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Radiotherapy using very-high-energy electron (VHEE) beams (50-300 MeV)

has attracted considerable attention due to its advantageous dose deposition
characteristics, enabling deep penetration and easy manipulation by magnetic
components. One promising approach to compactly delivering these high
energy electron beams in a cost-effective manner is laser wakefield accelera-
tion (LWFA), which offers ultra-strong accelerating gradients. However, the
transition from this concept to a functional machine intended for tumor
treatment remains elusive. Here we present the self-developed pro- totype for
LWFA-based VHEE radiotherapy, exhibiting compactness (occupying less than
5m?) and long-term operational stability (validated over a period of one
month). Subsequently, we employ this device to irradiate a tumor implanted in
a mouse model. Following a dose delivery of 5.8 + 0.2 Gy with precise tumor
conformity, all irradiated mice exhibit pronounced control of tumor growth.
For comparison, this tumor-control efficacy is similar to that achieved using

commercial X-ray radiotherapy equipment operating at equivalent doses.
These results demonstrate a compact and stable laser-driven VHEE system
dedicated for preclinical studies involving small animal models and its pro-
mising prospects for future clinical translation in cancer therapy.

Nowadays, cancer curability remains a significant global challenge
despite constant advances in early diagnosis and treatment
options. Radiotherapy, applied to more than half of the patients,
is an essential part of cancer treatment that relies on the use of
ionizing radiation such as photons, electrons, protons and ions to
locally deposit dose to damage cancer cells. Currently, the widely
applied radiotherapy facilities still mainly rely on high-energy
photon beams. With the development of new technology such as
intensity-modulated radiotherapy’ or volumetric modulated arc

therapy? the doses can be delivered to tumors more precisely
than a few decades ago, whereas the risk of exposure of the
surrounding normal tissues remains a concern for patient out-
comes. Proton therapy®*, on the other hand, has been considered
to exhibits more doseconformality due to the Bragg peak effect.
However, the sychrotron/cyclotron machines to accelerate pro-
ton beams are large and expensive, and the dose distribution is
sensitive to tissue density inhomogeneity, resulting in range
uncertainties and potential over-irradiation of healthy tissues>®.
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Over the past two decades, the use of very high-energy electrons
(VHEE) beams, ranging in energies from 50 to 300 MeV, has been
considered as a promising alternative approach for treating deep-
seated tumors’®, Compared to photon and proton beams, VHEE beams
offer several advantages, including the insensitivity to nonuniform
density®'°, easy manipulation by magnetic components due to their
charged and light particle nature ™ and the ability to deposit a dose
maximum deeply inside the body if strongly focused*". Previous
numerical studies based on Monte-Carlo simulations have shown that
even for a parallel (unfocused) VHEE beam, the dose into normal tis-
sues is 20-70% lower than VMAT X-rays'®’, However, despite the
significant benefits of VHEE, current mature technology for generating
VHEE beams falls short of providing the desired cost-effectiveness.
Conventional radio-frequency accelerators, due to the risk of material
breakdown, can only reach an acceleration gradient of less than
10 MeV/m. Consequently, accelerating electron beams with energies
exceeding 100 MeV requires several tens of meters of distance, ren-
dering it impractical and prohibitively expensive for standard hospi-
tals. Efforts have been made to reduce the size of VHEE accelerator
through the use of high-gradient X-band radio-frequency waves, but
the total length of the beamline still exceeds 10 m".

A promising solution to this issue lies in a rapidly developing
acceleration technology known as laser-wakefield acceleration
(LWFA)**?', In LWFA?, electrons are accelerated by the plasma wave
driven by a short intense laser pulse. By directly using plasma as an
acceleration medium, the risk of breakdown is eliminated, and the
acceleration gradient can be as high as 100 GV/m, more than 1000
times stronger than the conventional accelerators, resulting in several
hundreds MeV energy gain of electrons within only a few millimeters
distance”?. Many research groups worldwide have been dedicated to
the LWFA-based VHEE field, and progress on dosimetry*?*%, treat-
ment planning”*® and radiobiological effect®** have been made.
However, these explorations are still in the scientific research stage,
and a compact, stable, and conformal LWFA-based VHEE machine
suitable for clinical applications has yet to be developed.

