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Laser-driven ion acceleration : some general points

Several, fundamentally different
mechanisms

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

Very large fields ( up to
10TV/m) applied over very short
distances (~um)

Interaction mostly with
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What lasers are needed?

Ultrashort CPA systems

*Ti:Sa technology High energy CPA systems

*10s J energy, ~ PW power

*Nd: Glass technology
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Target Normal Sheath Acceleration (TNSA)

Thin layers of  Ponderomotive Target Normal Mechanism acts on ions present at surface:
contaminants electron o~ th Acceleration ...surface contaminants! (typically H, C, O)
acceleration
Prep'asrq e;'f’asn’zi‘) 1 fegectron sheatn Protons (higher Z/A) more efficiently accelerated —
= v and shield higher fields from other species
Protons dominate TNSA beams
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TNSA proton beam properties ?
High laminarity
aluminum foil 5MeV

High brightness: _ - :
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Applications of laser-driven ion beams

Ultrafast proton
radiography

UHDR proton radiobiology

Warm Dense Matter < ‘. ©
studies i,

Pitcher  Catcher

Higher-Z sources with similar properties would extend
application range:

UDHR ion radiobiology/radiotherapy

(e.g. carbon FLASH)

High Energy density studies

Nuclear astrophysics (e.g. fission-fusion reaction)
Inertial Confinement Fusion (Fast Ignition)
Injection in further acceleration stages

Recent review:

J.Badziak, J. Domanski, Photonics, 12, 184 (2025)



TNSA acceleration of higher-Z species

How to make TNSA acceleration of bulk species more efficient?

« Depletion of contaminant layer (possible at high laser fluence)

* Removal of contaminants
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TNSA acceleration of bulk species ~ Ohmic target heating Laser ablation/ desorption/heating
typically inefficient
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Advanced mechanism accelerate ions directly from the target bulk

Volumetric acceleration processes employing ultrathin foils ( ~10s-100s of nm thick)

Radiation Pressure acceleration Acceleration in transparent targets
Target
+ ‘/e_
= =) “i
ijons
Pressure applied to opaque target Electron heating and acceleration

upon reflection within the target bulk

Hybrid scenarios combine these two phases in cascade



Radiation Pressure Acceleration (RPA)

Radiation pressure upon light reflection *Bulk acceleration mechanism

from a mirror surface: *Fast scaling with intensity Time
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Target must stay opaque

Light sail concept: T.Esirkepov, et al. PRL., 92, 175003 (2004)
In principle equally efficient on all ions APL Robinson et al, NJP, 10, 013021 (2009)



Due to electron heating, a thin target will decompress during laser pulse

Target becomes transparent to laser radiation when

Initial target foil
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Early Time Late Time
|deal requirements for RPA:
« Ultrathin targets (nm range)

Using circularly polarized laser _ ]
« Very high laser contrast (plasma mirrors)

pulses reduces significantly
electron heating and can delay ‘  Normal incidence
target transparency, prolonging « Circular polarization j\/\ A

the radiation pressure acceleration
phase
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Expt—%rlments with uItrathlr! foils — C. Scullion et al, PRL, 119, 054801 (2018) 7. samiiatd
efficient Carbon acceleration A. Mcllivenny et al, PRL, 127, 194801 (2021)

Amorphous Carbon: 10 nm
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“Proton-free” high- energy carbon beams (& BELFAST
A. Mcllvenny et al, PRL, 127, 194801 (2021)
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Carbon beam used in radiobiology experiments: P. Chaudhary et al, Phys Med Biol. 68, 025015 (2023)



Relativistic transparency acceleration

Target O Thin targets <<1um
O Acceleration from bulk/volume
U Linearly polarized pulses

o>
» Tailored foil expansion by varying target thickness
» Relativistic transparency close to peak of the pulse
« Efficient coupling to electrons in dense plasma
lons . :
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Hybrid processes lead to efficient multispecies acceleration
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Record 150 MeV proton energy on DRACO
PW pulse (Dresden), from 150 nm CH foil
Single plasma mirror

Most proton energy gained in transparency
phase

T. Ziegler et al, Nature Phys, 20, 10138 (2024)

N. Dover et al, Light, 12, 71 (2023)
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Acceleration of very heavy ions (e.g. Au) can also be achieved

Some challenges:
Limited ionization
Low Z/A

High density
Multiple ions with different Z*

Au Z=79
A=197
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Au acceleration on VULCAN laser BELFAST

VULCAN PW laser. (RAL, CLF)
180 J , 800 fs, 3 1020 W/cm?

Contrast cleaning (Plasma mirror)

15-30 nm Au foils

\ High energy Au
w0 (up to 10 MeV/n ~
2¢ B 2 GeV)
6
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Particle in Cell simulations clarify acceleration process BELFAST

P. Martin et al, Commun. Phys., 7,3 (2024)
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Predictions for 10 PW laser pulses

2D3V PIC simulations for 30 fs pulse at 10?3

spot and optimizing target thickness - 2D PIC simulations
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Medium to high Z-ion beams from laser-plasma interactions

« Laser-acceleration is a versatile approach for accelerating ions of very different
charge and mass

« Established sheath acceleration techniques (TNSA), mostly active on proton
contaminants, typically require surface cleaning techniques for accelerating
efficiently higher-Z ions

* Volumetric acceleration processes emerging with ultrahigh laser intensities and
ultrathin targets allow more efficient energy coupling to the bulk ions

« Current PW systems allow high-flux, ~ GeV level acceleration for medium and
high-Z species, with opportunity for progressing to 10s of GeV energies with 10
PW lasers
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Acceleration of Au ions from thin, heated targets

P. Wang et al, PRX, 11, 021049 (2021)
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