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Abstract Proton beams are a promising tool for the
improvement of radiotherapy of cancer, and compact laser-
driven proton radiation (LDPR) is discussed as an alter-
native to established large-scale technology facilitating
wider clinical use. Yet, clinical use of LDPR requires
substantial development in reliable beam generation and
transport, but also in dosimetric protocols as well as vali-
dation in radiobiological studies. Here, we present the first
dose-controlled direct comparison of the radiobiological
effectiveness of intense proton pulses from a laser-driven
accelerator with conventionally generated continuous pro-
ton beams, demonstrating a first milestone in translational
research. Controlled dose delivery, precisely online and
offline monitored for each out of ~4,000 pulses, resulted
in an unprecedented relative dose uncertainty of below
10 %, using approaches scalable to the next translational
step toward radiotherapy application.
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1 Introduction

Cancer represents the second highest cause of death in
industrial societies. Today, at a steadily increasing rate,
already more than 50 % of all cancer patients are treated
with photon or electron radiotherapy during the course of
their disease. Radiotherapy by protons or heavier ion
beams, due to their inverse depth dose profile (Bragg peak),
can achieve better physical dose distributions than the most
modern photon therapy approaches. In the case of ions
heavier than protons, the higher relative biological effec-
tiveness (RBE) [1, 2] might be of additional therapeutic
benefit. It is estimated that at least 10-20 % of all radio-
therapy patients may benefit from proton or light ion
therapy [3, 4] and indications are currently evaluated in
clinical trials worldwide. Yet, making widespread use of
this potential calls for very high levels of clinical expertise
and quality control as well as for enormous economical
investment and running costs associated with large-scale
accelerator facilities. The former point is presently being
addressed in clinical research with, e.g., advanced real-time
motion compensation techniques, while the latter requires
more compact and cost-effective, yet, equally reliable
particle accelerators.

As a promising alternative to conventional proton
sources, compact laser plasma based accelerators have
been suggested [5—11]. Practically, LDPR originates from
hydrogenated contaminants on almost any solid target
surface when irradiated with sufficiently intense ultra-
short-pulse laser light [12]. Electrons are heated to mega-
electronvolt temperatures during the interaction, and driven
out of the target volume. In the corresponding electric field,
yielding unsurpassed gradients in the megavolt per
micrometer range, protons at the surface efficiently gain
initial energy [13]. Over the last decade, intense proton
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pulses with energies exceeding several 10 MeV have been
reached with large single-shot laser facilities. Yet, only
with the recent generation of table-top 100 TW Ti:Sapphire
lasers, operating at pulse repetition rates of up to 10 Hz,
energies exceeding 10 MeV [14-18] became accessible for
applications where also the average dose rate is of interest,
e.g., for providing sufficiently short treatment durations of
a few minutes. For the anticipated future application in
radiation therapy, a further increase in the proton energy of
up to 200-250 MeV is required, which is currently
addressed by the investigation of novel acceleration
schemes [19-21] as well as by ongoing laser development.

Equally indispensable for the development of devices
suitable for radiobiological studies and clinical applications
is the competitiveness of the laser plasma accelerator with
conventional sources in terms of precision, reliability and
reproducibility. Research in this field can adequately be
performed with available technology and, in particular,
presently accessible particle energies as introduced in
Ref. [22]. The challenge is the development of a laser-
based treatment facility taking into account the specific
properties of LDPR, in particular, the comparatively broad
energy spectrum and the distribution of the therapeutically
required dose in a finite number of very intense pulses,
where the level of the peak dose rate in one pulse can
exceed the average by up to nine orders of magnitude. This
task has to be addressed by translational research, meaning
the transfer of the results of the complex and interdisci-
plinary basic research into clinical practice [23], starting
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Fig. 1 Left Picture depicting the experimental setup for the irradi-
ation of cell samples with LDPR at the instant of a laser shot. The
laser pulse is focused by an off-axis parabolic mirror onto a thin target
foil. Protons accelerated in the target normal sheath acceleration
regime propagate through a magnetic filter and are transported to the
irradiation site inside the air-filled integrated dosimetry and cell
irradiation system (IDOCIS). The bottom insert shows a micrograph
illustrating immunostained DNA double-strand breaks (DSB) in
single-cell nuclei used to quantify radiation induced biological
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from in vitro cell irradiation, over experiments with ani-
mals, to clinical studies. Vice versa the realization of each
translational step represents a benchmark of the develop-
ment status of the laser-driven dose-delivery system to a
clinically applicable beam, being the main objective of our
work.

