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LhARA - Project organisation

* WP1 - Project management

e WP2 — Laser Driven proton and ion source

* WP3 — Proton and lon Capture

 WP4 — Real-time dose-deposition profiling

* WP5 — End station development & Instrumentation
* WP6 — Facility design and integration



Project management [

All the boring but essential planning and

organisation, but also..

Engagement and outreach:
Stakeholder

Peer group

Score Mitigation

User community o B e

Number

Insufficient resources secured to deliver
wP1 1 15 Resources 5 4 Pursue additional sources of funds. 4

P I I . the project.
u I C Performance

Inadequate ion beam parameters to meet
WP1 2 1.3 specification 4 P 3 5
the Physics and Biolology requirements.

The project consortium includes the required experts to improve
performance and adapt requirements to maximise convergence of 2

parameters capability and need.
.
All 3 9 Key specialist Avai\a%xility of key specialist staff critical 4 5 \dentifyﬁ poten(la! single point failurg risks, apply cover and 2 5 10
staff to project. succession planning where appropriate.
wp2 4 27 Source output [Unable to deliver desired beam. 3 4 Investigate experimental techniques to increase yield 2 2 -
Laser schedule does not allow sufficient
WP2 5 21 Laser Access ccess . ! 3 4 Apply for access to other,similar, laser systems e.g Gemini 2 3 6
A low density will result in too long a focal Expert experimental design coupled with established and novel
wP3 6 Plasma Densit .
i length (& beamline) 4 4 mitigation measures 4 3 12
Low acoustic . - y . Employ range of established techniques. Adaptively trade dose-
wpa 7 4.1 Insuffi t it It tio.
° . . . hd signal nsutlicient acoustic signal'to nolse ratio 3 5 map resolution for enhanced signal 3 3 9
WP6 8 6.6 Integration Delayed start/insufficient early resource. 3 5 Prioritise integration work package 1 4
End Station  |End station specification does not clearl Early progress review, input from system designers to user
wes s 51 D ly 5 ly progf P ys [ 1 5 5

Specification |specify requirements. consultation exercise




lon production
space charge

* lons experience the electric field
due to their neighbours — space
charge — and repel each other.

e Effect is worst when ions have low
energy — faster acceleration =
better beam.

 Conventional ion sources extract
ions with energies of a few 10’s of
keV and accelerate that beam over
several m.

* Laser-target system accelerates
ions to MeV energies over distance
of 100’s of um — space charge
effect is much reduced.

Target foil ~ 5-50 um

Expanding
pre-plasma

cathode\\\

intermediate electrode
P-lllllJi;;;§7
+ AN

Duoplasmatron — source Evan Mason 7/7/16

anode

gas inle
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ion jet

Hot electrons
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Critical
density




WP Laser Driven proton and ion source
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4 Objectives

Simulation

Scapa
Diagnostics
Tests

High rate tests
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Experiments & Technology Development in 2-year Programme: Characterising Source and Benchmarking Simulations

Established Diagnostics...

Plasma mirror

0° Thomson
spectrometer

& =T
v

Figure 1. Experimental setup. A Thomson spectrometer deflects the ions onto a
piece of plastic scintillator, which is imaged using an EMCCD camera. A second
sheet of scintillator images the off-axis portion (>6° off-target normal) of the ion
beam.
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J.S Green et al., NJP. 12 (2010) 085012
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R. Prasad et al., Nucl. Instrum. Methods. 623.2 (2010): 712-
715.

Established Targetry...moving toward
Hz-level targetry

Tape targetry system (online in SCAPA 2022)

....to build a systematic parameter
space map of the source performance

* Energy, Flux, Divergence across
multiple ion species
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..but also need to consider some other
experimental contributions like temporal
contrast
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Experiments & Technology Development in 3-year Programme: Producing a stable, high-rep source

~

Novel Liquid Targetry

" ‘Vv\,‘r’, ;ia. y

Courtesy of C. Palmer

* Reduces production of
debris

* Increases operational time
and possible rep rate

\ )

400 nm
laser

Advanced Particle & Laser Diagnostics

Side View

J 60 cm
' Proton Beam _'l,l_,.

g 12.5 pm

Al

60 mm

50 mm

D. Marsical et al. , Plasma Phys. Control. Fusion 63
(2021) 114003

Implementation of advanced (existing) particle

diagnostics, taking account of long term operation.

