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lon acceleration : some general points

Fast ions

Electron cloud

A.Macchi, M.Borghesi and M. Passoni, lon
acceleration by superintense laser-plasma
Interaction, Rev. Mod. Phys., 85, 751
(2013)

Large accelerating fields
sustained by electron-ion
separation in a plasma

Very large fields (up to

1013 V/m) applied over
very short distances

(~Mm)

Mostly solids (high
density targets)




Two classes of lasers are mainly used for this work

\

High energy CPA systems

*Nd: Glass technology

*100s J energy, up to PW power

sLow repetition rate

*100s fs duration

s VULCAN, RAL (UK)
~ 10%Wem* ppalix. Gsi (De)
& Texas PW (US)

max

M

B el /on L4 (ELI Beamlines)
E .~ 100 MeV

Ultrashort CPA systems

*TI.Sa technology

*1-10 Hz repetition

10s fs duration
Draco, HZDR (De)

* I~ 102 Wem?  Pulser |, APRI (Kr)
HIRIEE J-Karen, JAEA (J)

B HAPLS, HPLS,
& HF(ELI)

E, ..~ 70-80 MeV




TNSA source : the mechanism

Initial observations:

Thin layers of Ponderomotive Clark et al, PRL,
contaminants electron Target Normal 84 ,670 (2000)

_ Sheath Acceleration
acceleration
Preplasma
I m
M. Borghesi, in L. A. Gizzi et al.

F'Iasm_a Electron sheath Maksimchuk et al, PRL,
expansion)  §>F 84. 4108 (2000)
L E~1Vim Snavely et al, PRL,
: 85,2945 (2000)
lons
; Reviews:
Target Normal Sheath Acceleration (eds.), Springer Proceedings in

Macchi, Borghesi, Passoni, Rev.
Physics 231, 143-164 (2019)

> Mod. Physics, 85, 751 (2013)




High-density, high-energy electrons lead to

ultralarge field

S. Wilks et al, PoP, 8, 542 (2001)
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Conventional particle accelerators use much smaller
fields

' Cyclotron _
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Acceleration by much smaller Electric fields
associated to alternating voltages (at RF or

microwave frequencies)

E... ~ 50 MV/m

(more than 10,000 smaller than with lasers)

maxX




TNSA beam properties

Short duration at source: bursts with duration ~ ps

Acceleration time comparable with laser-drive duration

Strong AE-At correlation: AE-At < ~ 10-%eV-s (maybe much lower?)

relativistic ~ proton beam
High intensity electron cloud
Broad spectrum: =5
continuum up to 10s of MeV ? ,
Decreasing divergence for
increasing energy aluminum fol Slley 15MeV

10° ¢ Typical spectrum
102 4 from VULCAN PW
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TNSA beams have excellent emission quality

Highly laminar source (virtual point source of ~um size << real source)

Ultralow emittance/ virtual source:

Virtual point Laminar
source source
€y < 0.1 7 mm.mrad @ 15 MeV Extended [
“thermal” Lez==-27"C
source f\‘ffg:‘:
( < 0:004 mm-mrad,; )

T.Cowan et al, PRL, 92, 204801, 2004)

Mesh with 12 um pitch

CERN proton rf-linac:
e = 1.7 ® mm-mrad

SESRRroans M.Borghesi et al, Phys Rev Lett., 92, 055003 (2004))



TNSA scaling with laser parameters
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Intensity (W/cm?)

Acceleration more effective
with higher energy, longer
pulses, at equal intensities

Laser Energy ())

M. Zimmer et al, Phys. Rev E, 104, 045210 (2021)

Proton energy will also depend on
additional factors: target thickness,
laser contrast, spectral phase ....

e.g. T. Ziegler et al, Sci. Rep.,11, 7338 (2021)
Significant energy enhancement by spectral phase
control (DRACO, HZDR)



Applications of TNSA ions

Ultrafast proton radiography

Proton

Ultrafast radiobiology (radiotherapy?)

1.5 Gy 2.7 Gy

4.1 Gy

target

Warm dense matter production
(isochoric heating)

Neutron generation

(o
< ) Y '\‘:':O\OQ
o

laser

Pitcher C

Material analysis

+ Cultural heritage applications
Stopping in plasmas
Fast Ignition for fusion.....

(ELI NP)

°
e neutrons

o o"oge
®

Reactions:

1 d(d,n)3He
d(p, n+p)*H,
Li(p,n)’Be,

atcher

Nuclear Physics 9Be(p,n)°B




Applications: proton radiography for e.m. field

detection D. Schaeffer et al, Rev. Mod Phys. (2023, in press)

https://arxiv.org/abs/2212.08252

Interaction beam
Proton

radiography for
CPA beam “‘ field mapping

* * Proton beam

High resolution,
multiframing

Proton deflection due to E/B fields in plasma is mapped / ::;j,’, ______ S e gl -
and used to reconstruct field distribution

electromagnetic

1S

source grid fields
Developed ~ 20 years ago, it has now become a v
widely used approach for investigating a broad range of plasma k
phenomena.

