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Since the beginning of external beam radiotherapy (RT), accel-
erator research and development has constantly advanced RT 
technology for the treatment of cancer patients1. Here trans-

lational research streamlines the transition to specialized radiation 
sources and dose application systems for improved patient care2. 
Recently, the biological effect termed FLASH has been discussed 
as a promising candidate for the next advancement in cancer RT3–5. 
As per the current knowledge in this rapidly evolving field, this 
effect is triggered through a fast dose delivery (<100 ms) at mean 
dose rates (≳40 Gy s–1) beyond the clinically administered rates 
(approximately Gy min–1)6–8. By simultaneously offering an unal-
tered tumour response and reduced normal tissue toxicity, FLASH 
promises dose escalation by shifted normal tissue dose constraints 
and the rapid dose applications allow the freezing of organ motion 
during treatment. Both qualities suggest an enhanced quality of 
life of radiotherapy patients6,9. Yet, the step to FLASH RT for cura-
tive treatment requires detailed radiobiological in vivo studies on 
normal and tumour tissue response with respect to temporal dose 
delivery parameters, namely, dose per bunch, bunch repetition fre-
quency, bunch dose rate, mean dose rate, fractionation and total 
irradiation time3,9–11. Technology-wise, these investigations depend 

on research accelerator infrastructure for small animal studies, 
providing flexible dose and dose rate delivery schemes6,9,11, ideally 
capable of scanning dose application times from femtoseconds to 
minutes as relevant for the cascade of physical, chemical and bio-
logical events in the interaction of ionizing radiation with tissue5. 
Other than electrons and X-rays, indications for beneficial dose 
rate effects for proton RT, the most advanced RT modality, remain 
inconclusive12 as the portfolio of accelerators capable of delivering 
ultrahigh mean and bunch dose rates is limited11,13–16.

Here we investigate how proton sources based on laser–plasma 
acceleration (LPA) can fill this gap. Proton LPA relies on the interac-
tion of an intense (>1018 W cm–2) femtosecond to picosecond short 
laser pulse with a solid target of nanometre-to-micrometre thickness. 
The laser turns the target into a plasma capable of supporting electric 
fields of approximately teravolts per metre. These accelerate intense 
proton bunches of approximate picosecond duration to multi-
10-MeV kinetic energies on a micrometre scale at the repetition rate 
of the laser (≲1 Hz)17. A single ultrashort LPA proton bunch contains 
up to 1012 protons with a broad angular distribution and exponen-
tially decaying energy spectrum with a cut-off towards higher kinetic 
energies (Fig. 1b). This unique combination of temporal, spatial and 
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spectral bunch properties makes proton LPA sources inherently 
suitable for ultrahigh-dose-rate radiobiology studies, motivating 
different user facilities18,19, as well as allowing for single-shot dose 
escalation. Related research with LPA protons has so far been lim-
ited to in vitro studies employing human cell lines owing to the lim-
ited proton energies of <20 MeV available at repetition-rate-capable 
laser sources20–23. Recently, however, emerging petawatt (PW)-class 
lasers with repetition rates at the hertz level allow to generate proton 
bunches at kinetic energies beyond 60 MeV (refs. 24,25). The penetra-
tion capability of these bunches now, in principle, enables dose deliv-
ery to three-dimensional samples of millimetre-to-centimetre scale 
and opens the path to in vivo small animal studies. Yet, advancing 
a laser–plasma research setup to the performance, instrumentation, 
readiness and stability level required for high-level interdisciplinary 
irradiation studies, particularly on living samples, poses a major hur-
dle to be cleared for LPA sources26. As the first step, proof-of-principle 
irradiation experiments on volumetric samples have recently dem-
onstrated the general applicability of laser-driven proton sources27,28, 
showcasing beam delivery solutions adapted to the angular and spec-
tral characteristics of the source18,27–31. However, before contributions 
to radiobiological research can be made, a full proton LPA research 
platform for small animal studies has to be established. Its realization 
requires the following:

 1. Model-compliant dose delivery: the delivery of variable pre-
scribed homogeneous volumetric dose distributions within the 
percent-level margins determined by radiobiological protocols, 
mitigating LPA-inherent spectral intensity fluctuations corre-
lated with variations in the laser or target parameters

 2. Accelerator readiness and stability: stable daily accelerator 
performance over weeks, benchmarked via machine param-
eters defined by the intended application, as a precondition for 
beam availability following a schedule determined by in vivo 
sample preparation

 3. Radiobiological pilot study: the emulation of a full-scale radio-
biological study at a reduced number of samples benchmarked 
via meaningful dose–effect data, showcasing the concerted op-
eration of on-demand proton LPA-source operation, precise 
dose delivery and dosimetry, together with complex in vivo 
sample preparation, irradiation and follow up

Here we present an experiment that demonstrates the fulfilment 
of the above requirements in the first successfully conducted small 
animal pilot study at a proton LPA research platform. The study 
comprises reference irradiations at a clinical proton source32 and 
control animals to exclude irradiation-independent factors in a 
multifacility experiment33. The observed radiation-induced tumour 
growth delay in a mouse model (sample size, 92 animals), examined 
at a single-dose point ((4.0 ± 0.4) Gy), proves the achievement of the 
unique interplay of long-term stable proton LPA-source operation 
at the highest performance and precise dose delivery and dosimetry 
adapted to the ultrahigh bunch dose rate at millimetre-scale irradia-
tion fields with the complex requirements of a radiobiological study.

