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State-of-the-art lasers achieve high power in ultrashort 
pulses

Example: VULCAN laser (RAL,UK) 
500 J of energy concentrated 
in a pulse of  500 fs duration

Power = 1 PetaWatt = 1015 W

CPA invented in 1980s

100s TW- PW systems 
developed in 90s/00s
(RAL, UK/LLNL, US)

Nobel prize 2018

r0 ~ few 
micrometer        
Intensity  up 
to 1021 W/cm2

If focused to a 
small spot



Two main classes of CPA lasers

High energy CPA systems

•Nd: Glass technology

•100s J energy, up to PW power

•Low repetition rate

•100s fs duration

•Imax~ 1021 Wcm2 VULCAN, RAL (UK)
Phelix, GSI (De)
Trident, LANL (US)
Texas PW, Austin (US)

…..

Ultrashort CPA systems

•Ti:Sa technology

•10s J energy, up to PW power

•1-10 Hz repetition

•10s fs duration

• Imax~ 1021 Wcm2
GEMINI, RAL (UK)
Draco, HZDR (De)
Pulser I, APRI (Kr)
J-Karen, JAEA (J)

…..



Ultrafast ionization and plasma production

Extreme energy confinement in space and time 
leads to extreme conditions

Electric 
field

Electron
momentum

Radiation 
Pressure 

Ultrastrong pressure applied to the target surface

I~ 5 1020 W/cm2

Heating of electrons to relativistic energies
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Laser-acceleration of particles

Plasma can support very large E-fields 
(up to 1012 V/m = TV/m) via local charge separation
initiated by the laser pulse Emax ~ 50 MV/m  

Cf:  in RF accelerators
(cyclotron/LINAC)

Very short acceleration distances: 
compact accelerators  

Ultrashort particle sources:
femtosecond/picosecond duration

Very bright sources:
Significant dose delivery

Electron 
accelerator

Ion accelerator



Proton accelerators

Clark et al, PRL,
84 ,670 (2000)

Maksimchuk et al, PRL, 
84, 4108 (2000)

Snavely et al, PRL, 
85,2945 (2000) 

Initial observations:

Reviews:
Macchi, Borghesi, Passoni, Rev. 
Mod. Physics, 85, 751 (2013)

M. Borghesi, in L. A. Gizzi et al. 
(eds.), Springer Proceedings in 
Physics 231, 143-164 (2019) 

TNSA (Target Normal Sheath Acceleration)

𝐸!"" =
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scales with laser intensity/energy

Eions~ 𝐼$.&'(



Properties of TNSA proton beams

Short duration at source:
bursts with duration ~ ps

Broad spectrum:
continuum up to 10s of MeV
in a divergent beam
Emax ~ 85 -100 MeV

High intensity
pulse

Typical spectrum 
from VULCAN PW

High laminarity: 
rms emittance < 0.01 p mm-mrad

High brightness: 
1011 –1013 protons/ions per shot

F.Wagner et al, Phys. Rev. Lett., 116, 205002 (2016)
A.Higginson et al, Nature Comm., 9, 724 (2018)



Alternative mechanisms investigated
for different ions

Radiation pressure acceleration 
of ultrathin foils (~ 10 nm)

Laser 
pulse

Particularly effective on bulk species 
within the target (e.g. carbon )

Ions



Acceleration by radiation pressure
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4
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vos
2 (x) 1− cos2ω0t( )

In a plasma the effect is felt by the electrons via 
the  ponderomotive force

Oscillating term
JXB heating, 
hot electrons

Non-oscillating term
Steady pressure,
transferred to ions via space-charge

Radiation pressure upon light reflection from a mirror surface:

� 

pR = 2IL
c

PL=60 Gbar 
@ 1020Wcm-2

Normally, the electron 
heating effect masks any 
steady pressure effect 

Laser-polarization can be used
to control the balance between 
the two terms

Linear polarization Circular  polarization
A.Macchi et al, PRL 94, 165003 (2005)



Interaction with ultrathin foils :  Light Sail

•Bulk acceleration:   equally efficient on different   
species

•Fast scaling with intensity
e-Z+

€ 

Eions ~ I τ η( )2

Target must stay opaque:
Ideal conditions realized for 
ultrahigh contrast, CP pulses
(minimized electron heating)

T.Esirkepov, et al. Phys. Rev. Lett., 92, 175003 (2004)
APL Robinson et al, NJP, 10, 013021 (2009)

Nanosail D2,  (US)  
Jan 2011

Similar concept used for 
solar sails – space travel

Transparency onset terminates
the action of radiation pressure



Experiments with ultrathin foils –
efficient Carbon acceleration

1.E+08!