In this article, we introduce the prototype of an LWFA-based VHEE
machine that addresses the clinical demands for VHEE therapy in the
following aspects. Firstly, occupying less than 5 m? in size, this machine
consists of a self-developed industry-level 20 TW laser system, a laser-
driven electron acceleration module, a beam transport module, a dose
shaping module, and a final platform for dosimetry and small animal
treatment. This compact size allows for easy integration within stan-
dard photon therapy rooms when equipped with more advanced
positioning and conformal systems in the future. Secondly, this
machine has demonstrated stable operation, with consistent perfor-
mance over an entire month (from Monday to Friday excluding the
weekends, in total 22 weekdays with 2000-3000 electron pulses
per day), and continuous running for 10 h, ensuring its feasibility for
clinical uses. Thirdly, a dedicated dose delivery with prescribed
homogeneous dose distributions and sub-millmeter pointing fluctua-
tion is achieved. We further apply this prototype to perform a small
animal irradiation study. After 5.8 + 0.2 Gy was delivered by the LWFA
electron beams, significant tumor control is observed for all irradiated
mice in the following few weeks, and the efficacy is shown comparable
with the commercial photon radiotherapy devices using
equivalent doses.

Results

Physical layout of the prototype

The general construction of the LWFA-based VHEE therapy machine is
presented in Fig. 1. To meet the demand for potential industry-level
medical applications, a self-developed compact 20 TW laser system
was adopted. Through the implementation of independent modules
and cooling systems, the stability and compactness are significantly
improved. It is 1.4 m by 1.3 min size, much smaller than other similar-

level commercial products. Additionally, since all key elements,
including oscillators, pumps, amplifiers, and pocket cells, are self-
manufactured, the cost of the laser system has been greatly reduced.
These advancements will substantially reduce the cost and size of the
entire VHEE machine. Meanwhile, the long-term stability also reaches
veryhigh level, with energy stability less than 0.7% (RMS) and angular
pointing less than 2 yrad (RMS) (8 h at 10 Hz), thanks to the usage of
flexure mirror mounts for optical elements and an independent cool-
ing system inside each module. More details about the laser system can
be found in the Supplementary Information (Supplementary Table 1
and Supplementary Figs. 1, 2).

Following the main laser chain, the 800 nm laser pulse was
compressed to about 25 fs by a pair of gratings in the compressor
chamber and then guided to the e chamber for accelerating
electron beams. There, it was focused by an off-axis parabolic
mirror into a supersonic gas jet with an on-target energy of
around 490 mJ. A laser probe beam was directed perpendicular to
the main laser pulse, passing through the nozzle, and carrying the
plasma density information which was then measured using a
Nomarski interferometer. After exiting the gas jet, the electron
beam propagated through a beam transport module consisting of
three permanent magnet quadrupoles (PMQs) to reduce the
pointing jitter. Before the electron beam exited the vacuum
chamber, a movable permanent magnet dipole was installed for
measuring the beam energy spectrum.

A thin film made of polyimide with a thickness of 100 microns was
placed on the exit flange, which served as a barrier between the
atmosphere and the vacuum while minimizing its impact on the elec-
tron beam. After the electron beam entered the atmosphere, it passed
through a dose shaping module consisting of a scattering plate and a
collimating aperture to control the dose spatial distribution and then
irradiated on the samples. The entire treatment system’s dimensions
were 2.8 m by 1.4 m.

Operation stability

By using a gas mixture of helium containing 1% nitrogen with a plasma
density of 1x10"cm, repetitive and high-charge (>100 pC) electron
beams were obtained through ionization injection®***. The beam
properties including the energy spectra, beam profile, and dose dis-
tribution were routinely checked for an entire month (from Monday to
Friday excluding the weekends, in total 22 weekdays) with 2000-3000
electron beam pulses each day and the operation repetition rate
was 1Hz.