Model-compliant dose delivery
The small animal model used in this work is based on spheri-
cal tumours with diameters of ~3 mm superficially grown on a 
mouse ear. It was developed for radiobiological studies with radia-
tion modalities that allow only small penetration depths34,35. A 
cylindrical planning target volume (PTV) was defined for dose 
application with 5 mm diameter and 4 mm depth (water equiva-
lent) to account for tumour-shape variation and positioning inac-
curacy, whereas the thinness of the mouse ear (~250 μm) keeps 
the irradiated healthy tissue volume small. To induce an observ-
able tumour growth delay in accordance with the radiobiologi-
cal model, a PTV dose of DPTV = (4.0 ± 0.4) Gy was prescribed. 
A lower limit of 1 Gy min–1 is radiobiologically mandated for the 
mean dose rate, effectively limiting the overall irradiation time 
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Fig. 1 | Overview of the model-conform dose delivery at Draco PW. a, The Draco PW laser, impinging on the laser target, drives a broadband LPA proton 
source. A selected spectral part of the protons is transported using a pulsed two-solenoid beamline. The ESA is inserted for spectral shaping and scatterers 
for lateral homogenization. The protons traverse the beam monitors and dosimeters installed downstream in air, before delivering the dose to the PTV 
behind the final beam aperture of the mouse bedding unit. b, Kinetic energy (Ekin) proton-source spectra at the Draco PW laser measured by stacked RCFs 
for two laser energies (Elaser) on target (Methods). Np,dose represents the fraction of the orange-source spectrum required for dose delivery. c, TOF-measured 
kinetic energy (Ekin) of the proton-source spectra at the PTV position with and without ESA of 15 mm (2 × NP,ESA (solid blue line) and NP,No ESA (dashed blue 
line)). The green data represent the mean proton bunch energy EMean. d, Integral depth–dose distribution measured via the RCF stack compared with the 
TOF prediction (blue). The dose in the dRCF is highlighted in dark orange and the dose in the PTV is shown by the dashed line (PTV RCFs). Pseudo-colour 
images show the lateral dose distributions at selected RCF stack layers within the PTV.
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to 4 min. An inhomogeneity threshold of 10% (2σ) applies to the 
lateral and depth–dose homogeneity over the entire PTV. The 
generation of the prescribed depth–dose homogeneity requires a 
proton distribution that has the spectral shape of a broad, asym-
metric triangle. With a peak at around 25 MeV, it provides the nec-
essary penetration depth, whereas its flatter slope towards lower 
energies contributes a dose to shallower depths, transforming the 
otherwise pristine to a homogeneous spread-out Bragg peak29. In 
total, ~108 particles are needed to meet the prescribed dose over 
the 80 mm3 PTV considering a mean proton energy of 20 MeV. 
The requirements pose major challenges for a laser-driven dose 
delivery system, comprising primary source optimization, beam 
tailoring and dedicated diagnostics for guidance and monitoring. 
Yet, overcoming these challenges opens up unique possibilities for 
single-shot tumour-conform irradiation.

Irradiation with LPA protons was performed at the Draco PW 
laser at Helmholtz-Zentrum Dresden-Rossendorf36. Draco PW 
delivered up to 18 J in 30 fs on the target. Protons are emitted from 
plastic foils of ~220 nm thickness, exhibiting the exponentially 
decaying LPA energy spectrum with a well-defined cut-off energy 
of up to ~70 MeV. The spectrum yields enough particles within 
the crucial energy window between 15 and 40 MeV (Fig. 1b, black 
curve) to perform single-shot dose delivery25. The source spectrum 
was adapted to the PTV specifications using a pulsed two-solenoid 
beamline with inherent chromatic energy transfer function and 
high transport efficiency in combination with apertures and scat-
terers, allowing for the active shaping of various three-dimensional 
dose profiles in a single shot27. To monitor the proton beam in the 
irradiation volume and guide the beam-transport tailoring process, 
a transmissive scintillator-based time-of-flight (TOF) spectrom-
eter was developed. It provides the proton spectrum for the entire 
PTV and hence a calibrated on-shot depth–dose profile prediction  
(Fig. 1b,c and Methods).