In this sense, in this article, we directly compare the
RBE of pulsed LDPR and conventionally accelerated
continuous proton beams in vitro demonstrating scalable
controlled dose-delivery and clinical precision standards
for both sources. This work is building on previous work
from our group [22] and the radiobiological results are
consistent with first experiments performed by Yogo
et al. [24, 25] and a recent single-pulse study of the RBE
by Doria et al. [26] with retrospective dose evaluation.

2 Setup of the laser-driven proton dose-delivery system

The experiment was carried out with the ultra-short pulse
Ti:Sapphire laser system Draco at HZDR [14], here pro-
viding an energy of 1.8 J on target contained in a pulse of
30-fs duration. When tightly focused onto a 2-pm-thick
titanium foil target (Fig. 1), a peak intensity of 5 X
10 W /cm? can be achieved. All major parameters of the
fully computer-controlled high-power laser system are
monitored to provide for maximum stability. The proton
radiation generated by the target-normal-sheath-accelera-
tion mechanism [12] exhibits an exponential energy
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irradiated in the energy insensitive plateau region of the correspond-
ing Bragg curves, well separated from the range of the energy
dependent Bragg peaks, where volumetric sample irradiation would
be performed



Dose-controlled irradiation of cancer cells with laser-accelerated proton pulses 439

spectrum with a characteristic cutoff energy of up to
15 MeV. The remote-controlled target-alignment proce-
dure ensures a high shot-to-shot reproducibility. A special
target foil exchange device allows for about 1,000 shots
without breaking the vacuum, sufficient to homogeneously
irradiate about 40 cell samples with a dose of 2 Gy.

Directly behind the target the energetic protons pass
through a magnetic dipole filter [27] applied to clean the
pulse of all protons with energies below 8 MeV. Intrinsi-
cally, the direct line-of-sight between the interaction point
and the irradiation site is blocked and thus secondary
radiation generated in the laser plasma is suppressed.
Downstream of the magnetic filter the integrated dosimetry
and cell irradiation system (IDOCIS) is located [22, 28]. Its
interior components for dosimetry and cell irradiation are
separated from the vacuum of the target chamber by a thin
plastic window. The IDOCIS module integrates a thin
transmission ionization chamber for real-time control of
dose delivery and a cell holder inset. The latter can be
replaced by several reference dosimeters such as a Faraday
cup (FC, design adopted from Ref. [29]), radiochromic
films (RCF), or CR39 solid state nuclear track detectors to
determine the applied 2D dose and spectral energy distri-
bution in the plane of the cell monolayer. For that purpose,
an absolute calibration for RCF and FC detectors was
carried out before performing the irradiation experiments
with laser-accelerated protons for proton energies of
5-60 MeV at the eye tumor therapy centre of the Helmholtz
Zentrum Berlin (HZB), Germany [28]. The ionization
chamber optimized for lowest ion energies, thus consisting
of three metalized kapton foils (each only 7.5-pm thick), is
permanently placed in front of the different insets and is
used to establish the relationship between FC and RCF and
to the real-time control of the dose delivery. It is therefore
cross-calibrated to FC and RCF before and after each cell
irradiation taking saturation effects at high dose rates into
consideration (similar to Ref. [30]).

During the irradiation dose homogenization on a
2 x 6 mm? spot size is ensured by multiple rotations of the
cell sample. The optimization and control of the homoge-
nous 2D dose distribution in the plane of the cell mono-
layer and the estimation of the contribution of the
inhomogeneity (below 5 %) to the dose error was per-
formed with RCF and CR39 nuclear track detectors.