1.E+09!

1.E+10!

1.E+11!

5! 10! 15! 20! 25! 30!dN
/ 

dE
/ 

dS
r!

εProton (MeV)!

 CP!
 LP!
 Noise!

1.E+07!

1.E+08!

1.E+09!

1.E+10!

1.E+11!

0! 5! 10! 15! 20! 25!

dN
/ 

dE
/ 

dS
r!

εCarbon (MeV/u)!

 CP!
 LP!
 Noise!

dN
/d
ε/

dΩ
#

dN
/d
ε/

dΩ
#

108#

109#

1010#

1011#

108#

109#

1010#

1011#

107#

(b)#

(c)#

(a)#
Proton#

C6+#

Radiation Pressure Acceleration  ( Bulk acceleration) 
ASTRA GEMINI results

• Strong dependence on polarization, onset of Light Sail acceleration
• Particularly interesting for bulk Carbon acceleration 
• Existence of an intensity dependence, optimum target thickness

h ≈ 𝜋 !!
!"

ℓ
#
~𝑎0

C. Scullion et al, PRL, 119, 054801 (2018)
A.McIlvenny, PhD thesis  (2020)

Optimum thickness for RPA:GEMINI: 40 fs, 6 J, ~ 5 1020

W/cm2, plasma mirror for contrast 
enhancement, polarization control
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3D PIC simulations clarify the acceleration scenario
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Linear polarization: 
strong heating, 
early transparency, 
target decompression

Circular polarization:
Opacity maintained for longer
Radiation pressure applied more 
efficiently

transparency

~t2 dependence
(typical of Light Sail RPA)

C.Scullion et al, Phys. Rev. Lett., 119, 054801  (2017)



Scaling of Carbon energies to higher intensities 

f/2 focusing , 40 fs, 
(GEMINI conditions)

f/2

f/1

A.McIlvenny et al, PPCF, 62, 054001 (2020)

Increasing intensity by tighter focusing 
has some limitations
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Eions ~ I τ η( )2

hoptimum ~ 𝑎0 ~ 𝐼
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Role of secondary factors (pulse’s rising edge)

At the optimum thickness,   
precursor energy leads to pre-
expansion of protons, which are 
not accelerated efficiently.

A. McIlvenny et al, submitted (2021)

Modelling the laser rising edge 
on ps time scales is key to 
understanding the different 
species dynamics

Possibility of pure Carbon 
acceleration at high energy



Reduced cost/shielding: 
• Laser transport rather than ion transport 

(vast reduction in radiation shielding)
• Possibility to reduce size of gantry

Flexibility:
• Possibility of controlling output energy and spectrum
• Possibility of varying accelerated species 
• Spectral shaping for direct “painting” of tumour region

Novel therapeutic/diagnostic options
• Mixed fields: x-ray + ions 
• In-situ diagnosis
• Proton radiography/PET…

Radiotherapy proposed early on as a target application

16

Vision first proposed in : 

S.V. Bulanov et al, Phys. Lett. A, 299, 240 (2002)
E. Fourkal et al, Med Phys., 30, 1660 (2003)
V. Malka, et al, Med. Phys., 31, 1587 (2004)



Growing interest in highly pulsed delivery (FLASH)

Compared to conventional treatment, 
FLASH radiotherapy is 
• as effective in destroying tumours
• less damaging to healthy tissues 

Examples:  
mice lung  and brain irradiations 
(prevention of lung fibrosis , protection 
of blood vessels/bronchi, sparing of 
spatial memory)
Fauvadon, Science Transl. Med (2014)
Gruel , Radiotherapy Oncology (2016)1E-4

1E-3
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SRT-h21 UHDpulse
Metrology for advanced radiotherapy using 

particle beams with ultra-high pulse dose rates

National Metrology Institutes

Irradiation 
facility 
provider

Stakeholder
(end user)

Radiation 
detector 
developer

all partners are experienced

almost all contribute to all WPs 

Problem
• 4.2 million new cases of cancer in Europe in 2018

• 50 % of the cancer patients in Europe receive radiotherapy

• Dose range with safe effective cure limited due to adverse side effects of 
the radiation on the normal tissue surrounding the tumor