We optimize the beamline to transport a broad-energetic pro-
ton bunch and subsequently fine-tune its spectral shape via the 
energy selection aperture (ESA) between the solenoids to enable 
single-shot depth–dose homogenization. This technique exploits 
the energy-dependent beam size at the ESA position, where protons 
of higher energies have larger beam diameters because of the ris-
ing focal length of the solenoid lens with increasing particle energy. 
Reducing the size of the ESA decreases the transport efficiency on 
the high-energy side of the spectrum, which leads to a relative ele-
vation of the low-energy pedestal, thus approaching the required 
triangular spectral shape (Fig. 1c). The accumulated depth–dose 
profile (Fig. 1d) demonstrates the procedure’s capability of depth–
dose homogenization. Lateral beam confinement and homogeneity 
are achieved with the final beam aperture and scatterers down-
stream of the second solenoid.

For the prescribed dose delivery within the model-defined 
percent-level margins, we applied a multishot irradiation scheme 
with a defined single-shot dose range of 330–800 mGy. The lower 
limit is given by the applicable repetition rate of the pulsed sole-
noids (up to three shots per min) together with the mandatory 
mean dose rate of 1 Gy min–1 (preventing an otherwise reduced 
dose response37). The upper limit is set by the specified accuracy 
of the prescribed dose value of 4 Gy, demanding the accumulation 
of at least five shots accounting for shot-to-shot dose fluctuations 
(up to ±20%). The adjustment of the single-shot dose was realized 
by reducing the laser input energy that tailors the proton yield at 
negligible spectral changes within the relevant energy bandwidth 
(Fig. 1b, orange and black spectra). A calibrated transmission ion-
ization chamber (IC), installed behind the TOF spectrometer, is used 
to monitor the single-shot dose as well as terminate the irradiation 
when the prescribed dose window is reached. During mouse irradia-
tion, a single dosimetry radiochromic film (dRCF) is placed in front 
of the tumour to verify the accumulated dose value and lateral dose 
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Fig. 2 | Accelerator readiness and beam delivery stability. a, Daily LPA-source performance over a two-year period demonstrated via the highest recorded 
proton cut-off energy Ep,max from the Thomson parabola spectrometer (TPS, bars) and RCF stack (diamonds); the horizontal line at Ep,max = 60 MeV acts as a 
guide for the eye. The green bars correspond to the data in b and the blue bar, the data in c. Small animal irradiation days are highlighted by the dashed bars. 
b, Daily average of the dose delivery parameters (mean dose per shot D̄shot with 2σ standard deviation, mean depth ΔH̄depth and lateral dose inhomogeneity 
ΔH̄lat) and targeted parameter ranges (grey). The blue data points correspond to the data in c. c, Verification of the stability of all (consecutive) shots during 
a representative day of mouse irradiation measured by the transported kinetic-energy spectrum Ekin with Np,norm as normalized proton number, relative mean 
bunch energy fluctuation ΔEmean and dose delivery parameters (dose per shot Dshot and depth–dose inhomogeneity per shot ΔHdepth), all lying within the 
targeted parameter ranges (grey).
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profile, whereas the depth–dose homogeneity is monitored with the 
TOF spectrometer for every shot. Figure 1d shows an example of 
the depth–dose data (orange histogram) and selected images of the 
lateral dose distribution (false colour) of one RCF stack irradiated 
for quality assurance (QA). The prediction of the TOF spectrom-
eter perfectly matches the RCF-measured depth–dose profile. The 
measured dose value of DPTV = 4.0 Gy accumulated over six shots (in 
105 s) at a mean dose per shot of 660 mGy meets the model specifi-
cations. Both relative lateral (ΔHlat) and depth–dose inhomogeneity 
(ΔHdepth), evaluated as the 2σ standard deviation of the mean dose 
within the depicted 5 mm regions of interest of RCF layers 2–12 
(striped histogram section) corresponding to the PTV, are well 
within the 10% boundary, with ΔHlat = 5% and ΔHdepth = 4%. The 
utilization of the spectrally broad LPA source is demonstrated by 
comparing the input spectrum (Fig. 1b, orange line) and single-shot 
TOF spectrum (Fig. 1b, blue line). This TOF spectrum represents all 
the protons required at the source level for dose delivery to the PTV 
and therefore was scaled accounting for particle loss (apertures) and 
energy shifts (scatterers) during transport. The established research 
platform enables the delivery of three-dimensional tumour-conform 
dose distributions in agreement with all the specifications for quan-
titative in vivo radiobiological experiments by making perfect use of 
the broadband proton spectrum uniquely available at an LPA source.

Accelerator readiness and stability
Before an animal can be allocated to the experiment, the irradiation 
setup, beam formation and monitoring methods need to be devel-
oped and their functionalities need to be demonstrated. This has 