Field maps retrieved by either analytical
inversion or by forward projection through a
model field distribution by using particle tracing
codes.

Example: radiographs of TNSA beam being accelerated
Romagnani et al, PRL, 2005




Applications: radiobiology/radiotherapy

All types of ionising radiation cause damage through two mechanisms:

Cancer radiotherapy :
use of radiation (x-ray photons, protons,
electrons) for targeted damage to cancer cells

Typical radiation dose: 20-30 Gy (in several
fractions)

» Direct effect
-radiation damages DNA in molecules through

direct ionisation.

» Indirect effect
-radiation ionises surrounding water molecules,

forming free radicals, which damage DNA.

Double strand breaks are difficult to repair,
mis-repair can lead to mutations and even cell

death.

Flash radiotherapy:

Novel concept for radiotherapy
prescribed dose delivered in a single
pulse at very high dose rates (10s to
100s of Gy/s) — leading to reduction
of side effects on healthy cells

Interest in highly pulsed beams




Advantages of using protons/ions over photons

Carbon ions 2C Intensity Modulated RT
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Main reason behind current and growing interest in
protontherapy/carbon therapy Christie hospital, Manchester
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« Compact irradiation arrangements
« Dosimetry E,~35MeV £+ 10%
* Biological assays . Pulse duration 350 ps Mean Dose rate:
« Quantification of DNA damage Dose per shot 2 Gy 5.7x10° Gy/s
« Cell survival studies
* Sub-lethal damage studies Comparator irradiations at
. Normal vs cancer cells conventional (Gy/min) and FLASH
« 2D vs 3D (10s Gy/s) dose rates at cyclotron

accelerators

« Oxygen dependence



First in-vivo irradiations with laser-driven protons
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beamlines

Acceleration, Collimation Selection, Transport Dosimetry &_
& Diagnostics & Diagnostics Sample Irradiation

Beamline commissioning ongoing — e |

1E11 4

FLAIM flagship experiment (2024)

Flash and ultrahigh dose-rate radiobiology
with Laser Accelerated lons for Medical igal
researc h 10 20 30 40

Energy [MeV]

Current source
performance

dN/JE/dQ [(MeVsr)T]




New developments and mechanisms

Coil targets for TNSA conditioning

Divergence control

Spectrum/energy enhancement

,mmml

Radiation pressure acceleration

Bulk ion acceleration from ultrathin foils
(e.g. Carbon)

Relativistic
transparency/hybrid schemes:

Bulk acceleration
Enhanced coupling to lighter species




Coll targets for proton beam optimization

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

----- z 0 10 o (a) Full beam
EM pUIse 1010 <-(a) on axis 5 deg cone
T s . S =(b) on axis 5 deg cone
g propagating 2 100
along coiled |&
2 ) 3 10¢
wire at v ~ C 3
e’ 107
"o y 10 10 10°
Difference betrween probing time and charge arrival time (ps) 12
Energy (MeV)
The field structure is Choice of geometry(coil diameter, Re-accelerated bunch
essentially equivalent to the pitch) a_llovys Ior_1g|tud|nal 1
field of a charged ring synchronization with a group of
protons mm

1 -
E, /\ 1
0 . . .
-z\q\/) 1 2
.1 z [mm]

-3 -0.2 -01 0 O .2 03 -
z, ' ANZ ! =

-1 4 r fmm]

-1 0 1

— Divergence < 1°
measured at 35 mm
from the target

ARCTURUS laser, Dusseldorf (De)




High energy implementation

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

Data obtained using Titan Laser, LLNL: ~1201Jin ~ 0.6 ps, f/3 focusing, Intensity ~2x10%2° W/cm?
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- - EMP propagation

through vacuum
to rep-rated operation k . gap

/(‘KWGMWO 2\ From single shot 4 N tape drive target
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Injection into ELIMAIA

Significant flux/dose increase:
Contribution to ELIMAIA flagship exp.