Figure 2a presents the daily recorded electron beam energy
spectra, with a data collectionof 100-130 electron beam pulses
per day. We note that though ionization injection in a laser
wakefield accelerator usually results in a continuous beam spec-
trum, in our prototype machine the low energy electrons
(<40 MeV) were largely eliminated by a beam transport system, as
will be discussed later. Figure 2b provides a statistical analysis of
the charge and mean energy distribution for electrons based on
Fig. 2a, revealing that the daily charge varied between 90 and
120 pC, with a maximum daily fluctuation (RMS) below 15%, and
the mean energy between 60 and 70 MeV, with an RMS below
6.0%. Noting that significant variation in terms of energy spec-
trum could be observed in Fig. 2 between the 9th and 13th day.
These fluctuations are attributed to the gradual accumulation of
contaminants on the optical components over long-term opera-
tion. On the 9th and 13th day, element cleaning and optical
alignment were conducted respectively to optimize accelerator
performance.

In parallel, another experimental test for 10 h, 0.3 Hz running was
also performed and the preliminary results of obtained electron
spectra can be found in Supplementary Fig. 3, which shows the stability
over a continuous operation of the system.
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Fig. 1| The LWFA-based VHEE therapy prototype. a General layout of the device,
measuring 2.8 m by 1.4 m in size. b The detailed setup contained within the dashed
circle in (a), where the 20 TW laser pulse was focused onto a gas jet to generate a
high-energy electron beam with energy up to 175 MeV. The laser focus was assessed
using a relay camera, and the plasma density information was examined using a
synchronized, low-energy laser pulse directed to a Normasky interferometer. A

PMQ triplet was employed to re-collimate the electron beam, reduce pointing
variations and eliminate low-energy electrons, which was followed by a permanent
dipole magnet to measure the electron spectrum. After the e” chamber’s exit, a
scattering plate and a collimating aperture were introduced to shape the beam
profile before it reached the sample stage. During the experiment, either animal
samples or phantoms were placed on the stage.

Dose delivery

The pointing jitter of an LWFA electron beam is usually at several mrad
level. In our case, as shown in Fig. 3a, the standard deviation of the
beam center (yellow dots) at the sample position located 1 m away
from the plasma source was measured to be 2.4 mm in horizontal (x)
direction and 2.2 mm in vertical (y) direction, which is deficient for
accurate dose delivery. To overcome this issue, a beam transport
module consisting of three PMQs was employed, which improves the
pointing stability of the beam center (blue dots) to 0.31mm (hor-
izontal) and 0.32 mm (vertical). Furthermore, the beam transport
module also exhibits a selective energy effect, reducing the transmis-
sion efficiency of the low-energy portion to minimize the radiation
dose to the sample/animal skin. Comparing the spectra between
Fig. 3b and c, one can see that the electron beam after passing through
the transport module, had a spectrum with a characteristic butterfly-
shaped pattern (the focal point was at about 70 MeV) and the low-
energy portion was largely divergent. From Fig. 3d, one can see elec-
trons with energies above 40 MeV experienced only minimal loss (less
than 10%) which was cross-verified by numerical simulations. Electrons
with energies below 40 MeV, according to the simulations, experi-
enced a loss more than 75%. More details about the simulations can be
found in the “Methods” section and Supplementary Fig. 9.

To study the radiobiological effect, achieving a large and uniform
dose distribution covering the entire space occupied by the tumor was
essential. However, at the sample position, the laterally focused beam
exhibits a Gaussian-like distribution with an FWHM size of ~4.1mm
(horizontal) and 4.9 mm (vertical) (see Fig. 3e). To achieve a larger

lateral irradiation size with uniform dose deposition to cover the
5-8 mm mice tumor, we placed a 1.45 mm-thickness copper scatter
plate in front of the sample, and the scattered electron beams form a
Gaussian-like distribution with an FWHM size of 19 mm at the sample
position (see Fig. 3f). To further localize the tumor position and
minimize the radiation dose to surrounding normal tissues, we adop-
ted a 3 cm-thickness collimating aperture (stainless steel) with a dia-
meter of 15mm in close proximity to the phantom or biological
sample. As shown in Fig. 3g, after the accumulation of 600 electron
beam pulses, a circular irradiation area with the same size as the
aperture and a near-flattop distribution was realized, and the relative
dose fluctuation in the flat-topped region was around 10%, ensuring
the effectiveness of the biological experiments.