been performed by verifying animal-model-defined beam readi-
ness parameters for daily beam availability, long-term reliability and 
shot-to-shot stability, setting new standards for quality control in 
proton LPA. These parameters and their comparison with the cor-
responding acceptance window are given in Fig. 2 for the different 
timescales of interest. The daily available cut-off energy Ep,max—the 
most common parameter for benchmarking laser-driven proton 
beams—is plotted over the period of two years (Fig. 2a). Mostly 
close to ~60 MeV, the primary LPA source reliably provides a com-
fortable safety margin with respect to the required 40 MeV over the 
long term. On selected days dedicated for campaign preparation or 
mouse irradiation itself (Fig. 2a, green and blue bars), ranging over 
a half-year period, we performed all the procedures from start up to 
irradiation (QA RCF stacks or mice) to verify the daily availability 
of application-specific dose delivery parameters. Figure 2b depicts 
the daily average values (denoted by the overbar) obtained for the 
dose per shot D̄shot, relative depth–dose inhomogeneity ΔH̄depth 
and relative lateral dose inhomogeneity ΔH̄lat. Figure 2c sum-
marizes the shot-to-shot stability during a selected day (Fig. 2a,b, 
blue-coloured data) of the irradiation campaign. The two graphs on 
top show the considerably high spectral stability of the transported 
bunches, depicted by the normalized spectral bunch composition 
determined via TOF, and the corresponding relative fluctuation of 
the mean bunch energy ΔEmean (Fig. 1c). The fluctuation in the dose 
per shot Dshot depicted below again accentuates the importance of 
the multishot dose delivery scheme applied. The plot is completed 
by the depth–dose inhomogeneity score ΔHdepth deduced from the 
TOF spectrum.
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Simultaneously meeting all the prescribed parameter ranges  
(Fig. 2, grey bars) represents a breakthrough in every aspect: the 
demonstration of laser-driven proton-beam generation at this 
high-energy level over two years, dose delivery at radiobiologically 
relevant quality and high-precision dosimetry over many weeks  
and for every shot of each required day.

Radiobiological pilot study
In preparation of the irradiation experiments, human head and 
neck squamous cell carcinoma tumour cells (~105) were injected 
into the mouse ears to induce tumour growth35. Animals bearing 
tumours were allocated for treatment when a single tumour with 
a diameter of about 3 mm had developed. The tumour on the ear 
of the anaesthetized mouse was then precisely aligned at the irra-
diation position (Fig. 1a, right) for the application of the prescribed 
single-dose point of (4.0 ± 0.4) Gy. After irradiation, the tumour 
growth was followed up over a period of up to 120 days to reveal 
treatment-dependent differences. As a reference to the experiment 
at the LPA source, a subsequent experiment on a second cohort 
of mice was conducted at the University Proton Therapy Dresden 
(UPTD) (three weeks later) at the campus of the University Hospital 
Carl Gustav Carus, Dresden. The animals were irradiated at the 
same dose level as Draco PW by the continuous proton beam of 
the fixed horizontal research beamline employing a clinically used 
isochronous cyclotron (C235, IBA)32. The irradiation procedure, 
dosimetry protocol and animal preparation were identical at both 
facilities. The irradiation of dedicated treatment groups with stan-
dard 200 kV X-rays was performed in parallel to each proton experi-
ment to allow the comparison of the radiobiological outcome of the 
consecutive campaigns and to identify possible deviations in the 
biological response arising from biological diversity33. A total of 
61 out of 92 animals were allocated to the experiment. They were 
divided into two cohorts for the different irradiation sites, and each 
cohort was divided into five treatment groups (number of animals 
in Draco PW/number of animals in UPTD): proton irradiated 
(8/7), proton sham (6/5), X-ray irradiated (5/7), X-ray sham (4/6) 
and growth control (6/7). The sham-treated groups were identically 
treated to the irradiation groups, except irradiation. In combination 
with the control groups that remained in the housing facility with-
out treatment, the sham-treated groups are used to uncover influ-
ences of the experimental procedures on tumour growth that are 
not induced by radiation.

Figure 3a illustrates the temporal dose application at both 
facilities with comparable mean dose rates of 3.6 Gy min–1 for 
the continuous beam of the cyclotron and 1.2–2.2 Gy min–1 

for the multishot delivery scheme at the LPA source. The inset 
shows the rapid dose application on the nanosecond scale for 
the laser-driven bunches, resulting in peak dose rates of up to 
108 Gy s–1. Figure 3b summarizes the applied proton tumour dose 
values, evaluated over the PTV, including dosimetric uncertainty 
in both experiment branches. At UPTD, reproducible dose deliv-
ery with an average dose of DUPTD

PTV  = 3.9 Gy (green, Fig. 3b) was 
applied to the tumours. The average dose for the Draco PW irra-
diation amounts to DDraco

PTV  = 3.9 Gy (blue, Fig. 3b), whereas all 
the individual dose values remained within the prescribed dose 
window. Relative dose uncertainties (2σ) were 14% at UPTD and 
8% at Draco PW owing to the two employed dosimetry methods 
based on independent absolute dosimeters (IC and dRCF). Both 
dosimetry methods agree well (Fig. 3b, light-blue-coloured data). 
Dose inhomogeneity was also comparable at both facilities, with a 
relative lateral inhomogeneity of 9% at UPTD and 6–9% at Draco 
PW. The relative depth inhomogeneity amounted to 2% at the 
cyclotron and ranged from 4% to 9% at the laser accelerator. The 
perfect agreement of the applied dose within all the uncertainty 
boundaries complies with the strict requirements imposed by the 
in vivo tumour model and only therefore permits a comparison 
of the biological data.

