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Overview:

* Motivation for development of laser-driven ion sources
* Brief introduction to TNSA

e Current challenges

* Novel beam properties from recent experiments using

iquid sheet targets
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Laser-driven ion sources provide unique beam properties for applications

Micron 'source’ size

Low-emittance (um mrad) supports
imaging with high spatial resolution.

7 MeV

Cowan et al., PRL,(2004)

angle (°)

Example application:
High-dose rates (kGy/s) of laser-
driven ion accelerators can be used
to study the radiobiological FLASH
effect which has demonstrated a
widening of the therapeutic
window.

Ultra-short duration

Source duration comparable to laser-pulse
length (<picoseconds) with short duration

maintained in narrow energy slices.
Kar et al., Nat Comms (2016) “16 pS
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developments towards
fusion

Properties ot ion beams are strongly
dependent on interaction conditions
providing access to different beam
properties and ion species (but also
adding complexity to beam tuning!)

Disease Primer (2019)
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Micron structure etched into target surface is preserved in proton beam
flux profile indicating scale of emission region and beam laminarity.
Cowan et al., PRL,(2004)
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(Some) Challenges hampering wider adoption of laser-driven ion sources

Operation of the accelerator at
multi-Hz rep. rates

Targets destroyed in Tape target

each interaction s
require replacing
with micron

— VHS tape

precision at the shot e
SS bolts

Rotary
encoder

rate. Many novel

DC motors -

targets and

(unstretched)

Optimisation of beam
parameters

Highly nonlinear multi-dimensional
parameter space in which beam
parameters are challenge to predict.

Macchi et al., Rev I\/Iod Phys (2013)

diagnostics under  swcurepie

development.  sucpme—N

Noaman-ul-Haqg et al., PRAB (2017)
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Propp et al., SLAC. Rep.
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Capture, transport and conditioning

of the ion beams

Samples typically cannot be placed close to
the ion source and the beam often requires
conditioning/energy selection before use but
large divergence complicates capture.

laser

target

distance

{0 source

[cm]

diagnostics
chamber in-air diag./

target chamber beamline

irrad. site
E,<E;,<E;
’ ‘ lonisation
RZ RS R4 chamber RS
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Brack et al., Sci. Rep., 10, 2020

, Nat. Comms. (2016)

Kar et al.
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Laser focus
shape via
adaptive optic

Laser temporal

pulse shape via
Dazzler

Laser energy via
waveplate

Laser

polarisation via

Machine safety y) A
limits z2nd3
waveplates

Bayesian optimisation of

TNSA from Kapton tape
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11, e35

(2023)

Automated control system at Gemini TAZ

Automation enables data acquisition at maximum laser-

repetition rate:

Total shots: 92666
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Liquid leaf targets

Typically formed via colliding or converging liquid streams with fluid momentum and
surface tension governing the dynamics of the flow.

2 . . 5 c
. — Crissman etzal Lab Chip 2022 Used for sample

w i’ . F’_#_d_,__\
> ky delivery over many -

)
3 | Yh x hours at LCLS.

h =sheet thickness
W,=outlet width
d =outlet depth
Wj=sheet width
[; =sheet length

Treffert et al., APL
| (2022)

‘ Liquid flow

Valuable high-repetition rate
targets for laser-driven ion

Thickness mapped using thin film interferometry acceleration due to:

® Planar geometry

120 deg

3.1 ml/min 2.8 ml/min 2.5 ml/min 2.2 ml/min

* Fast-replenishing flow
® Thickness variation along sheet
e Stability to tlow-rate variations

* Formation of multiple "leaves”

e Compatibility with many liquids

Galinis et al. RSI 2017

C. Crissman et al., Lab. Chip. 22 (2022)



Vacuum parameters:
Vacuum pressure of 0.1 mbar
at approx. 1 m from liquid

Experimental overview

Spatial axis

Laser parameters: Up to 200 mJ on target in ol sheet.
60 fs focused with F/2.5 OAP (Zg ~ 15 um).
No contrast enhancement.
o . .
| Proton Scintillator
Target parameters: Ultra-pure water with Transmission —————---———f- 30
(600 = 100) nm thickness at 2.8 mm below probe >
nozzle outlet. = TOF
Results compared with 13 ym Kapton tape Scatter
target in same experimental configuration. >creen Electron
Raw time-of-flight diode trace: spectrometer
Electron spectrometer signal: 5
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High-tlux, low-divergence MeV proton beams from the liquid leat

