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Tre sumained interest in laser-doven neutron sources pomes o thelr compactness and affordabilty whie opaning the poasbiimes for 3 wide range of appications, potentialy
complementing the ressarch camied out af ege-scale spallation facilties. An experiment wee carrbed out a1 the Wulcan Petawatt faclity [CLF UK| to generaie bright, ultra-short nestron
bursts employing cryogenic rishons of sobd deuterum Ths erigus target can produce 3 single spacies, debris-fres ion beam sutatie for 3 wite rangs of appication: [depending on the g2
used, &5 probon scosiertion fro= hydrogen gasl. In this case, dewteriem lo%s w 1o 25 mmwnmmmhmlImmdmnmmml'\ﬂa"b‘! high erergy newtrans n
high fluars. being procuced. Ciee 5 the low density of the tasges (= 200 mg/oc and the sgniicant radiation prassire at the delwered krer intensiies. |5 = 1095 BPWomd, considerable
comprEsgon of the deutenu= plisma 3t the fmnt surfsos b aspected and acoskeramng bulk deuterum by the hole-boring mechanism, The restrons are subssquently posuced by the
djd.n|He fesion reaction in IMIMHI#\!'\-WMSMtM By the hole-boring frart. The ion and newtron data b complemented by the: back-reflecied Doppler-shBed spectrem of
the bisar, prosiding messurements of the hole g welocities st diffener: inbereities. Paricke-tn-Cell smulations sepport the experimental results 0 expiin the comples snderhgng
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2D PIC Simulations
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» Leading high-power laser facilities can provide extreme laser intensities of 10%* W /cm?,

corresponding to pressures of >600 Gbar. These enormous pressures can be exploited to
produce high-energy ions through the Radiation Pressure Acceleration (RPA) mechanism. Previous work have achieved ~30 MeV proton ions' and 30 MeV/u carbon ions?,

» The two regimes of RPA (Light Sail (LS) and Hole Boring (HB)) have several issues that result in a reduction of their acceleration efficiency:
» The development of transverse instabilities’; Induced transparency?; The fastest, ‘reflected’ ions travel at 2vy,, *
> Optically tailored plasma profiles can be used to alter the laser front velocity of a p ing laser pulse to coincide with the ion front of the highest energy ions.

¥ Utilising electrostatic fields produced in a near-critical plasma by a propagating laser pulse?, the co-moving ions can undergo acceleration over an extended distance.
» The acceleration scheme can be split into two phases: (i) the Heating Phase using a foil and (ii) the Acceleration Phase.

(i) Heating Phase 0.3PW Pulse

» Optimum parameters found to be (a)
BN, (b) 2.5um, (c) 2.5um

> Proton energies up to 146 MeV.

» Close to twice the max energy of
RPA-LS with a flat foil and identical
laser parameters.

¥ Smallnumber of protons are getting

V\'\,,M % ‘accelerated to these high energies.
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»150nm flat CH foil heated using an 8J laser pulse stretched up to 2ps, giving a peak ’

intensity of 2x10%*W fem?. [ T T
»>Radiation pressure is sufficient to overcome target's thermal pressure to maintain sharp

front surface.
*The group velocity of the pulse is reduced during the HB phase to match the

~0.1c velocity of the protons and trap them within the produced electrostatic field.
»The group velocity then gradually increases as it propagates through the rear surface

plasma as the protons are accelerated.

5 10

Comparisan of Parameters

¥The density profile shown above
can be produced using a range
of laser and target parameters. S £
T T Cepm”
¥ Laser field (top panel) co-moves with ion front (green dashed line).
» High energy ions ‘caught’ in electron depletion region (middle panel).

¥ Red box indicates optimal

»Opaque points create all
optimal parameters
simultaneously.

FInitial flat foils of thickness
50, 100, 150, 300 and 500
nm.