Tumour growth data obtained for the mice irradiated with the 
continuous cyclotron reference and LPA proton beam are shown 
in Fig. 3c,d. By comparison with the corresponding curves for 
growth controls and sham irradiations, a clear radiation-induced 
effect is indicated. A strongly delayed onset of tumour growth or 
even tumour control—the latter being outside the model frame-
work—was reached for a small number of animals. Although such 
cases statistically occur, at most, once per treatment group (whether 
irradiated or not), they accumulate in three out of seven cases in 
the LPA proton group. This observation motivates further investi-
gations to quantify the efficacy of LPA proton irradiation on the  
tumour growth at a high statistical significance. Considering  
the limited sample size of the pilot study, a renormalization of the 
growth curves in Fig. 3c,d in accordance with the collected X-ray 
data (Extended Data Fig. 1) was not performed. Yet, X-ray irradia-
tion remains essential in a full-scale study to identify and correct for 
deviations in the biological response arising from biological diver-
sity between the mouse cohorts at both facilities. In the pilot study 
at hand, conducted at a cyclotron and an LPA source, no indica-
tions for influences of environmental conditions and experimental 
procedures were found, which is an important precondition for all 
future studies. Following biostatistical considerations, a total of 
22 analysed animals per group are required to detect a disparity of 

4 mm

2

4

6

8

10

0 20 40 60 80

1 × 108

1 × 109

1 × 1010

1 × 1011

P
ro

to
n 

nu
m

be
r 

(M
eV

–1
)

Ekin (MeV)

Elaser = 18 J

Np,dose

a b

20.0

25.0

22.5
D

ose (G
y)

RCF number 2

25

20

15

D
os

e 
(G

y)

10

5

0
0 1 2

Water depth (mm)

3

4 6 8 10

10% marginRCF stack

Fig. 4 | Single-shot ultrahigh-dose-rate capability (cf. Fig. 1b,d). a, RCF-measured kinetic energy (Ekin) proton-source spectrum at the maximum laser 
energy Elaser = 18 J on the target (black) and proton spectrum, contributing to the delivery of a single-shot dose of 22.6 Gy (mean of the depth–dose 
distribution measured via the RCF stack) after shot-dose-optimized transport (Np,dose; blue). The data are taken at Draco PW (Methods). b, Respective 
depth–dose profile with a homogeneity margin of 10% (blue). Exemplary pseudo-colour images show lateral dose distributions at selected RCF stack 
layers within the PTV.

NATURE PHySiCS | VOL 18 | MARCH 2022 | 316–322 | www.nature.com/naturephysics320

http://www.nature.com/naturephysics


ArticlesNature Physics

the radiobiological effect of laser-driven and conventional protons 
with a level of significance of α = 0.05 and a power of 80% assuming 
a difference of four days in the tumour growth delay. Accounting 
for a certain safety margin (~30%), a full-scale experiment would 
comprise a total of almost 300 mice.

A platform for translational research with LPA protons
With the presented in vivo pilot study fulfilling all the requirements 
in terms of accelerator readiness, delivery of a three-dimensional 
tumour-conform prescribed dose, dosimetry and radiobiological 
protocol, we have shown the successful establishment of a pro-
ton LPA research platform for small animal studies. This sets new 
standards for proton LPA sources and paves the way for any sub-
sequent study with this kind of radiation modality across inter-
disciplinary research fields. Looking beyond the scope of the pilot 
study, the versatile platform is capable of delivering tailored dose 
distributions, including RT-relevant spread-out Bragg peaks, to 
a wide range of irradiation samples featuring a maximum pen-
etration of 40 mm (water equivalent) for 70 MeV protons. At the 
current highest performance of Draco PW, the efficient trans-
port of broad parts of the LPA proton-source spectrum allows 
single-shot doses exceeding 20 Gy, homogeneously distrib-
uted over millimetre-scale volumes (Fig. 4). During single-shot 
sample irradiation, the total proton dose would be delivered 
within ~10 ns, resulting in identical mean and bunch dose rates 
of 109 Gy s–1. Electron-bunch dose rates of a similar order have 
induced a FLASH effect in zebrafish embryos38. Verifying this 
behaviour with protons is a promising near-future application for 
such a short-pulse, ultrahigh-dose-rate proton source. Further 
applications include the investigation of radiochemistry in the 
context of FLASH39,40 and the continuation of preclinical cell and 
small animal studies for a better understanding of basic mecha-
nisms and requirements.

The achievement of the previously inaccessible combination of 
dose delivery parameters in this study and the demonstrated ability 
to provide radiobiological data comparable to a clinical reference 
show that LPA research facilities not only extend the portfolio of 
proton sources for translational research in general but also carry 
the potential to contribute to proton FLASH RT research.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41567-022-01520-3.
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Methods
Setup at UPTD. The existing double-scattering setup at the fixed horizontal 
beamline41 was used to deliver a homogeneous proton field. The proton range, and 
hence the spread-out Bragg-peak position, was shifted by 90.0 mm poly(methyl 
methacrylate) (PMMA) (stopping power ratio, 1.18) and 122.4 mm polycarbonate 
(stopping power ratio, 1.15 (ref. 32)) slabs. The final beam aperture (lead and 
aluminium; 7 mm diameter) defines the irradiation field.