Mice in-vivo tumor irradiation

5-to-6-week-old male C57BL/6)JNifdc mice total 24 were used for the
tumor control experiment, which were subcutaneously injected with
mouse-derived liver cell carcinoma H22 in their hind legs. The H22 cell
line is radiosensitive, and significant changes in tumor volume can be
clearly observed at a dose of 5-6 Gy while severe radiation-induced
inflammation in healthy tissue is not likely to happen. These mice were
equally divided into three groups: the mice in the control group were
not subjected to any radiation; the mice in the LWFA irradiation group
were exposed to radiation from the LWFA-based VHEE; the mice in
X-ray irradiation group underwent irradiation using a medical X-ray
radiotherapy machine (Varian Edge series). All mice were fed identi-
cally and received injections of cancer cells on the same day. After a

Nature Communications | (2025)16:1895


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57122-z

Grating & Optical
mirror cleaning alignment
a v v v T 0.2
165

©

o

E

S

(0]

=

’ :

H )

AR I
A PAEY A IHH‘\ I R \ | o
0 500 1000 1500 2000 2500
Number of pulses
b 180 ————————— 80

Q 170 _

g o

é 120} {60 =

2 5

N 150 5

g 5
(o)

60 440 <

g g

B 130 =
(@]

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Number of days

Fig. 2 | Long-term stability of the prototype machine. a Sampled electron beam
spectra throughout April of the year 2023. The total number of electron beam

pulses recorded is 2522, with 100-130 beam pulses sampled each day. b Averaged
charge (blue) and mean energy (yellow) of the spectrum sampled each day, only the
portion of the electron beams with energy higher than 40 MeV were measured. It is

noted that, on the 9th and 13th day, element cleaning and optical alignment were
conducted respectively to optimize accelerator performance. Data are presented
as mean values + SD. The daily technical replicates counts are provided in Sup-
plementary Table 3 of the Supplementary Information. Source data are provided as
a Source Data file.

period of 7 days, tumors had grown to ~5-8 mm in size. Mice from both
the LWFA irradiation group and the X-ray irradiation group were
subjected to radiation on the same day.

Prior to the tumor irradiation experiments, we assessed the dose
deposition distribution of the LWFA-based VHEE beams by utilizing a
solid water phantom equipped with EBT3 film dosimeters (see Sup-
plementary Fig. 4). A comprehensive analysis of the depth dose and
penumbra characteristics is provided in the Supplementary Informa-
tion (Supplementary Fig. 5). Furthermore, to evaluate the VHEE dose
deposition within a mouse, we initially performed a computed tomo-
graphy (CT) scan on a selected mouse to create a tumor model. To
conduct the CT scan, the mouse was anesthetized and placed inside a
plastic tube. Subsequently, we conducted Monte Carlo simulations
within the CT model, using the VHEE beam parameters measured from
our prototype machine. The simulation outcomes are detailed in the
Supplementary Information. As evidenced in Supplementary
Figs. 6 and 7, the dose distribution covers the entire tumor region with
relatively good uniformity.

During the experiment, the mice in both experimental groups
were anesthetized and fixed onto an anatomical holder. For the
LWFA-based VHEE irradiation group, to induce effective tumor
control, the dose administered to each mouse was prescribed to
be 5.8+0.2Gy, and the EBT3 films measuring the dose admini-
strated (see Fig. 3g) were placed closely onto the mice skin. The
dose administered consisted of 600 pulses of electron beams 1 Hz
repetition rate and 1cGy per pulse, the same as conducted in the
stability testing experiments. The electron bunch length was
estimated to be less than 10 fs according to our Particle-in-Cell

simulation and previous experimental measurements for similar
accelerators®~°. Therefore, the estimated peak dose rate could be
over 10 Gy/s, with an average dose rate of around 0.01Gy/s. In
comparison, the irradiation dose administered to the mice in
X-ray group was 5.8 Gy, also measured by an EBT3 film at the
surface of each mouse’s skin. Due to the characteristic of build-up
region in X-ray dose deposition, a 1cm compensation was placed
above the mouse skin to ensure sufficient irradiation to the
tumor. The dose measurement results for the LWFA experimental
group and the X-ray experimental group are illustrated in Fig. 4a.
Detailed configuration of the EBT3 film positioning can be found
in “Methods”.