For the control of the dose deposited into the thin cell
monolayer, the proton energy spectrum has to be known.
Figure 1 (right) shows a typical normalized spectrum at the
cell location deduced from Thomson parabola measure-
ments recorded directly before the cell irradiation cam-
paign and including the transmission of the energy
selective beam delivery [22]. During the irradiation
experiments, stacks of RCF and CR39, providing a coarse
energy resolution due to the energy-range relationship of

the stopping power, were used to cross-check the applied
energy spectrum in the plane of the cell monolayer and
complemented by the online observation of the stability of
the spectral filtering with a plastic scintillator positioned
between the dipole filter and the IDOCIS entrance pinhole.

In the presented experimental campaign, the use of
sufficiently high proton energies at the cell layer position
(>6.5 MeV) ensured a constant linear energy transfer
(LET). Therefore, significantly less uncertainty in the
energy-dependent energy loss was achieved than if the
Bragg peak was be positioned at the depth of the cell
monolayer. This method yields the most reliable exposure
range for systematic studies as illustrated by the normal-
ized energy deposition for the representative energies of 7,
8.5, and 12 MeV as a function of the depth in water
depicted below the spectrum in Fig. 1.

3 Dose effect curves and dose uncertainty

For the irradiation experiment, the radiosensitive human
squamous cell carcinoma cell line SKX was used [31].
Cells were seeded 1 day before irradiation on a thin biofilm
as bottom of a chamber slide. The plating efficiency was in
the range of 15-20 %. Before irradiation, 1 ml of cell
culture medium was added, the well was closed with sterile
parafilm and the sample was positioned in the horizontal
LDPR beam. Further details on derivation, cultivation and
handling of the cell line as well as applied sample geom-
etries are provided in Refs. [22, 32, 33]. The cells were
irradiated with a mean dose of 81 mGy per shot that corre-
sponds to a peak dose rate for each proton bunch of 4 x 10’
Gy/s. The dose was applied in the range between 0.5 and
4.3 Gy (0.43 Gy/min averaged over 1 min) and controlled by
means of the ionization chamber in front of the cells.

The biological endpoint of the yield of residual DNA
double-strand breaks (DSB) remaining 24 h after irradia-
tion was analysed. It has been shown previously for this
cell line that residual DNA DSB correlate closely with cell
survival [34]. The DNA DSB were detected by means of
fluorescent-labeled antibodies against the active forms of
histone y-H2AX [35] and protein 53BP1 [36]. Both mol-
ecules were activated and related to the position of radia-
tion-induced DNA DSB [35, 36]. The average number of
radiation-induced DNA DSB per cell nucleus was counted
for each irradiated cell sample and evaluated as a function
of the applied dose.

An in-house tandem Van-de-Graaf accelerator served as
reference radiation source providing 7.2 MeV protons deli-
vered as a continuous beam with a dose rate of 1.1 Gy/min
in a homogeneous beam spot of 35 mm?. The equip-
ment and the dosimetry methods, e.g., including IDOCIS
module and detectors, horizontal beam application, etc.,
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were identical for both radiation sources (more details in
Ref. [28]). As the irradiation setup was initially developed
for the polychromatic beam of the laser plasma accelerator,
no additional filtering was applied for the case of the mono-
energetic tandem beam. For the dosimetry, the spectrum
has no further implications, because the cell sample is
positioned ahead of the Bragg peak (Fig. 1). Moreover, the
location of both radiation sources and a cell laboratory on
one site guarantees the direct comparability of radiobio-
logical outcome for laser-driven and conventionally
accelerated proton beams. To connect the successive
experimental campaigns (LDPR and conventionally
accelerated protons), and to identify possible deviations in
the biological response arising from biological diversity,
reference irradiations with standard 200-kV X-rays (filtered
with 7 mm Be and 0.5 mm Cu) were performed in parallel
to each proton experiment.