Setup at Draco PW. Single-plasma-mirror-cleaned laser pulses25 with energies 
of ~10 J (reduced-energy shot) to ~18 J (full-energy shot) were focused (2.6 μm 
full-width at half-maximum) onto 220-nm-thick formvar foils under oblique 
incidence (50°), leading to intensities on target of 3.0 and 5.4 × 1021 W cm–2, 
respectively, with a repetition rate of 3–4 shots per minute. Temporal pulse-shape 
optimization for the highest cut-off energies was conducted according to another 
study25 via a Thomson parabola spectrometer (at the end of the beamline) and a 
proton-beam profiler every day. After optimization of the LPA source, knowing 
the geometrical and spectral source characteristics in the beam transport 
direction, the in-air irradiation setup is assembled and the beamline is prepared 
within 10 min. The overall setup follows the concept presented elsewhere27, with 
the following key components and respective distances to the laser target (Fig. 1). 
Solenoid 1 (magnetic flux density B1 ≈ 13.6 T at the solenoid centre, 40 mm bore, 
first winding at 77 mm), ESA (aluminium; 15 mm diameter, at 745 mm), solenoid 
2 (B2 = 3.5 T at the solenoid centre, 42 mm bore, first winding at 1,108 mm), first 
scatter foil (nickel; 220 μm, at 1,820 mm), Kapton window (75 μm thickness, 
30 mm diameter, at 2,005 mm), second scatter foil (nickel; 110 μm, at 2,010 mm), 
TOF detector and transmission IC (14 mm diameter, at 2,082 mm) and final beam 
aperture (lead and aluminium; 7 mm diameter, at 2,135 mm). Solenoid 1 was 
equipped with a dedicated cooling system that allowed continuous operation at 
three pulses per minute.

Beam transport at Draco PW. The model-assisted beam transport scheme based 
on another study27 employs two pulsed solenoid magnets that act as chromatic 
lenses selectively focusing two spectral components of the broad LPA source at the 
PTV position for homogeneous depth–dose formation.

For precise accumulative dose delivery, as applied for mouse irradiation, the 
gap between the transported spectral components was deliberately widened and 
the lower-energetic part was stopped in the scatterers. Together with the spectral 
manipulation via ESA (Fig. 1c), this measure aided the adjustment of the dose per 
shot, complementary to applying low-energy laser shots, and made the depth–dose 
homogeneity more robust with respect to fluctuations in the LPA source. Single-shot 
high-dose delivery (Fig. 4) requires peak proton-source intensities, that is, full-energy 
laser shots, as well as the simultaneous efficient transport of both spectral components 
superimposed at the PTV for dose escalation and maintaining radiobiological 
homogeneity constraints (Fig. 4b). The use of apertures and scatterers was therefore 
kept to a minimum.

The spectral distribution of the transported proton bunch was measured by the 
TOF spectrometer and compared with the reference spectra. If necessary, beam 
transport was readjusted by tuning the magnetic-field strength (typical changes of 
<4%) of the solenoids. The alignment of the (motorized) final beam aperture with 
respect to the beam axis was performed via online scintillator measurements.

The beam transport setup offers a direct line of sight from the source to the 
sample, making it necessary to consider the contamination of the transported 
proton beam at the irradiation site with other ionizing radiation generated in the 
LPA process or via secondary interaction. Heavier ion species, for example, oxygen 
or carbon, are transported like protons considering identical magnetic rigidity; 
however, owing to their low penetration depth, they are stopped by the scatterers 
and do not contribute to the delivered dose. Electrons are deflected and dispersed 
in the solenoid fringe fields. The flux of neutral particles at the irradiation site, 
such as gamma radiation or (secondary) neutrons, is strongly supressed by the 
~2 m distance to the source following the inverse-square law. Measurements 
via RCFs at the irradiation site verified the negligible dose contribution of the 
radiation background.

Experimental and dosimetric workflow at Draco PW. After optimizing the 
source and transport, we routinely performed QA measurements before sample 
irradiation. The QA protocol included the verification of the transmission IC 
calibration and irradiation of an RCF stack mimicking the radiobiological sample 
irradiation, including time-critical dose application. The stack was immediately 
evaluated for delivered dose value and dose homogeneity. When the radiobiological 
target parameters were not met, we made readjustments at the source level (laser 
energy) or transport system (magnetic-field strengths, aperture size and so on). 
Once within the specification, we continued to prepare the radiobiological sample 
irradiation, during which two independent absolute-calibrated dosimeters are 
employed. The transmission IC monitors the single-shot dose to terminate the 
irradiation after reaching the targeted dose window. A single RCF (dRCF), directly 
in front of the sample, is used for measuring the lateral dose homogeneity. Data 
for both dosimeters (dRCF and IC), each complemented by TOF measurements, 
are used to extrapolate their measured dose at the respective detector plane to 
the averaged dose over the whole sample depth, providing two independent PTV 

dose values (Fig. 3b, data in light blue). Each sample irradiation was followed by 
QA RCF stack measurement. The RCFs were digitized in accordance with the 
calibration protocol.