Over a period of 29 days following irradiation, we measured the
tumor size in mice and calculated the tumor volume. Figure 4b shows
the daily tumor volume evolution normalized by the volume on the
irradiation day. The complete data of all 24 mice in the experiment is
summarized in the Source Data in this paper. We observed that despite
no significant decrease in the overall body weight of the mice, the
tumor size of mice was effectively controlled by irradiation from the
LWFA-based VHEE, with similar efficacy compared to commercial X-ray
radiotherapy device.

Discussion

In conclusion, we have demonstrated a sustained and stable operation
of an LWFA-based VHEE beam on a self-constructed compact proto-
type. Employing this prototype, we carried out in vivo experiments
targeting live mice tumors and verified that the impact of the LWFA-
VHEE beam on tumor growth inhibition is prominent and comparable
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beam profile at the sample position. f The diffused beam profile at the sample
position. g Dose deposition after the collimator for 600 accumulated pulses.
Source data are provided as a Source Data file.

to the effects induced by commercial medical X-ray radiotherapy
machines. The presented device, characterized by its occupational
compactness, operational stability, uniform dose delivery, and evident
radiobiological effects, emerges as a platform for advancing transla-
tional research in the field of LWFA-based radiation oncology.

In the future, we are committed to conducting in-depth research
on exploring the biophysical mechanisms of tumor suppression by
LWFA-based VHEE, and on advancing the engineering of our system for
clinical applications. For the biophysical studies, we will continue to
study the effects on different cell lines under varying doses and
compare these findings with those from more established methods,
such as X-ray radiotherapy or hadron therapy. Moreover, given the
ultrafast nature of LWFA electron beams, ongoing exploration into the
potential for achieving the ultra-high dose rate effect is another key
area of our research.

In terms of engineering clinical applications, we intend to
incorporate machine learning algorithms into our system for
optimizing beam quality and stability’”>°. Furthermore, we also
aim to explore innovative diagnostic methods, such as the fem-
tosecond relativistic electron microscopy*®™*, to achieve a more
comprehensive understanding and monitoring of the electron
acceleration process. Currently, the presented prototype delivers
electron beams in a fixed direction. Our future developments will
include the integration of multi-angle treatment capabilities, such
as a rotating gantry, coupled with our self-developed beam
delivery methods®™ and treatment planning systems designed for
VHEE. This strategic move is intended to further reduce radiation
doses to healthy tissues while maximizing the inherent advan-
tages of VHEE for treating deep-seated tumors.

Methods

Ethics statement

The animal facilities and the experiments were approved
according to the regulations on the management of experimental
animals in China and the local ethics committee (approval 2023-
KY-0703-001, Ethics Review Committee for Scientific Research
Projects of the First Affiliated Hospital of Zhengzhou University,
Henan, China). All ethical regulations were complied during the
experiment. According to ethical regulations, the size of tumors
in mice is not permitted to exceed 14 mm. Throughout the
experiment, any mice with tumors exceeding 13 mm in size or
with tumors causing skin ulceration were euthanized.

Generation, transport, and diagnostic of the LWFA-VHEE beams
The 490 mJ, 25fs laser pulses were focused to 12.3um and 12.6 um
(FWHM), corresponding to a peak normalized vector potential ap of
2.5. A supersonic 2-mm nozzle was employed and filled with a gas
mixture of 99% helium and 1% nitrogen. The working plasma density
was -1x10"cm. This configuration of the laser pulse and gas source
could efficiently generate plasma wakefield in the nonlinear blowout
regime*** and induce ionization injection®**, which resulted in a
broad electron energy spectrum up to 175 MeV.