Implementation of full laser diagnostic suite to
support automation, stabilisation.
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ML/AI Control & Optimisation

. |
e End of Random Simulations
* P Global Optimum €gmax
" o Current Optimum €pmax (MeV)
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*  Application of ML techniques (e.g
Bayesian Optimisation) for parameter
space

* Application of Al techniques (DNNs,
CNNs) for system control and virtual
diagnostics




WP3 - Proton and lon Capture ... ... .

A Space-Charge Lens for the Focusing of

Gabor lens gl far

SomE time ago I proposed a magnetron of special

design as a divergent lens for electron beams!. It

. . now appears that the same device may become useful

SOlenO|d COl IS as a very powerful concentratmg lens for positive
ions, particularly for ion beams of extreme energy.

loJoJoJoJojoJoloJooXoloJooJolo

lon

beam

MAGNETRON LENS FOR ION BEAMS

Electrodes
The focal length of a Gabor lens of length [ is given in terms of the electron number density by:
1 B e2n, ' ()
f o degU

where e is the magnitude of the electric charge of the electron, n. is the number density of the electrons
confined within the lens, ¢; the permittivity of free space, and U the kinetic energy of the particle beam.

doi: 10.1038/160089b0
doi: 10.3389/fphy.2020.567738
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Initial experiments — establish stable high ‘fill factor’ plasmas
Phase 2. New apparatus to access higher densities - Tests at SCAPA



Phys. Plasmas, Vol. 7, No_ 7, July 2000 2776

Confinement and manipulation of non-neutral plasmas
using rotating wall electric fields

E. M. Hollmann, F. Anderegg, and C. F. Driscoll

A “*rotating wall”” perturbation technique enables confinement of up to 3 X 10° electrons or 10” ions

h a in Penmng—Malmberg traps for peniods of weeks. These rotating wall electnic fields transfer torque
L g : A - i A : : I
fey b
of @F\ diagnostic Faraday
aV /e DERE cup L
b . e : , — 1r E
N\ ﬁ T Rw = 2.86cm
AN v S Rp/Rw < 0.2
W ™ aa - r— ;
: ! _,.':O =
A . . collimator —
[gjj ' T, e =
clectronfion
SOurce comasier ¥ X

FIG. 1. Schematic of the IV Penming—Malmberg trap used for electron and
1on plasma experiments. Electrons are typically confined in the region 55
—811; Mg ions (shown) are typically confined in the region S11—R13. A
laser diagnostic is nsed for 1on plasmas; a collimator plate and Faraday cup
diagnostic 15 nsed for electron plasmas. Azimuthally-dependent modes are
driven and detected with sectored nings (55 and 511).

1014 _ 1015 m—3

S N e & & 6




Storage trap assembly - current

1 Two, 6-way segmented electrodes
mm

> « N\

4.1 cm
28.1cm

For Example: — - -
T v, Y ©  ionitor azimuthal image
Monitor axial image charge I“ .............................................. et charge induced on 1 segment
induced on 1 ring electrode vr z

I = [

V - v

13



Plasma in ALPHA for H productlo
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Year 5 milestone

LhARA Gabor Lens Parameters
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* Current Parameters
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* Rationale — need accurate measurement of Dose delivered if we are to exploit
timing, dose rate, dose and species

* Theory — spatially localised temperature and pressure increase leading to acoustic
waves.

* Breast prostate liver, pancreas pelvic head and neck

Short pulse(10’s ns) measureable signals

Massively parallel sensor array, hemisphere, ring, conformable

Leverage of prior knowledge coupled to full wavefield reconstruction techniques.

* Geant4 model — model to predict signal — reverse problem and calculate
deposition from acoustic signal

* Smart Phantom — scintillating fibre monitor at input, acoustic detection -
transportable



lon Acoustic Dose Mapping

100

Voltage (mV)
n
o o

28 30 32 34 36
Time (us)
Fic. 2. Example of an ionoacoustic signal from a 110 ns ion pulse with 2x 10°
protons, recorded with a 3.5 MHz ultrasound transducer (pulse average of 16
samples, see also text).