RCFs. At both facilities, Gafchromic EBT3 films were applied for 
dose-rate-independent42 and spatially resolving absolute dosimetry of protons 
and X-rays for integral doses of ~4 Gy, as applied to the sample. The RCFs were 
calibrated in homogeneous radiation fields of 200 kV X-rays and spread-out 
Bragg-peak protons at UPTD as described elsewhere32. For dose evaluation,  
the films were digitized with a flatbed scanner and analysed on the basis of  
the calibration.

IC. For online dosimetry including the termination of irradiation after the 
prescribed dose delivery, transmission ICs were used at both facilities (Draco 
PW, PTW type 7862; UPTD, PTW type 34058) and cross-calibrated against a 
factory-calibrated Advanced Markus IC (PTW type 34045) at the irradiation site 
on a daily basis. The Markus IC was read out by a UNIDOS dosimeter (PTW) 
with air pressure, temperature and radiation-quality corrections applied. Precise 
dosimetry in ultrahigh-dose-rate proton fields requires special care43 as saturation 
effects occur in ICs. A proper saturation correction in accordance with another 
study44, verified by complementary RCF measurement, enabled the use of the 
Markus IC at Draco PW and thus IC cross-calibration. The beam stability of the 
clinical accelerator at the UPTD enables to deduce the absolute volumetric dose 
information from the calibrated transmission IC, rendering complementary 
dosimeters unnecessary, assuming regular accelerator QA.

TOF spectrometer. The TOF spectrometer combines a fast scintillator (200 μm 
thickness; BC-422Q, Saint-Gobain Crystals) with optical-fibre readout for signal 
transfer unaffected by the electromagnetic pulse of the LPA process. The signal 
is digitized by a well-shielded fast photodiode. The temporal resolution of the 
complete TOF assembly amounts to ~1.5 ns (full-width at half-maximum), 
calibrated via ultraviolet short-pulse laser excitation. The proton spectrum 
measured at the TOF position was used to predict the depth–dose distribution 
at the PTV (Fig. 1d) and reconstruct the proton spectrum at the source that 
contributes to dose delivery (Fig. 1b). Both calculations were performed via the 
Monte Carlo code Fluka45. Proton-beam size and divergence at multiple positions 
during transport were measured via the RCF stack and the derived data were 
fed into the Fluka model. The predicted depth–dose distribution at the PTV was 
regularly verified via the RCF stack measurement for QA purposes.

Radiobiological protocol. The animal facilities and the experiments were 
approved according to the European Parliament and Council Directive 2010/63/EU 
on the protection of animals used for scientific purposes, German animal welfare 
regulations and local ethics committee (approval DD24-5131/338/35, Saxony State 
Directorate, Dresden, Germany). The experiments were performed using 7-to-
14-week-old female and male NMRI Foxn1(nu/nu) mice purchased from Charles 
River Laboratories two weeks prior to the tumour injection. The animals were kept 
grouped with a maximum of eight mice per Euro-standard type III cage at 12:12 h 
light–dark cycle, constant temperature of about 26 °C and relative humidity of 
45–60%. The mice were fed with commercial laboratory animal diet for nude mice 
and water ad libitum. The optimized mouse ear tumour model35 was applied using 
the described procedures for whole-body irradiation, tumour cell preparation 
and injection, as well as anaesthesia with the exception of introducing Bepanthen 
eyecream for eye protection during irradiation. Tumour growth was monitored 
three times a week using a caliper. The corresponding tumour volumes were 
calculated as π

6 × a × b2, where a is the longest tumour axis and b is the shortest 
tumour axis perpendicular to a. The tumour origin was routinely controlled 
by a microsatellite analysis and standard hematoxylin and eosin staining. 
Tumour-bearing animals fulfilling the allocation criteria35 were randomly allocated 
to the different treatment groups necessary to delineate the temporal variances of 
the tumour model and non-radiation effects from the treatment outcome33.

For this pilot study, no statistical methods were used to predetermine the 
sample sizes, but accepted/typical numbers from approved animal studies were 
applied. Here 92 animals—47 at the laser-driven proton facility Draco PW and  
45 at the proton reference facility UPTD—were applied, targeting seven animals 
per treatment group or 70 animals in total in the analysis, including backup 
animals to balance for the missing tumour growth, not matching the allocation 
criteria and exclusion due to health status or radiation failure. Altogether, 61 out  
of the 92 animals were allocated in both cohorts, whereas 19 animals did not 
develop a tumour, 11 animals did not meet the allocation criteria and one animal 
was prematurely euthanized due to general health conditions. One animal was 
excluded from the analysis after irradiation, because of underdosage at Draco PW 
due to a technical failure.

