresistance for tumour cells observed at these dose-rates, and this is the subject of an
ongoing and extensive program of work that is beyond the scope of the hypotheses-generating evidence
reported here. However, two main, and possibly interlinked, hypotheses can be put forward at this stage.

A first possibility is related to the high volumetric density of a high-charge femtosecond-scale electron
beam. At the cell plane, the electron beams used in our experiments had a typical diameter of the order of
1 cm, a duration of the order of 150 fs, and contained a total charge in the range of 1–2 nC, resulting in a
volumetric number density at the cell plane of the order of 1012 − 1013 electrons cm−3. This value is
approximately two orders of magnitude higher than in the case of picosecond irradiations reported in
references (McAnespie et al 2023, 2024), and several orders of magnitude higher than in the case of
conventional or FLASH radiotherapy (Schüler et al 2022) (see also table 1 for a qualitative comparison). The
much higher density of ionising tracks allows for a significantly higher probability of non-linear interactions
between radical clouds emerging from separate tracks and greatly enhances the probability of multiple
neighbouring damages in the DNA. For example, the typical diffusion length for solvated electrons is
between 500 nm and 1micron, whereas the typical diffusion length for OH radicals is between 100 and
400 nm (Roots and Shigefumi 1975). Within these distances, the average number of primary electrons is of
the order of 1–10 for the UHDR irradiation reported here, indicating a high probability of overlap of radical
clouds. For comparison, the corresponding average number of electrons for the picosecond-scale irradiation
reported in references (McAnespie et al 2023, 2024) would be between 10−2 and 10−1. It is thus possible that,
while the number of damages induced in the cell DNA is similar to that at lower dose-rates, the complexity of
prompt damage might be higher, resulting in a lower probability of efficient repair. This interpretation is
consistent with the observed increase in the size of the damage sites, with the increase of the sub-population
of cells showing multiple damages, and with the increase of the α/β ratio in the survival curves, which is
qualitatively associated with cell death by clustered and prompt damages (Joiner and Van der Kogel 2009).

It is also possible that, despite having similar average LETs, the high electron energies used in this work
might induce highly localised energy deposits which may cause greater damage. While more detailed models
will be required to simulate cell-level nanodosimetry for these electron energies, a recent simulation study in
tissue equivalent proportional counters (Delorme et al 2021) has shown that the microdosimetric spectrum
of very high energy electrons does not differ dramatically from that at lower energies, and in particular that
no significant high-LET tail is expected with these irradiations.

13



Phys. Med. Biol. 70 (2025) 155001 C A McAnespie et al

In principle, the high density of the primary electron beam could also lead to radical populations that are
sufficiently dense to sustain collective plasma-like dynamics in the sample; however, the time-scales involved
in radical diffusion might not be sufficiently long to allow for collective dynamics to develop. Monte-Carlo
models used to study radical formation and subsequent biochemistry (such as TOPAS) do not include
collective effects, thus currently preventing from assessing the potential relative importance of collective
effects in the evolution of the population of radicals. A detailed assessment of this potentially important
aspect of UHDR irradiation is beyond the scope of this work and will be the subject of extensive future work.

Another possible or concurrent explanation is that femtosecond-scale radiation implies that no radiation
is present during radical diffusion and the first onset of chemical reactions. For example, it is established that
electrons solvate in water on timescales of the order of 200–500 fs (Low et al 2022) and that the excitation of
solvated electrons might alter their reactivity. An irradiation time of 150 fs would thus imply that the
radiation does not deposit energy during the electron solvation and diffusion, or any other early
radiation-induced physico-chemical phenomena. This can also lead to a highly heterogeneous regime where
a very large number of radical products are generated promptly, rather than having a comparatively slow
production during more prolonged irradiations. This irradiation modality thus provides a step-change
capability compared to ps-scale irradiation previously reported (McAnespie et al 2023, 2024), enabling, for
the first time, access to the physical stage of cellular response to radiation and delivering a density of ionising
tracks sufficient to trigger interactions between radical clouds.

At present, it is not known what, if any, impact this may have on the subsequent complex radical organic
chemistry which will occur within the cell and its subsequent impact on cell survival. The results presented
here provide a novel platform and hypotheses-generating evidence for systematic studies in the area. As a
result of this knowledge gap, it is currently difficult to generate robust physico-chemical models of these
effects at femtosecond timescales and UHDRs. Monte Carlo radiation transport and chemistry codes have
been mainly developed for relatively low dose-rate regimes in liquid water, where tracks are widely dispersed.
While some preliminary work has been done to develop inter-track models for nanosecond-scale radiation
(see, e.g. reference (Thompson et al 2023)), these are usually based on assumptions only validated at lower
dose-rates, where particle densities are much lower than those seen in these UHDR exposures. In addition,
typical numerical codes (such as Geant4-DNA and TOPAS-nBio (Agostinelli et al 2003, Perl et al 2012)) are
currently under-constrained and show large variations in predicted biological outcome as a function of,
e.g. direct damage threshold, chemical stage length, and hydroxyl damage probability (Hongyu et al 2020).
Femtosecond pulses will allow accessing the radiobiological response at its earliest stages, resulting in a closer
examination of primary DNA damage patterns, direct ionisation effects, and the immediate molecular
interactions within cellular structures. Understanding primary ionisation effects and immediate cellular
responses at these timescales could thus enable the design of radiation protocols that bypass or overwhelm
cancer cells’ repair mechanisms, enhancing their radiosensitivity and potentially reducing the overall dose
needed to achieve tumour control.

The work presented here paves the way for extensive investigations in this area, including, e.g. studying
different cell-lines and transition to in-vivo, quantifying different bio-markers to assess the relative role of
non-homologous end-joining and homologous recombination DNA repair pathways, analysing cell cycle
progression, cell survival and death pathways, and assessing possible effects on DNA replication. For a
definitive assessment of the role of oxygen tension, our proof-of-concept results demonstrate that these
studies can be performed with variable levels of environmental oxygen, including normoxia, physoxia, and
different degrees of hypoxia using hypoxic chambers developed by our collaboration (Chaudhary et al 2022).
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