Energy deposition (10'% eV)
4 8 12 16 20 24 28

Voltage (mV)

e |s it possible to get the deposited dose using acoustic measurements ? S
e Compatibility with medical ultrasound and possibility of use in vivo 20 40 60 80 100 120 140

Number of protons N, (1 05/pulse)

Fic. 5. Acoustic signal amplitude of a 473 ns proton bunch (16 pulses
average) as function of particle number and total energy deposition per pulse,

lonoacoustic characterization of the proton Bragg peak with submillimeter accuracy along with a linear polynomial fit (red line)

W. Assmann, S. Kellnberger, S. Reinhardt, S. Lehrack, A. Edlich, P. G. Thirolf, M. Moser, G. Dollinger, M.
Omar, V. Ntziachristos, and K. Parodi



lon Acoustic Imaging
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Initial beam
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The SmartPhantom

Aim is to compare measurements:
proton acoustic
scintillating fibre
dosimetry

Compare measurements & simulations:
protons in water (GEANT4)
protons in detectors (GEANT4)
acoustic signals (k-Wave)

Beam is measured using scintillating fibre planes
Scintillating fibre -> clear fibre -> detector

Aiming to use the edge of the plane as a connector NP  simulation of acoustic wave fields |
Clear fibres bundled and sent to CMOS camera

For faster readout, could use photodiodes
Water-filled phantom useful for @ GEANT4

A k-Wave

protons, few 10s of MeV up A SIMULATION TOOLKIT = |
SmartPhantom is a tool go on the

www.ptwdosimetry.com endstations, to compare

http://www.k-wave.org/ simulations of beam interactions

https://geant4.web.cern.ch/ with experiment

From: Medical Applications for Particle Physics (PhD Thesis), H.T.Lau, Imperial College (2021)

Methods of joining fibres — Jeff Sykora, ISIS



WP5 — End station development & Instrumentation

Low-energy in-vitro
end station

/ Capture and energy selection
. \ ,\&get room
Laser room

Fixed fie>\’

accelerator (FFA) ring
Beam to the high Beam to the low
energy in vitro :ln):rgy in vitro
end station station

*

High-energy
in-vitro end station

Extraction
line

Extraction line

}MV

In-vivo
end station

Fixed field
accelerator ring

In vivo beam line
matching
Beam to the RF cavities for
in vivo end longitudinal s i
station phase space ‘ atching and
manipulation Beam from the \/\/‘ energy selection

laser target Capture



* User engagement — Peer group

consultation.
* Automated Handling

* Controlled atmosphere

* Acoustic Imaging
* Cellular imaging
* In-vivo irradiation

* MC40 cyclotron operation for
testing and de-risking.

e Beamline instrumentation

* Gas jet beam profiler.

* Dosimetry verification

Energy 10ss as a function of depth for different beam energles

LH |

Energy loss [MeV/0.02mm)
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LRI Tayer container base



WP

Beam to the
in vivo end
station

>

6 — Facility design and integration

Gabor Lens
RF Cavity Beam to the_ high 2::::;:1 ﬂ:,c;-l:gw
l energy in vitro end station
Octupole end station
Collimator ' f
Dipole .
po Extraction
Quadrupole line
Beam Dump Extraction line
Kicker Magnet }Chmg;/\
Fixed ficld
accelerator ring
In vivo beam line
matching
RF cavities for
longitudinal _ ' s 3
phase space ‘ \/‘/\ atching an
manipulation Beam from the energy selection

laser target Capture



Controlling energy spread in LhARA

3 collimators

1) Energy collimation
2) Beam shaping

3) Momentum cleaning

Momentum cleaning is required to
remove the tails of energy distribution

Schematic of the
accelerator

Energy distribution (15MeV +/- 5%)
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Facility — planning - development

lon therapy Research Facility ITRF

£2M budget, of which

e £1.5M LhARA — as presented

* £500k Facility Engineering plus alternative
technologies. 3.35FTE: Mechanical,
Electrical, Controls, Tech Services, Vacuum,
Radiation Protection
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