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What is required by applications?
• Tuneable beam parameters with predictable performance. 

• Stable operation at multi-Hz over long durations of delivery with minimal down time and on-shot 
monitoring.
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Kar et al., Nat. 
Comms. (2016) 3

Required development

Scientific advances Technological advances

• Exploring novel acceleration 
schemes. 

• Deeper understanding of 
the processes underpinning 
laser-driven ion 
acceleration. 

• Locating optimal conditions.

Ziegler et al., Nat. Phys.  (2024)

Dover et al., PRL (2020)

Marsical et al., PoP (2024)

• Multi-Hz targets  

• Novel interaction diagnostics  

• Interaction stabilisation/optimisation 

• Non-destructive and synthetic diagnostics 

• Beam capture and conditioning

Mutual benefit
Geulig et al. RSI (2022)

1 

Kraft et al., 
PPCF (2018)

Propp et al., SLAC. Rep. 
(2015)
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Experiment to demonstrate automated laser-ion accelerator

 Experiment goal was to demonstrate: 

• multi-Hz operation of planar targets  

• online diagnostics 

• feedback from diagnostics to laser controls.

Exploited Target Normal Sheath 
Acceleration (TNSA) as 'simplest' scheme.

TNSA trends: 
• Higher energy         higher proton flux 
• Higher intensity       higher max proton energy 
• Thinner targets       higher max proton energy
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High-rep. targets exploited in TA2
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- Compact with excellent rear surface access. 

- Used mainly 12.7 or 50  Kapton tape. 

- Few microns short-term stability.

μm

: Tape drive
Xu et al., HPLSE (2023)

Tape position 

50  Kaptonμm

Example shot tape:

: Liquid sheet

- High-purity mm-scale water sheet with variable thickness along sheet (< 
100 nm). 

- Position stability < 5  based on optical probing. 

- Exhausted via heated catcher.

μm

Crissman et al. Lab. Chip 2022

Galinis et al. RSI 2017

Treffert et al., APL (2022)
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TA2 Laser and experiment controls
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Experiment controls:  

• Pulse energy and polarisation controlled 
via motorised waveplates, 

• Wavefront shaping with adaptive optic 
(via Zernick polynomials), 

• Temporal shaping with DAZZLER, 

• Target position with motorised stages 

Laser parameters: 5 Hz Ti:Sa with up to 500 mJ on target in 40 fs (best 
compression) focused with /2.5 OAP (Rayleigh length ~ 15 ) f μm

Laser near-field
Laser 

wavefront Laser far-field

Control of laser wavefront using adaptive 
optic and wavefront sensor

HPLSE Special 
Issue on Control 
Systems and ML
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Bayesian optimisation using Gaussian process regression

7Courtesy of M. J. V. Streeter - 

A Bayesian optimizer (BO) using Gaussian processes regression (GPR) 

• Builds a multi-D parameter space model from noisy measurements 
where additional measurements are costly and tracks uncertainty in 
the model. 

• Optimises a fitness parameter which defines a desirable outcome 
e.g. high proton flux or peak energy.

A) B) C)

Optimiser details: Shalloo et al, Nat. Comms. (2020)

Cartoon of Bayesian Optimisation using Gaussian Process Regression:



C. A. J. Palmer · Queen's University Belfast · 4th ELIMED Workshop · March 2026 ·

Electron 
spectrometer
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TA2 Experimental overview

Raw time-of-flight diode trace:

Target parameters:  

12.7 m or 50 m Kapton tape 

Ultra-pure water with  
thickness at 2.8 mm below nozzle outlet. 

μ μ

(600 ± 100) nm

Vacuum parameters:  

Typically vacuum pressure 1x10-4 mbar 

With liquid jet - vacuum pressure of 0.1 mbar at 
approx. 1 m from liquid sheet.

Target
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Variation in proton beam performance with target position/peak laser intensity

Target: 13 𝜇m Kapton
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Laser energy:  mJ438 ± 32

• Proton beam energy and flux are very dependent on position relative to laser best focus.  

• Quick scanning of parameters with multiple shots per setting allowed characterisation of stability.

Average diagnostic flux Particle energy spectra
High-resolution 1D scan 
of target position along 
laser propagation axis.

Degradation in 
performance of proton 
with highest intensity on 
target, in contrast to 
simple TNSA models. 
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Average flux/energy from 15 shots/pixel
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Target position scan Astigmatism scan

Laser energy:  mJ453 ± 40

Variation in proton beam performance with laser intensity distribution

• Same 'dip' observed when varying intensity via manipulation of laser intensity profile via wavefront control. 

• Multi-dimensional scans illustrate a complex parameter space.
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• Same 'dip' observed when varying intensity via manipulation of laser intensity profile via wavefront control. 

• Multi-dimensional scans illustrate a complex parameter space.

Target: 13 𝜇m Kapton

Average flux/energy from 15 shots/pixel
2D scan of target position and astigmatism:
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Target position scan Astigmatism scan

Laser energy:  mJ453 ± 40

Variation in proton beam performance with laser intensity distribution
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• Same 'dip' observed when varying intensity via manipulation of laser intensity profile via wavefront control. 

• Multi-dimensional scans illustrate a complex parameter space.

Target: 13 𝜇m Kapton

Average flux/energy from 15 shots/pixel
2D scan of target position and astigmatism:

12

Target position scan Astigmatism scan

Laser energy:  mJ453 ± 40

Variation in proton beam performance with laser intensity distribution
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Bayesian Optimisation of intensity distribution

13

• Scanning more than 2 parameters is prohibitively time 
consuming.  

• Bayesian optimisation of laser wavefront and target 
position with goal of increase the maximum energy 
recorded from the Time-of-flight diode. 

• Optimised spot is comparable to astigmatic pulses where 
we saw peak proton signal from the 2D scan.

Loughran et al., 
HPLSE (2023)

Target: 13 𝜇m Kapton Laser energy:  mJ258 ± 22
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• Laser energy reduced due to pump failure. 

• Proton beam performance very stable across focus without dip in proton flux or energy.

14

Different interaction conditions provide different performance

Variation in proton spectrum with incident laser energy:Variation in proton spectrum as target is scanned through focus:

Target: 600 nm Water Laser energy: 190 mJ
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• Bayesian optimisation of laser wavefront with goal of 
increase the maximum energy recorded from the ToF. 

• While fitness focused on maximum proton energy, 
integrated charge on ToF also increased. 

• Optimised spot has improved energy concentration 
to achieve higher peak intensity.

Glenn et al., 
PRR (2026)Bayesian Optimisation of intensity distribution
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Divergence: Centroid position: Dose:

Proton beams from liquid leaf exhibit low-divergence

16

Observation 
repeated using 
foil target and 
gas volume 

Streeter et al., 
Nat. Comms.

(2025)
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Summary

• Automation of experiments is a necessary step to prepare laser-driven secondary sources for realistic 
applications. 

• Automation enables incorporation of computer guided data-acquisition for efficient mapping of multi-
dimensional parameter spaces and non-specialise optimisation. 

• Liquid sheet targets present an exciting, versatile opportunity for high-repetition-rate proton 
acceleration with high shot-to-shot stability and low divergence.   

• The presence of a background gas influences proton beam propagation and can be tuned by vapour 
composition and density potentially allowing tailoring energetic proton propagation.

17
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Thank you again to our collaborators
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ELI Beamlines: V. Istokskaiia, L. Giuffrida. 

University of Michigan: S. Dilorio, A. G. R. Thomas.
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