Pesk Density [N]

" s
» Red proton group correspond to energies 58 MeV < E < 146 MeV/.
aseri iti » Electrostatic field created is only trapping a small region of protons, due to small
150nm Target 1x10%7,5x10%7, 1x10'® and channel created by the pulse in the bulk target and few protans accelerated 10 2vy,
- 1x10%° W/em?. during the initial HB phase.

*Li

»Pulse durations of 0.5, 1.0 1.0PW Pulse
and 2.0 ps.

Rear Scale Leng!

— RPALS
—— This Work

» Optimum parameters found to
be (a) 8N, (b) 3.5um, (c) 1.5pm

> Proton energies of up to 350
MeV.

¥ Energies twice of RPA-LS case
with same laser pulse.
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» Optically tailoring a plasma can enhance [ 11 C: Scullon, ot sl Physicol rview ettsrs 118.5 (2017
05480

ion energies; ‘
¥ Can be further tuned to optimise the 198 G, Pairmor, st . Physical tvern, vol, 108, 70, 22,
: . . charge for a given energy (for radiabiology l| saeooa zare ™ "
Parameter scan of optimal density profile » Simulation box of 40 = 35 pm with a applications); [4]: A Henig, st al., Physical raview latters, vol. 103, no. 4, p.

i MILEI P : i x : . e 045002, 2009.
using 2D SMILEI PIC code: resolution of 10 x 20 nm. ) » Further work includes improving ion [5): L. 0. Stva, et aL, Phys. Rev. LetL., val. 82, p. 015002, o
¥ (a): Peak density; » C6+and H+ with neutralising e- species particle number trapped by the laser 2004
¥ (b): Bulk thickness; with 50 PPC each. pulse and input energy selection and
¥ (c): Rear scale length acceleration,

/ [2): A Mellvenay, st al. Physical review letters 127,18 (2021).
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Introduction LWFA Electron Beams
The main goal of radiotherapy is to minimise the exposure of normal tissue to radiation, while delivering the
required dose to cancerous cells. Although radiotherapy is an effective method to treat cancer, it can: € \
- induce significant side effects- e.g. damage to normal tissue, formation of secondary cancers =
« be unsuccessful- tumour cells have a higher radioresistance than normal cells [1].

Laser driven particle accelerators can deliver ultra-short, high dose-rate, pulsed irradiation sources with

in the pi (ps) to (fs) range. Preliminary findings, delivering I: N
accelerated (LWFA), very high energy electron (VHEE) beams onto in-vitro cell samples, have revealed T e e o MR e
ure 1. . Focussing intense laser pulses into a et a
significantly different cellular to al . Notably, this Work | c-eatng piasma waves, which act ke a wake to accelerats elecirons over
a ion in the rela(ive ioresi of tumour cells [2]. very short distances [4].
« Production of VHEES (e energy spectra >100MeV)

Recent and future experiments are ft on ing these preliminary studies and to further establish § High-charge (~1-2nC)

the radiobiological effects of laser-driven, ultra-short electron beams. Comparisons with irradiations at the § | Gy-scale dose deposition over cm” areas achieved with
picosecond level [3] suggest that this novel cellular response may be linked to the ultra-high density of asingle fs pulse

ionising tracks and very high of fi d-scal pulses. Reaching unprecedented average dose rates >10 Gy/s,

Recent Experimental Work
An experiment at the Gemini Laser Facility, UK, was

completed this year completed to extend on the Vacuum chamber |
preliminary data: l2\ 3 £ =104
F/40 OAP 3 Trwnn = 4515
« Irradiation of a wider range of cells- two Mu-metal tube =@ xg'smu-! Wem?
normal, healthy cell lines (AGO1522D, . T e :3‘ A0
RPE-1) and five cancerous cell lines (E2, Gaijat p— ;' ::;‘_mmv
MCF7, DU145, H460, HeLa) Magnet 1 :f"l;l;: §=18£04nC
« Dose values up to 3Gy achieved for each i Loadbiousing

cell line Figure 2. Sketch (top view) of the experimental set-up. L1, L2 and L3 are Lanex scintillator screens. The cell wheel holds up to 10 cell
samples each with stacks of Radiochromic Film (RCF) for dose measurements. Laser and electron beam parameters are listed on the right.

