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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.

Tunable ion source

Plasma accelerator

Laser-plasma

Interaction

Consistent
iIon beam

Transport,
conditioning

and monitoring
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Required development

Scientific advances

® Exploring novel acceleration
schemes.

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

® [ ocating optimal conditions

Dover et al., PRL (2020)
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Technological advances

 Multi-Hz targets

* Novel interaction diagnostics

* I[nteraction stabilisation/optimisation

e Non-destructive and synthetic diagnostics

* Beam capture and conditioning

Kraft et al., nozie
PPCF (2018)

Propp et al., SLAC. Rep.
(2015)

ribbon

Kar et al., Nat.
~Comms. (2016) .

Geulig et al. RSI (2022)



Experiment to demonstrate automated laser-ion accelerator

Plasma accelerator

Laser-plasma

Interaction

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

TNSA trends:
e Higher energy — higher proton flux
* Higher intensity — higher max proton energy
® Thinner targets —» higher max proton energy

Experiment goal was to demonstrate:
* multi-Hz operation of planar targets
* online diagnostics

e feedback from diagnostics to laser controls.
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High-rep. targets exploited in TA2 S NS : Liauid sheet

Treffert et al., APL (2022)

Imperial CO"ege Crissman et al. Lab. Chip 2022

: Tape drive

e
Xu et al., HPLSE (2023) e
Example shot tape: d

/// h =sheet thickness

W,=outlet width
d =outlet depth
Wji=sheet width

Galinis et el. RSI 2017 l; =sheet length

2.5 ml/min 2.2 ml/min

Tape p05|t|on

| 50 um Kapton
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% -1 | +— speed 125
;5 | l speed: 250
- —— speed: 500
(') 2'0 4‘0 6'0 8'0 1(')0 12'0 C. Crissman et al., Lab. Chip. 22 (2022)
Time (s) . . . . .
- High-purity mm-scale water sheet with variable thickness along sheet (<
- Compact with excellent rear surface access. 100 nm).
- Used mainly 12.7 or 50 um Kapton tape. - Position stability < 5 um based on optical probing.

- Few microns short-term stability. - Exhausted via heated catcher.



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

TAZ2 Laser and experiment controls
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Experiment controls:

* Pulse energy and polarisation controlled

via motorised waveplates,

* Wavetfront shaping with adaptive optic

(via Zernick polynomials),

e Temporal shaping with DAZZLER,

* Target position with motorised stages

Control of laser wavefront using adaptive
optic and wavefront sensor

Laser
wavefront
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Bayesian optimisation using Gaussian process regression

: . , , , Take a measurement
A Bayesian optimizer (BO) using Gaussian processes regression (GPR) oy

* Builds a multi-D parameter space model from noisy measurements

- : . Use predictions to
where additional measurements are costly and tracks uncertainty in

choose new Use measured

the model. experimental parameters data to fit a model
e Optimises a fitness parameter which defines a desirable outcome Use model to make
e.g. high proton flux or peak energy. predictions
Rl Use predictions to find
Cartoon of Bayesian Optimisation using Gaussian Process Regression: L Y bestexperimental
: parameters )
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TA2 Experimental overview
Laser

Target parameters:

~— Proton Scintillator

12.7 pm or 50 um Kapton tape
Transmission .

1.0 {Photopeak 3

S ——_—

Ultra-pure water with (600 = 100) nm 30
thickness at 2.8 mm below nozzle outlet. probe —>
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Variation in proton beam performance with target position/peak laser intensity

* 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.

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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Variation in proton beam performance with laser intensity distribution

* Same 'dip' observed when varying intensity via manipulation of laser intensity protile via wavefront control.

* Multi-dimensional scans illustrate a complex parameter space.
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Variation in proton beam performance with laser intensity distribution

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

* Same 'dip' observed when varying intensity via manipulation of laser intensity protile via wavefront control.
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Loughran et al.,

Bayesian Optimisation of intensity distribution /s s "
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Different interaction conditions provide different performance

Variation in proton spectrum as target is scanned through focus:
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Glenn et al.,

Bayesian Optimisation of intensity distribution “i ce :
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. . o . Streeter et al., EI
Proton beams from liquid leat exhibit low-divergence  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 ot computer guided data-acquisition for efficient mapping of multi-
dimensional parameter spaces and non-specialise optimisation.

e 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.
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