The beam transport module comprising three PMQs was designed
to focus the electron beam into parallel beams for successive irradia-
tion. The transport system was located 8.5 cm behind the source, with
a distance of 4 cm between the first and second magnets, and a dis-
tance of 2.8 cm between the second and third magnets. The detailed
parameters of the PMQs can be found in Supplementary Table 2 of the
Supplementary Information.
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For the energy spectrum diagnosis, a dipole magnet had a max-
imum magnetic field of 1Tesla and was positioned 9 cm behind the
beam transport system. A calibrated scintillation screen was posi-
tioned 9 cm behind the dipole magnet to collect the beam informa-
tion, from which the electron beam spectrum as well as the beam
charge can be deduced.

Numerical simulations
We have performed the beam transport simulation using the code
TraceWin to calculate the electron beam envelope evolution (see
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Fig. 4 | Tumor control in the irradiated mice. a The yellow solid line represents
the dose received by 8 mice using the medical X-ray radiotherapy machine simul-
taneously (Varian Edge series) with the dashed line indicating the uncertainty of the
EBT3 film measurements. The blue square represents the dose received by 8 mice
using the laser-plasma accelerator system. Dose data are presented as measure-
ment values + the uncertainty which is estimated to be 10% of the measurement
values. b The changes in tumor volume over a period of 29 days for three groups of
mice(8 mice in each group). The gray line represents the tumor volume changes in
the control group mice, the yellow line represents the tumor volume changes in
mice treated with a medical X-ray machine, and the blue line represents the tumor
volume changes in mice treated with a laser-plasma accelerator. Source data are
provided as a Source Data file.

(a) stainless steel collimator )
EBTS3 film

N/

Fig. 5 | Schematic setup of the dose measurement during mice irradiation. a,
for the VHEE radiation experiment, the EBT3 film was attached to the back side of
the collimator by tapes. b, for the X-ray irradiation experiment, the EBT3 films were

Supplementary Fig. 8 in the Supplementary Information) and to
estimate the spectra tailoring effect of the PMQs (see Supple-
mentary Fig. 9 of the Supplementary Information). In the simu-
lation, The electron beam was initialized at the gas jet with a RMS
beam size of 1um (approximate point source), and a RMS diver-
gence of 8, =5mrad and 6, = 6.8 mrad. A linear spectrum ranging
from O to 150 MeV resembling the experimental spectrum (the
yellow curve of Fig. 3d) was adopted. This system was capable of
filtering 75% electrons with energies below 40 MeV, while
achieving a near 100% transport efficiency for electrons with
energies over 50 MeV.

In addition, a Monte Carlo simulation using the code TOPAS*® was
carried out to simulate the beam size at the sample position for dif-
ferent configurations. From Supplementary Fig. 10 of the Supple-
mentary Information, one can see that, without passing through the
beam transport system, the FWHM beam spot sizes were 12 mm
(horizontal) and 9 mm (vertical). After being focused by the triplet,
they narrowed down to 4 mm (horizontal) and 3 mm (vertical). Sub-
sequently, after being scattered by the scattering plate, the beam
distribution became more uniform, with FWHM sizes of 20 mm (hor-
izontal) and 18 mm (vertical). These simulation results were in good
agreement with the experiment (see Fig. 3).

Dosimetry of the LWFA-VHEE beams

In the present study, we employed EBT3 film for measuring
radiation dose. The principle of dose measurement of EBT3 film is
establishing a relationship between the coloration of the irra-
diated film and the received dose. Prior to the experiment, a
medical X-ray radiotherapy machine (VarianEgde series) and an
Epson 12000XL scanner were utilized to calibrate the film col-
oration, and the Film QA pro software was utilized for calibrating
the dose-response curve and read the dose results. The EBT3 films
were scanned 24 h after irradiation.