This work will be repeated at different facilities to allow comparisons between different beam characteristics:

TARANIS Laser, QUB, UK SPARC o ¢ di Frascati, Italy PGJ Centre for Cancer Research, QUB, UK
« ps pulses of irradiation (10“’-10u Gyls) « tuneable sub-ps irradiation « conventional x-ray irradiation (0.49 Gy/min)
. 1-10MeV electrons « 100-170MeV electrons « conventional electron source (6-20MeV)
Biological Analysis v Modelling LWFA Electron Beam Profiles -TOPAS
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Figure 3. Clongenic Assays. Modelled by the above cell survival equation, clonogenic assay results are
shown for [a] AGO1522D and [b] E2 celllines foliowing irradiation with ultra-short pulses of electrons [2).
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Figure 4. 53BP1 Foci Formation. Foci distributions as functions of time (0.5hr, 24hr after irradiation) Figure 5. E: les of (RCF), sis (Monte Carlo ing code TOPAS)

and corresponding depth-dose profiles. Top row: dose profiles for Clonogenic Assay analysis.

for RPE-1 and MCF?7 celllines. Shown are merged channel images of 538P1 DNA DSB marker (green)
om row: dose profiles for Foci Induction analysis.

and DAPI nuclear stain (blue).

Limitations Conclusions
- Spatial uncertainties due to shot-to-shot electron be.'.am p.omtnr\g mstablifty in the . Ongoing analysis from a recent . to extend from preliminary studies
plasma bubble can cause cell samples to only be partially irradiated or missed and to further establish the radiobiological effects of this beam modality
entirely
« Detailed research into accurate dosimetric techniques for LWFA electron
N beams planned- mandatory to establish the effects of ultra-short irradiation on
Y cells [6]
a . Final aim is to create a new scheme for
1 3. 41 31 31 31 3
Figure 6. 5 shots fror r)I([c:t‘-lld ta showing the electron be: References
gure 6. 5 sl m experimental data showing the electron beam s 2 4 z s g
‘shot-fo-shot pointing instability and the peak dose values (2). (1] J. R. Williams, D. |. Thwaites. (2000). Radiotherapy Physics in Practice. Oxford University Press, 407-
o it 87 [2) CA. McAnespie et al. Experimental slgnzluus of increased radiobiological eNeclweness and
« Dosimetry of this beam modality is not trivial: reduction in tumour sparing for gy electron at dose-rates >
1013 Gy/s. submitted (2023).
Plane-parallel ionisati (r ded di (3] C. McAnespie et al. (2023). Response of cancer stem cells and human skin fibroblasts to picosecond-
scale electron irradiation at 10*10 10*11 Gy/s. https://doi.org/10.1016/j.ijrobp.2023.10.024.
systems for clinical reference dosimetry of elecirons) experlenoe high levels of [4] Kim, HT etal. (2021). Multi-GeV Laser Wakefield Electron Acceleration with PW Lasers. Appl. Sci. 11,
charge at high d 6] 5831. https://doi.org/10.3390/app11135831
[5] M. McManus et al. (2020). The challenge of ionisation chamber dosimetry in ultra-short pulsed high
RCFs are dose-rate il have high ion and are suitable for dose-rate Very High Energy Electron beams. Sci Rep. 10, 9089. https://doi.org/10.1038/541598-020-

VHEE dosimetry but fail to provide dose measurements in real-time (require (6] A, Subiel et al. (2017). Challenges of dosimetry of ultra-short pulsed very high energy electron beams.
post-irradiation processing and data analysis) [6] Phys Med. https://dol.org/10.1016/].ejmp.2017.04.029.
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r Introduction