Approaches
• Irradiations with ultra-high pulse dose rates (UHPDR) → dramatical 

reduced adverse side effects → “FLASH effect” → FLASH radiotherapy
• Laser-driven accelerators: future cost-effective accelerators for proton 

therapy → ultra-short pulses → UHPDR

• Very High Energy Electron (VHEE) radiotherapy: sparing of normal tissue 
from irradiation; VHEE beams → UHPDR

Metrological challenges at UHPDR 
• no active dosimeters → uneconomic effort for clinical practice 

• no corresponding primary standard
• no formalism (Codes of Practice) for reference dosimetry 

→ hampers preclinical studies, translation to clinical practice, safe operation

Complexity, resources → beyond the capabilities of a single institute

Need

Consortium

Cat cancer patient (nasal carcinoma not eligible for surgery)

before
FLASH

after
FLASH

New techniques in radiation therapy requires that its performance, safety 
and effectiveness can be reliably measured and optimized.

ultra-highconventional

Advanced 
Markus 
chamber @ 300 V 

Boag theory

ImpactObjectives
Metrological tools for traceable 
measurement of UHPDR beams (ultra-
high dose per pulse or ultrashort pulse 
duration)

1. To develop a metrological 
framework (primary and secondary 
standards) → WP1 & WP2

2. To characterize detector systems
→ WP2 & WP3

3. To develop methods for relative 
dosimetry → WP2 and for 
characterization of stray radiation 
→ WP4

4. To provide input for Codes of 
Practice → WP2 & WP3

5. To facilitate the take up → WP5

Stakeholder support
Providers of letter of support and collaborators with agreement  

Academic hospitals and cancer research centers
active in research in advanced radiotherapy with particle beams

Manufacturers
of dosimetry equipment / irradiators 

Research institutes 
involved in development of particle beams for advanced radiotherapy 

Organisations
representing interests of patients and users of radiotherapy

CZECH ASSOCIATION 
OF MEDICAL PHYSICISTS

WP1: Primary standards
• Definition of reference conditions

• Reference radiation fields

• Adapting primary standards 
(water calorimeter, Fricke 
dosimeter)

• Prototype graphite calorimeters 
for laser-driven beams

WP2: Secondary standards, 
relative dosimetry

• Transfer from primary standards

• Characterizing established 
detector systems

• Formalism for reference dosimetry 
for future Code of Practice

WP3: Detectors for 
primary beam

• Novel and custom-built 
active dosimetric systems

• Beam monitoring systems

WP4: Detectors and 
methods outside 
primary beam

• Active detection techniques for 
pulsed mixed radiation fields of 
stray radiation

• Methods with passive detectors

• Calibration chain to adequate primary standard 
→ cancer patients receive the accurate dose →
survival, quality of life

• Active dosimeters for UHPDR measurements 
→ economic QA → suitable for clinical practice

• UHPDR reference fields → manufacturers can 
characterize and calibrate detectors 

• Validated formalism → future update of the 
existing Codes of Practice, uncertainty 
comparable to conventional radiotherapy

• Roadmaps for development of future primary 
standards for laser-driven medical accelerators

• Laser-driven beams → access to more 
advanced, more cost-effective, and safer 
radiotherapy

• Several links with standardization bodies + 
close cooperation with hospitals and 
manufacturers → efficient route for the uptake

Strong multidisciplinary consortium of

• 4 NMI’s - leading in the field of dosimetry 

• 2 academic hospitals - pioneers in FLASH-RT

• 3 universities - experts in detector development / 
pioneer in laser-driven beams

• 2 national research institutes -pioneer in 
detector development / stray radiation expert

• 1 European research institute - laser-driven 
beam research infrastructure

• 1 company - expert in detector development

External funded partners

Lead WP6 (coordination)
research LINAC → UHPDR reference fields; water 
calorimeter primary standard; alanine dosimeter

Lead WP5 (impact)
experts in MC simulations, measurement and 
data analysis

Lead WP2
microtron → UHPDR reference fields; 
Fricke dosimetry primary standard

Lead WP1
experts in laser-driven beams and VHEE radiotherapy; 
graphite calorimeter primary standard

Lead WP3

Lead WP4

“Overcharge” of 
common active 
dosimeters
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Laser – driven particles are naturally 
ultrashort, and can reach dose rates 
many order of magnitude higher than 
used in FLASH

Can this be beneficial to radiotherapy?