5 Deployment of compact beamline in
[WW g ELIMAIA acceleration station

First user experiment on ELIMAIA: October 2023 (Pl: S.Kar, QUB)



Beyond TNSA — Radiation Pressure Acceleration

Radiation pressure upon light reflection *Bulk acceleration mechanism
from a mirror surface: : L .
*Fast scaling with intensity
0. = 21 —> | P,=60 Gbar T _
R™ . — @ 1020Wcm:2 arget must stay opaque:
_ Electron heating
z:f e- Potential Target disassembly
ISSUES Transverse instabilitje
G G
= =)
Experimental requirements:
- Ultrashort pulses
Most efficient with ultrathin foils (nm-scale) —| -~ Teémporal “cleaning
Light Sail RPA - Circular polarization

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



Radiation pressure in laser matter interaction

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

Normally, the electron

- my , heating effect masks any
P _ZKVOS(X steady pressure effect

Non-oscillating term Oscillating term
Steady pressure, JXB heating,
transferred to ions via space-charge hot electrons

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

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

Laser 2
— e

E 0




Role of target transparency

. . Linear polarisation Circular polarisation
Initial target foil on Dty o ik

(solid density) lon density maps

Early Time Late Time

Transparency-ion Radlatlon pressure

o _ _ acceleration acceleration
For an electrons oscillating in an intense field:

2
me .aneo g= \/ ———g(l) A decompressing foil will

become transparent at the
e m, W °

time at which the peak density
n
» n ALY equals g1 4



Experiments with ultrathin foils —

efficient Carbon acceleration C. Scullion et al, PRL, 119, 054801 (2018)
A. Mcllvenny et al, PRL, 127, 194801 (2021)
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« Strong dependence on polarization, onset of Light Sail acceleration
« Circular polarization leads to reduced heating and delayed transparency
» Existence of an intensity dependence, optimum target thickness



“Proton-free” high- energy carbon beams

A. Mcllvenny et al, PRL, 127, 194801 (2021)
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Modelling the laser rising
edge on ps time scales is key
/ to understanding the different
species dynamics
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precursor energy leadsto . | GEMINI sequoia
pre-expansion of protons, o) T e
which are not accelerated
efficiently.
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Application to Carbon radiobiology: P. Chaudhary et al, PMB, 68, 025015 (2023)



lon acceleration in the relativistic transparency

regime

Target O Thin targets <<1pm

O Acceleration from bulk/volume

0 Mainly effective with ps/100s fs pulses
O Linearly polarized pulses

If the laser intensity peaks
just after transparency, an
enhanced electron heating,

00 ]l ol L NLELALE) LEUEES R G EUALELE [ .
Wb |t ot ] and an thgnceq coupling of
: 4 : energy into ions is observed.
o £ 60f 1ser-] A name initially used for this
Relativistic T wob Y _-/ne: N.o  regime was Break Out
transparency —=__} 7 Afterburner (BOA)
O:u.#&-— | Loa o o]
0O 200 400 600 800 1000 Yin, et al., Laser and Particle Beams 24 (2006),
time (fs) Yin, et al., Phys. Rev. Lett. 107, 045003 (2011)

Yin, et al., Phys. Plasmas 18, 063103 (2011)



lon lobes and azimuthal symmetry in BOA

n® t=241.2 fs
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1L.Yin, et al., Phys. Rev. Lett. 107, 045003 (2011)

This regime is characterized by a ring-like
angular profile with off-axis energy maxima,
which are thickness dependent for fixed laser
conditions.

Spectra are broadband and continuous.
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Record energies (~ 100 MeV) obtained

through a hybrid scheme
(TNSA/RPA+ transparency enhancement)

VULCAN PW laser, ~1 ps, LP,
90 nm CH,

a RCF + activation
stack \ —

§
I

Transmiss
creen

mirror

Y ({pm)

T
Transpafency| RPA NINSA

t
A. Higginson et al, Nature Comm., 9, 724 (2018)



Optimization through controlled pre-expansion also

demonstrated with ultrashort pulses
N. Dover et al, Light: Sci App., 12, 71 (2023)
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Novel target technology for high repetition operation

shadow diameter

5 um

11 pm

100ps
28 um

Cryogenic targetry

Pure hydrogen target
Continuous flow
Intermediate density ~ 30 n_

M. Rehwald et al, Nature Comm,
14, 4009 (2023)

DRACO @ HZDR, 18 J, 5 10?1 W/cm?

Probe images Cross section Proton spectra
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Proton number
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2

Mechanism: |. Gothel et al, PPCF, 64, 044010 (2022)

Tape drives Mechanical refreshment
@ Automated control
and optimization

—— VHS tape
—_— (unstretched)

B.Loughran et al,
HPLSE, 11, e35
(2023)

Water jets

~500 nm thick sheets
. Low density vapour environment
.. Enhanced proton energies and
.. collimation

J.T. Morrison et al, NJP, 20,
022001 (2018)

M. Streeter et al, submitted (2023)




Laser-Driven lon Acceleration:

: mechanisms and state-of-the-art
Conclusions

&
—

« Laser-driven ion acceleration is a technology radically different from
established acceleration methods, with unique properties that are already
being exploited for applications using the established TNSA mechanism

« 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), energy enhancement in transparency regimes.

« Ongoing technological developments (multi-PW systems, 10Hz delivery)
promise significant progress in performance of laser-ion accelerators (energy
ranges, repetition rate, etc.) which will increase further their application range
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