Material characterisation exploiting, for instance, laser-driven Positran Annihilation Lifetime Spectroscopy (PALS)
benefits from a high repetition rate source of keV to MeV positrons with o high flux of partidles, over a region with
mm fo cm transverse size. PALS warks with virtually any material, is non-destructive and can identify sub-
nanomefre defects

Pasitrons have usually been generated via a radioactive source; however, they have their issues:
1. The positrons energy generated is in the keV range, reducing the penetration depth of positrons so it would only
be useful for surface studies
2 The positrons generated also have a long duration, matching the typical annihilation of a positron in material o
around 200ps [
+ Luserdriven positrons solve both issues, providing MeV scole posiirons with o duration of 60ps!?), with o proof-of-
principle experiment currently poused ot Queens

Experiment

[Rer—

Theary e
Lana st
= Laser pulse generates hot elecirons via JxB ag =8.53 10717 « (147, )= +  The experiment was performed using the TARANIS laser system ot Queen’s University Belfast
heating foon mwnm nld'm mmmu 1.5 laser shot with a pulse duration of
" ot clcors gt igh oy Wose = ([1 45— Dym,e2 300 and ocwsd oo N of .
. rliuh eereyphrons p mdm: —— Sasoton 2 rdemrngd v sy o ackons v s ot Fld 59um x6.2ym -
electron pairs via Bethe-Heitler pair + 300107 Wem? peak intensity ] 2ou0 Counes
production £ Fooion T o | ,.:.n
- Defects in material cause local potential £ quation lpn[f idts “;“;‘n' ;dmn .
for positron to be temporarily trapped g femperature of around 1Me . Figure 4) Focal spat
= Delay measurable via recorded gomma H - W TARANIS

intensity, giving information ahout defect

Simulations Results
+ Modelling was done using the Monte Carlo code FLUKAR). 17500 v —— b quaa |
+ 0.9MeV input with 2mm tantalum farget —— NoQuad

— 05 MeV

+  Simulafions show 10¢ positrons can be acquired with tunable energies

- z
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. s Pusitron spectra: 0.Smm
131

10° positrons generated between 0.45-1.3MeV entering 2* dipole

4.5ximproved collection with new quadrupoles

Electron spectra gives iniial electron temp of 0.87MeY, used as input for future simulations
Positron-o-electron ratio of 0.0487

A 1y L N " Figare ) Sinsulation
[ s [ ¥ W of dugleg serup B

Quodrupole Design

0ld quodrupoles were too weak, udded too much noise and increased the distance between foil and Target
+  New quedrupoles designed, simulated and used

Future work

= An experiment is set fo be done in June at
EL-Beamlines, using the high repetition rate

«  Improved positron collection by 5x compared to without quadrupoles 14000 ALFA Loser system
155 - -
- 12000 = Preliminary simulations show that the ALFA
) = system us capable of delivering 10° positrons
s e '> e 1o u PALS targef per shot
o}
° g 2 SO0 = With a repetifion rate of 1kHaz, it would
" =2 equate to 10¢ positrons, similar fo current
e % E facilifies output
h IS
T q e E «  This would represent the first experimental
Wi T | 2000 demonstration of a positron source with high
e E average flux, short duration (20-30ps) and
i § o 04 05 06 07 08 MeVscalo energy

1x100 Energy [MeV]

<10 Figure 7) Simulation resslts of pusitrons at PALS targetired line in figure 6b)

[ x10m 0.4-0.6MeV
510 )

s 100 025 2648 1781

L x 1o 05 3317 2170

e 1 2612 1608

Figure ) Pesitran Calou " primaries; 0.87MeV electran temp;
tmm Le Quad B) New Quad. Table 1: Positrans at PALS target
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021 Uirashrl, Me¥scale source for speciroscopy’, Phys. Rev. Accel. Beams. American hysical S p.07:
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[3] Abdide, C et al. {2022} ‘Now Capobilities of the FLUKA MubiPurpose Cade’, Fronfiers in Physics, 9. dai: 10.3389,/lphy 2021 788253
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