The dose effect curves of the laser-driven proton pulses
(red dots) and the conventionally accelerated continuous
proton beam (blue squares) are compared in Fig. 2. This
direct comparison reveals no significant difference in the
radiobiological effectiveness as indicated by the substan-
tially overlapping confidence intervals (2c) of the almost
identical linearly fitted curves. Furthermore, a similar level
of the relative dose error AD/D could be reached experi-
mentally for both techniques and for each irradiated cell
sample. As a major result, this level remains below 10 % as
depicted in the inset of Fig. 2 and reaches the order of the
clinical precision standard of 35 %.
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Fig. 2 The averaged number of DNA DSB plotted and linearly fitted
as function of the applied dose for each cell sample irradiated with
LDPR (red) in comparison with a continuous proton reference beam
(blue). The inset shows the relative dose uncertainty for each sample
irradiated with LDPR. The error bars on the biological measurements
include all systematic errors caused by the used equipment, such as
the scale uncertainty of pipettes and the automatic cell counting as
well as statistical errors. The background of 0.96 & 0.06 y-H2AX
foci per cell was determined using non-irradiated control samples and
is already subtracted for each data point
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The key to this with respect to LDPR unprecedented
level of precision is the synergetic combination of first, the
reduction of the uncertainty in the dose delivery caused by
beam fluctuations and detector responses using two inde-
pendent absolute dose formalisms, and second, the reliable
operation of the laser-driven proton source based on well-
controlled laser conditions on target.

The measurement of the precise dose applied to the cell
monolayer is based on the implementation of radiochromic
films and a Faraday cup into the irradiation site as two
distinct, dose rate independent, and absolutely calibrated
dosimetry systems. Using these systems, the absolute dose
value and the relative dose uncertainty were determined for
each irradiated cell sample individually by repeated cross-
calibration of the real-time monitor signal of the trans-
mission ionization chamber to RCF and FC directly before
and after each irradiation. Performing a weighted average
of the RCF and FC signals in combination with the use of
sufficiently high proton energies at the cell monolayer
position (>6.5 MeV) allowed for this significant reduction
of the measurement uncertainty.

A sufficiently high shot-to-shot reproducibility of the
proton pulses for the irradiation of single-cell samples
could already be demonstrated at Draco in Ref. [22].
Further automation of the laser start-up protocol, moni-
toring, and the implementation of the target-alignment
procedure extended this stability over a total operation
period of 3 weeks comprising several thousands of shots.
Long-term reliability was investigated by monitoring ded-
icated proton test pulses on 28 days out of 5 months. Dose
and spectrum of these test pulses were measured with an
RCF stack positioned 35 mm behind the target foil
recording the complete unfiltered spatial proton energy
distribution for single reference shots (Fig. 3). The pulse
dose measured on the fifth film layer, corresponding to a
reference depth of about 1 mm in water, and the charac-
teristic cutoff value of the exponential proton energy
spectrum (E,.x), were used to characterize the proton
beam. The overall average pulse dose of 5 £ 0.8 Gy
and the overall average maximum proton energy
13.3 £ 0.6 MeV confirm reproducible system performance
at the level required for radiobiological experiments over a
period of 5 months.

This in principle allows for extending the experiments
presented here to several tumor and normal tissue cell lines
as well as to different biological endpoints as it is required
to conclude on the RBE of pulsed LDPR for therapeutical
applications. As an example, the clonogenic survival assay,
commonly referred to as gold standard in radiotherapy-
related research, was independently applied to few homo-
geneously irradiated probes. A comparison of the survival
fraction of cells irradiated with LDPR and the continuous
reference beam, using the same protocol as for the previous
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Fig. 4 The tumor cell survival (for cell line SKX) is depicted after
irradiation with LDPR (red) and the reference proton beam (blue)
determined using the clonogenic survival assay, as the gold standard
in radiobiology. Here, the killing efficiency of the used radiation is
measured by plating a certain number of cells after irradiation and
counting the number of surviving colonies containing at least 50 cells
after 13 days of incubation

study, is presented in Fig. 4. Again, no difference in the
response to the beam properties is observed within the
exemplarily investigated dose range.