FLASH parameters
• 1 – 10 Gy per pulse
• 106 Gy/s per pulse
• 40 – 1000 Gy/s mean dose rates
• 100 ms dose delivery



Challenges of current research 

• Demonstrate feasibility of ion 
beam production

– High energy
– Natively narrow energy 

distribution
– High repetition, stability

• Develop methods of beam 
transport/ delivery
- magnetic based or target based

• Assess the biological 
effectiveness of ultrashort ion 
bunches

• Development of appropriate 
dosimetry

Several activities  in Europe to advance  
these issues:

OncoRay (HZDR, Dresden)

LIGHT (GSI Darmstadt)

CALA (Munich)

ELIMAIA/ELIMED @ ELI Beamlines (IoP, 
Cz)

UHDPULSE ( EU Network on dosimetry)

LHARA (UK consortium, IC/STFC)

A-SAIL (UK consortium, EPSRC)



Several approaches pursued for beam delivery for 
pre-clinical studies

Zeil et al. Appl. Phys. B 
110, 437 (2013)

ELIMAIA
INFN (It)

1 PW, 10 Hz laser source
Targeting 60 MeV delivery
Conventional elements for controlling beam 
properties 



A target-based technique for proton beam conditioning

CPA

Post-acceleration 
Divergence control
Energy selection

S.Kar et al, Nature Comm., 7, 10792 (2016)



High amplitude EM pulses from intense interactions

Ejected 
charge

Electrical pulse

Wire

Laser

Large amplitude, ultrashort 
unipolar electrical pulses 
propagating at 
v ~ c are launched by high  
intensity interactions

The pulse carries positive 
charge away from the 
interaction region contributing 
to the target neutralization

K. Quinn et al, Phys. Rev. Lett., 102, 194801 (2009)
S. Tokita et al, Sci. Rep.,5, 8268 (2015) 
A. Poye et al, PRE, 91, 43106 (2015)
H. Ahmed, NIMA, 829, 172 (2016)

15-20 ps

Q~ 60 nC



Coil targets for proton beam optimization

The field structure is 
essentially equivalent to the 
field of a charged ring

z [mm]

r [mm]

Ez

Er
ÞDivergence < 1o

measured at 35 mm 
from the target

Choice of geometry(coil diameter, 
pitch)    allows “longitudinal” 
synchronization with a group of 
protons

EM pulse 
propagating 
along coiled 
wire at v ~ c

Re-accelerated bunch

S.Kar et al, Nature Comm., 7, 10792 (2016)

mm

ARCTURUS laser, Dusseldorf (De)



High energy implementation

Data obtained using Titan Laser, LLNL:

Gy15 MeV 25 MeV 45 MeV 50 MeV 35 MeV 

5mmAu 
foil 
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~ 120 J in ~ 0.6 ps, f/3 focusing, Intensity ~2x1020 W/cm2
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Coil diameter and 
pitch~ 700 µm, 
L~ 8 mm

H.Ahmed et al, Sci. Rep., 11, 699 (2021) 



Dephasing saturates the post-acceleration process

Data from VULCAN PW

Dephasing: protons overtake the
accelerating structure

H.Ahmed et al, Sci. Rep., 11, 699 (2021) 

Two solutions:

1) Variable coils 

Simulation for 30 MeV protons

Constant 
pitch

Variable 
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CPA2

CPA1

0

2

4

6

8

0 20 40 60 80 100
dN

/d
E 

[a
rb

. u
ni

ts
]

Energy [MeV] 

1st stage

2nd stage

Simulation

2) Multi-staging



Opportunities for compact beamline development

Collimated emission from 
helicoidal targets : 
Higher dose and dose rate
Higher spectral quality

Gy-doses on a single shot 
basis at much higher energies
Opportunities for very localized 
delivery

1 
mm

Dose profile on VULCAN 
PW  at 5 cm from target
(expanding beam)

45 MeV

Coil coupled to magnetic selector
(quadrupole or dipole system)

1 mm

Beam at cell
plane

Challenges:
Pointing stability
Repeatability
Repetition rate

45 MeV



Radiobiology at ultra-high dose rate 

Laser-driven ions (TNSA) within a range DE are 
emitted at the source within a time DT< ps. 