Proton beam energy spectrum:

,'% Average proton energy spectrum: Variation in proton spectrum as target is scanned througlh focus:
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Impact of interaction conditions on proton beam divergence

Water target *

T T T T Low- contrast
At similar laser intensity - : il Athigher laser |
no change in proton flux = - ’° !l intensity - reduction in
or divergence (15°) with < 35: s : A i beam divergence
changing thickness but 2 " oonmegmen | Trom 20-30° to 5-10°
increase in proton g T % | with improve laser
energy with improve > al | | contrast.
laser contrast. g7 x ]
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Liquid evaporation in vacuum

" -’!!i
At low pressures, liquid will evaporate forming a vapour cloud and rapidly cooling the sheet. "

Primary evaporation minimisation strategies:
* Heated catcher units with custom skimmers and cold traps.
e Choice of low vapour pressure liquids such as ethylene glycol.
Vacuum pressures of 10-> mbar have been achieved using cryopumps and cold traps.

Here chamber pressure was approx. 0.1 mbar.

10 Snyder et al., Sci. Rep. (2020)
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Neutral gas density map OpenVFOAM®

Modelling of neutral vapour protile 1o

7 Outlet: Transmissive boundary
Pressure: 0.1 kPa at 0.5 m from boundary
No gradients in temperature or velocity.
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Simulations of proton bunch propagation through vapour ¢!

UNIVERSITY OF
MICHIGAN

e 2D3v Particle-in-cell simulations used to explore the propagation of charge-neutral particle bunch of
electrons and protons through a neutral water vapour.

e Custom impact ionisation model developed at Uni. Michigan for the ionisation ot the neutral vapour by MeV
protons. Plasma collisions not modelled.

m Simulation parameters:

| Impact ionisation cross sections:
Box size 1.2 x 26 mm

100
Grid size 240 x 1300 Marouane et al., Rad. Meas. (2011)
Timestep 30 fs T .
-
Macroparticles Beam: 1296 protons, 36 electrons. R
= == Proton ionizati
/cell Vapour: up to 900 for Zmax = +1. = o
= 1 Electron loss 01
2D Gaussian(w, = 500 um; wy = 20 um) 7 " Electron capture 010
@ = * Proton excitation
Initial with peak density 1.1 x 1017 cm-3. 5 . Hydrogen exctatin
w® 0.1
energetic Divergence 20 mrad, ¢, = 2 um mrad 5
electron- Proton momentum 0.1 ¢ with 20% energy :
proton beam  spread. Electron beam 200 eV thermal 001 v
1E+2  1E+3 1E+4 1E+5  1E+6 1E47 1E+8
Spread Incident proton energy (eV)

R. A. Fonseca et al., LNCS 2331, 342-351 (2002)



1) Central region of proton bunch pinches onto the axis.
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2) lonisation of background vapour by proton impact
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3) Magnetic field grows around energetic proton bunch.
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4) Phase space of proton bunch in vapour and vacuum
highlights flattening of the phase space
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Reproducing the eftect over a variety of interaction conditions %

Talk: Peter Parsons (Tuesday PM) = 5ureee o
lon acceleration and developments =~ B=HAST
towards fusion session - Sala Biodola  iiesiSies

AND PHYSICS

* Experiments at QUB's TARANIS laser to explore
focusing independently from novel target using
traditional foil target and low-pressure gas volume.

o Effect is reproduced and presents exciting possibilities vacuum Chamber

for reducing divergence to improve beam transport.

10 J, 800 fs

Tmm Pinhole A

Gas Cell X

S

\ Target (14pum Al)

Scintillator (EJ440)

Window
—_—\ \ Needle valve
el
AN .
N™=AIr INn

£
Pressure sensor
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Summary

Liquid sheet targets present an exciting, versatile opportunity for high repetition rate proton acceleration

with lasers in the milli-Joules to few Joule regime.

at 5 Hz.

e Simulation inc

phase space C

MeV energy high-flux low-divergence proton beams have been measured with high shot to shot stability

icate that the presence of the vapour plays a key role in evolution of the proton bunch
uring propagation and this is likely to be influenced by vapour composition, temperature

and density potentially allowing tailing energetic proton propagation.

y' [mrad]

Repeat experiments indicate the effect can be exploited over a wide range of operating conditions.

Dose [Gy]
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