The schematic setup of the dose measurement in the in vivo
experiment is shown in Fig. 5. In the VHEE radiation experiment,
the EBT3 films were attached to the back side of the collimator by
tapes. The mice were anesthetized and attached onto an anato-
mical holder with the tumor region directly exposed to the irra-
diation. In the X-ray irradiation experiment, the EBT3 films were
attached beneath the 1-cm-thick bolus, and the mice, also anes-
thetized, were placed under the bolus. In both cases, the mice
were placed very close to the EBT3 films with their skin almost
touching the films.

Tumor model

The experiments were performed using 5-to-6-week-old male
C57BL/6)Nifdc mice purchased from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. one week prior to the tumor
injection. The animals were kept grouped with a maximum of four

(b)

Lv

bolus

EBTS film

attached beneath the 1-cm-thick bolus. In both cases, the mice were placed very
close to the EBT3 films with their skin almost touching the films.
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mice per cage at 12:12 h light-dark cycle, constant temperature of
about 26 °C, and relative humidity of 70%. The mice were fed with
a commercial laboratory animal diet and water ad libitum. Studies
were carried out for the mouse-derived liver cell carcinoma H22,
which is an established technique that easily develops into
tumors with suitable volume with diameters of 5-8 mm. Tumor
tissues constructed from H22 cells exhibit observable tumor
growth inhibition with single-field irradiation doses of 5-6 Gy. At
this dose level, even if the mice’s vital organs are irradiated, they
will not develop fatal radiation-induced inflammation. Tumor
growth was measured every day using a caliper. The corre-
sponding tumor volumes were calculated as ™2, where a is the
longest tumor axis and b is the shortest tumor axis perpendicular
to tumor-bearing animals that met the eligibility criteria were
randomly assigned to different treatment groups in order to
distinguish the temporal variations of the tumor model and non-
radiation effects from the treatment outcomes. The artwork of
the mouse model in this article is sourced from the SciDraw
website and distributed under the CC-BY 4.0 license, created by
Annie Park, and can be accessed via https://doi.org/10.5281/
zen0do.10940480.

Irradiation using a clinical X-ray radiotherapy machine

In this experiment, we used high-energy X-rays generated by a medical
linac Varian Edge to irradiate mice in order to compare the radio-
biological influence between conventional medical radiotherapy and
LWFA-VHEE radiotherapy. The X-ray is generated due to the brems-
strahlung effect of 6 MeV electron beams. Such high-energy X-rays can
penetrate tens of centimeters into human tissue, enabling the treatment
of deeply seated tumors, comparable to the proposed VHEE therapy. The
medical X-ray linac can generate a uniform dose distribution with the
SAXS data collected in Supplementary Table 4. In the X-ray experimental
group, due to the characteristics of X-ray interactions in water, including
the build-up effect and backscattering effect, mice were placed between
a 1cm thick tissue compensator and a 5 cm thick water phantom. This
setup allowed for more uniform and stable dose delivery to the mice.
EBT3 film was placed between the tissue compensator and the mice skin
to monitor the dose received by the mice.

Statistics and reproducibility

The general information on the irradiation experimental design have
been described in the tumor model section of the Methods. The
sample sizes for animal studies were chosen based on preliminary
experiments and existing literature*” to ensure sufficient statistical
power for observing the effects of different treatments. No statistical
method was used to predetermine the sample size. For this study, the
aim was to have eight animals per group in analysis. Altogether, 24
animals were applied in this experiment split in 3 groups randomly. No
data were excluded from the analyses. Blinding during allocation was
not feasible because the groups were filled in parallel, and each group
required different treatment protocols. However, during the follow-up
phase, efforts were made to measure tumor growth as blindly as
possible. This was achieved by separating the animal allocation records
from the tumor growth data and assigning tumor volume measure-
ments to caretakers who were not involved in the allocation or treat-
ment processes.

Reporting summary
Further information on research design is available in Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data supporting this work are included in the main article, supple-
mentary information, or source data file. Data are provided with this

article, or deposited in https://doi.org/10.5281/zenodo.14405492. Source
data are provided with this paper.

Code availability
The source codes used in this study are publicly available at https://doi.
org/10.5281/zenodo0.14405492.
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