Time of flight dispersion  @ ~ 10s of cm results in  
dose deposition in  100s ps - ns pulses

Dose rates > 109 Gy/s can be achieved:
compare with ~Gy/s  ( ~100Gy/s) 
used in standard (FLASH) radiotherapy 

Local depletion of oxygen
affecting cell radiosensitivity

Largely unexplored regime of radiobiology:

Potential commonalities 
with FLASH effects
(sparing effects for 
sublethal irradiations)

Collective effects
from track overlap 



Dose-rate effects : unknown for UHDR pulses

Durante et al., BJR  2018, 91: 20170628
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Oxygen Depletion?

• Dose-rates higher than 
109 Gy/s and 5 – 10 Gy
deplete cellular oxygen

• No data for high LET 
radiations



Pre-clinical studies: biological effects of 
laser-driven ions 

Several groups have been active in using
laser-driven ions for cell irradiation studies

At QUB, we carry out this work in collaboration with
the Centre for Cancer Research (Prof. K. Prise)

• APRC, JAEA (Japan) 
• HZDR (Germany)
• LMU/MPQ (Germany)
• LOA (France)….

Key Questions:
Ø What is the biological response of cells to ultrashort ion bursts ?
Ø How does oxygen presence affect ultra-high dose rate radiobiology?

Ø Do FLASH sparing effects extend to ultrahigh dose rate  laser-driven
pulses? 

Review paper:
P. Chaudary et al,
Front. Phys,10, 3389 
(2021)

In our experiments we aim to deliver
~ Gy-level doses in single ultrashort (100 ps- ns) pulses



Typical set-up for laser-driven radiobiology

• Linearly polarised beam with intensity  ̴ 3 x 1020Wcm-2

• Dipole magnet (1T) implemented to disperse ions with respect to energy.
• Compact system to maximize dose and dose rate to cells (~ 1-10 Gy, > 109 Gy/s)
• System can be tailored for Carbon ion irradiations

F. Hanton et al, Sci. Report, 9, 4471 (2019)



Irradiation set-up  - VULCAN laser

Cell dish  
containing  

1ml of media  
and 400,000  

cells



Example:  DNA damage studies

Cell irradiation Cell fixing Cell staining Counting of foci

Process involving 
an agent which binds 
to DSBs

Foci (regions of 
accumulation of the agent) 
are highlighted , e.g. by 
fluorescence

DNA damage and repair (53BP1 immunofluorescence): 53BP1 foci

0.5- 24 hr

Radiation damages cellular DNA 
through direct and indirect effects 

• Most important DNA damage is double strand
break (DSB, two breaks close to each other on
opposite strands) .

• DSB difficult to repair,
mis-repair can lead to
muta?ons and even cell
death.



DNA repair dynamics investigated up to 24 hours

F. Hanton et al, Sci. Report, 9, 4471 (2019)
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laser-accelerated protons at dose rates >109 Gy/s. As the dosimetry of laser-accelerated protons is complex, slight 
variations in the energy and dose can make biological observations error prone, thus requiring careful consider-
ation of all the confounding factors in dosimetry.

The dose measured by radiochromic film does not solely represent the actual dose deposited in cells and 
requires two corrections to adjust for the measurement limitations. The first correction takes into account the 
degradation of energy as the ion beam penetrates the medium: due to the active layer of the RCF being located 
at different positions to that of the cell monolayer, ions are required to pass through further layers of varying 
thickness/density before reaching the active film layer. The second correction is due to the variation of the dose 
response of the RCF films with ion energy and LET, as reported by Kirby et al.23. Protons delivered in the single 
ultra-short pulses had variable energy spectrum and for this study we used 10 MeV protons as the flux of protons 
at this energy was relevant to deliver dose close to 1 Gy which could be compared to the previous data we obtained 
for cyclotron accelerated protons as well as X-rays.

Protons, along with high LET particles, are well-reported for inducing clustered DNA lesions24 which can be 
visualized using persistent γ-H2AX or 53BP1 foci25,26. The foci repair kinetics curves display both the fast and 
slow components of the repair which predominantly describe the nature of the DSB lesion complexity. These 
ionizing-radiation-induced 53BP1 foci are not only mere indicators of DSB, but they are also reported as the 
local DNA repair centers where the damaged chromatin is processed for repair25. Based on the complexity of 
the breaks, the foci may disappear fast or persist for longer times such as upto 72 hours post ions exposure as 
reported by Grosser et al.20 In our experiment we observed non-significant variations in the 53BP1 foci induction 
and repair upto 1 hour post-irradiation with X-rays and protons, in line with previous studies17,27. At 24 hours 
post-irradiation with laser accelerated protons a slight increase in 53BP1 foci with respect to X-rays was observed 
which is however non-significant.