4 Conclusions and outlook

Summarizing, laser-driven dose-delivery systems dedi-
cated for the in vitro cell irradiation with proton pulses can
be operated at a performance level that is sufficient for
radiobiological studies on short as well as on long time-

scales and with a precise delivery of prescribed doses.
Methods and components of the presented approach such
as real-time transmission dose monitoring can be directly
scaled to higher proton energies, later required for proton
cancer therapy. This performance level has been validated
by the independent measurement of two dose effect curves
based on different endpoints.

Both radiobiological results are in good agreement with
a complementary experiment performed at the Munich
Tandem Van-de-Graaf accelerator [37, 38] and a recent
study of the RBE of intense single pulses of LDPR, where
the dose applied to the cells was varying across the probe
and analyzed retrospectively for individual irradiated areas
[26]. Making use of different pulse modes of the Tandem
accelerator, the first study focused on the dependence of
the RBE on the peak dose rate by comparing the effect of
short-pulses (few nanoseconds) and continuous beams of
20 MeV protons, while the latter directly made use of the
intrinsically high peak dose rates of LDPR of up to few Gy
per pulse. It thus seems that all existing studies performed
for different cell-lines and making use of different sources
confirm that in the therapeutically relevant dose range of a few
Gy, even if applied in a single pulse of only few nanoseconds
duration, non-linear radiobiological effects due to simulta-
neous multiple damages in cells and, thus, below any time-
scale of repair mechanisms are unlikely to arise.

The next step in translational research will be the
extension of the experiments to volume irradiation in ani-
mal experiments. In comparison to the studies on biological
effects in two-dimensional cell monolayers, these experi-
ments are more complex and require not only higher but
also tunable proton energies.

Thus, to be able to proceed independently from the
development of laser accelerators, an experimental setup is
proposed in Fig. 5. The scheme relies on a refined com-
bination of the techniques described above with an active
energy selection filter and dedicated small tumors growing
in the ear of mice close to the surface with a volume of
about 1 mm?>. In previous measurements with the Draco
laser system, the use of ultra-thin gold disks as targets,
similar to the targets presented in Ref. [20], led to an
increase in the measured dose per pulse by a factor of at
least six in the proton energy range of interest (lower left
Fig. 5) with respect to the titanium foil targets used for the
dose effect curves in Fig. 2. Simultaneously, these targets
enable high-precision alignment at high repetition rates due
to lithographic technology-based fabrication.

In addition, the cell irradiation setup presented in Fig. 1
is extended by a pulsed solenoid providing a high capture
and transport efficiency of up to 20-25 % measured in
[39]. By tuning the delay between laser pulse and solenoid
trigger in a multi-shot approach, the energy-dependent
beam collimation allows for the active shaping of the
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Fig. 5 Setup of the in vivo experiment to apply a homogeneous depth
dose distribution to a tumor growing in the mouse ear (<1 mm?). By
the use of gold disk targets (around 100 pm in diameter and sub-
micron thickness) the dose per pulse relative to standard planar foils is
significantly increased as presented in the depth dose curves measured
with RCF stacks 35 mm behind the target (average over 15
consecutive shots each). In addition, the presented cell-irradiation
setup is extended by a pulsed solenoid to increase the transport
efficiency and to ensure a homogeneous proton depth dose

spectral intensity of the proton energy spectrum given for
the cell location in Fig. 1. Thus, a homogeneous proton
depth dose distribution (spread-out Bragg peak) can be
applied to the tumor without the need to shape the energy
distribution in the plasma acceleration process.

The demonstrated advances in the performance of com-
pact laser-driven proton sources and dedicated dosimetric
techniques not only represent an important milestone on the
way to the realization of a clinical laser-based proton treat-
ment facility but also open the door to further applications
where ultra-fast and reliable sources are required.
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