Mouse irradiation workflow. A common workflow for mouse irradiation 
was applied to minimize external influences. Once allocated, the animals were 
transported to the respective treatment site and anaesthetized shortly before 
their respective (sham) irradiation. The animals were prone positioned in the 
prewarmed bedding unit with the tumour-bearing ear fixed with Leukosilk 
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(BSN Medical) on a PMMA block attached on the right side of the bedding 
unit. At both proton sources, the bedding unit was set in a holder, where it was 
tilted by −90° to position the tumour within the radiation field. Camera-based 
tumour-positioning control assures congruence of the tumour volume and 
PTV. The final beam aperture assures radiation protection of the mouse. For 
irradiation with 200 kV X-rays, the bedding units were positioned horizontally 
superimposing the tumour-bearing ears on the PMMA block with the collimator 
openings. Independent of the radiation source, the bedding units were heated 
during irradiation to circumvent a drop in the body temperature of the 
anaesthetized mice.

Radiobiological follow up and analysis. Following irradiation, tumour diameters 
were measured blinded three times a week for up to 120 days. The health status 
was assessed in parallel. The animals were killed by cervical dislocation when 
the tumour reached the maximum diameter of 7–8 mm, when necessitated by 
declining animal health status or at the end of the follow-up period. Animals 
with ulcerated tumours were also excluded. Tumour growth curves (Fig. 3c,d) 
were derived by relating the measured tumour volumes to the tumour volume at 
allocation day and treatment start to calculate the relative tumour volume. Tumour 
growth curves averaged over the respective treatment groups were not calculated 
due to low statistics. In the X-ray irradiation data (Extended Data Fig. 1), both 
irradiated treatment groups show a behaviour comparable to their respective 
growth control and sham irradiation groups. Although the radiation-induced 
effect might be resolvable in a full-scale study, the data suggest that increasing the 
applied X-ray dose (compared with the proton dose) in future studies could be 
beneficial, allowing to more robustly identify potential influences of environmental 
conditions and experimental procedures at the different irradiation facilities33.

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

Data availability
The source data are available via Rodare at https://doi.org/10.14278/rodare.1128 
(ref. 46). All other data that support the plots within this paper and other findings of 
this study are available from the corresponding author upon reasonable request.

Code availability
The code written for use in this study is available from the corresponding author 
upon reasonable request.
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Extended Data Fig. 1 | individual tumour growth curves as relative tumour volume increase after allocation/treatment. Depicted are growth control 
(light gray), sham (dark gray) and X-ray irradiated (green/blue) mice at respective facilities: a UPTD, b Draco PW. Tumour growth of the sham treated 
groups, which run in parallel to the irradiated ones, indicate the influence of the respective treatment conditions. Unaffected tumour growth is shown by 
the control mice that remain in the corresponding animal facilities. The plus indicates tumour volume reduction due to scabbing. Number of animals per 
group given in parentheses. The x-axis is interrupted to display a longer period of time with no substantial tumour volume change.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability 
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size For this pilot study, the aim was to have 7 animals per group in analysis. In order to achieve this goal, backup animals were injected with 
tumor cells serving as reserve for animals that could not be allocated (no tumor growth) or dropped out after the experiment, e.g., for health 
reasons or secondary tumor growth. Altogether, 92 animals were applied in this experiment split in 70 animals scheduled for the 10 
treatment groups and 22 as backup.

Data exclusions Tumor growth data from all allocated animals is shown, except one animal that has to be excluded due to an underdosage at the laser-driven 
proton source (described in manuscript). Altogether, 61 of 92 animals were allocated in both cohorts, whereas 19 animals did not develop a 
tumor, 11 animals did not meet allocation criteria and 1 animal was prematurely euthanized due to general health conditions.

Replication The findings could not be replicated since the animal application implies 92 animals for this pilot study. A replication is only feasible within a 
new animal application. 

Randomization At each experiment day animals whose tumors match the allocation criteria were allocated filling all groups at the respective site in parallel. 
With this method we want to avoid temporal staggering of fast or slow growing tumor in one group, e.g., by filling the groups one after each 
other. 

Blinding For allocation, blinding was not possible since the groups were filled in parallel and the animals have to be treated differently in each group. 
During follow up, the tumor growth was measured as blinded as possible, e.g., by separating animal allocation list and tumor growth data or 
tumor volume measurements by animal caretakers that were not involved into allocation and treatment.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) FaDu_DD was derived from our own stock. 

Authentication Tumor origin was routinely checked by microsatellite analysis of tumors that could not be allocated. In addition, tumor origin 
was verified by an in-house expert on basis of hematoxilin and eosin stained slices.

Mycoplasma contamination We confirmed that the cell line was free of mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

n/a
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals NMRI nu/nu, male and female, 7-14 weeks purchased from Charles River Laboratories (Sulzfeld, Germany)

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight Approval DD24-5131/338/35, Saxony State Directorate, Dresden, Germany

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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