We used asynchronous cells where the cells across the distribution may not be in the same phase of cell cycle. 
The radiation response of an asynchronous cell culture may be heterogeneous and averaging the DNA DSB foci 
number may obscure any cell to cell variations as suggested by Gruel et al.28. For this reason, we measured the 
sub-population radiosensitivity or foci per cell distribution, as shown in Fig. 5. Variations in the foci distribution 
were observed as early as 30 minutes and persisted up to 24 hours. For the initial time points, the foci distribution 
in both the X-rays and laser-accelerated protons is Gaussian in nature (fit not shown). A clear shift in the foci 
distribution was observed for the later time points with an increase in the number of cells (~10%) having up to 
14 foci remaining 24 hours post-irradiation in the case of laser-accelerated protons while for X-rays most of the 
cells at this time points had up to 9 foci.

Various groups have studied the biological effectiveness of laser-accelerated protons and calculated the rel-
ative biological effectiveness (RBE) values of laser-accelerated protons, which was reported to be 1.4 ± 0.4 and 
1.3 ± 0.3 for foci induction in A549 and HeLa cells8,10. Schmid et al. have reported the micronuclei induction RBE 
as 1.08 ± 0.20 and 1.00 ± 0.14 for two experiments in human skin 3-D model for 20 MeV pulsed protons27. Belli 
et al. have reported cell killing RBE of 1.5 using 5 MeV conventional protons with an LET of ~7.6 keV/µm29. It 
should be noted that cell inactivation RBE and relative foci induction, may not be directly related to each other, 
as clonogenic cell death is a complex physiological process involving the multiple processes in a cell which lead to 
cell death. However, despite the existence of variations between the relative foci induction (RFI) and cell killing 
RBE, the former can still be used as a surrogate of relative effectiveness. In our study some differences in RFI were 
noticed for the initial time points and at 24 hours post-irradiation.

Furthermore, the amount of the residual foci remaining at 24 hours and the size of the foci showed no statisti-
cally significant difference between 225 kVp X-rays and 10 MeV protons. The foci size appeared similar between 

Figure 7. Comparative analysis of 53BP1 foci per cell per track induced by the laser-accelerated protons 
(LAP) and cyclotron-accelerated protons(CAP) at - (a) 30 minutes and (b) 24 hours and (c) the ratio of the 
foci per track per cell at 30 minutes to 24 hours. LET values were obtained using GEANT4 kit of Monte Carlo 
simulations at the various depths along the 60 MeV proton beam SOBP generated at the Douglas cyclotron of 
Clatterbridge Centre for Oncology, where the average LET was 4.61 keV/µm, as published by Chaudhary et al., 
IJROBP17. Average foci values were divided by the number of particle tracks crossing the nuclear cross section 
area (with radius of cell assumed to be 6.5 µm) for each time point to get foci per cell per track values. For 
each data point cells scored ranged from 50–300 in two independent replicates (n = 3). Statistical Significance 
(P < 0.05) was evaluated using Two-Tailed Unpaired T -test in Prism 6 software. P and T values for each 
comparison is listed on top of each graph.
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Conclusions

• Laser-driven ion acceleration is a technology radically different from 
established acceleration methods, with several aspects potentially attractive as 
a future driver for particle delivery in radiotherapy:
e.g. optical transport , variable species (H, C,….), multi-beam opportunities

• The ultrashort time structure of the ion pulses can be exploited for dose 
deposition at ultra high dose rates, and is of particular relevance  in the 
context of the growing interest in FLASH radiotherapy

• We have discussed opportunities for acceleration and delivery of carbon ions 
(RPA on ultrathin foils), conditioning and reacceleration of TNSA protons (coil 
targets), as well the use of laser-driven protons in radiobiology experiments.

• Ongoing technological developments promise significant progress in 
performance of laser-ion accelerators within next 3-5 years (energy ranges, 
repetition rate, etc.) which will increase further their application range

Laser-driven ion acceleration: 
emerging mechanisms and progress 
towards biomedical applications 
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