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Introduction



lon Capture Requirements

* Take output from laser source (WP2), tailor output, transmit

downstream
* Focus 15 MeV proton beam to a reasonable distance (metres)

e Use conventional, off-the-shelf technology (WP)
* Magnets, electronics, etc

* Ensure operational stability & reliability over multiple time-scales
* Shot-to-shot of high reptation rate source
* Day-to-day & beyond clinician use



No. 4055 July 19, 1947 NATURE 89

A Space-Charge Lens for the Focusing of

Gabor lens
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 |S as a very powerful concentrating lens for positive
ions, particularly for ion beams of extreme energy.
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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 e’n,
L_rney W
f 4deU

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



Plasma in ALPHA for H productlon

lmm

E-field & large radius deleterious

* Low dens.lty - | s I

 Small radius 9

* Experimental diagnosis
* MCP imaging

FIG. 1 (color online). Images of centrifugally separated plas-
mas trapped in (a) a 1 T and (b) a 3 T solenoidal field. In both
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Beamline



Vacuum Nozzle Interface

@ The aperture of the nozzle collimates the particle flux from target.

@ Opening has a radius of 2 mm and widens to an exit radius of 2.87 mm. =
Differential ohe
Laser pump port vacuum
vessel
. . ; . Target \
@ Simulations show the highest energy particles come off the target at \[ g7
an angle. —
e Adjustments of target with reference to the nozzle improves the _
transmission for the particles of interest. el
vessel \ F—
@ Simulations so far have neglected the electron population. Figubes Sehematic: diegmt o1 the [ateracs bakean

g ; the target and the first Gabor lens|
@ Investigations to study these electrons are ongoing.




Stage 1 Beamline Simulations

@ An approximate 3D proton beam was simulated from the laser source through the Stage 1 Beamline.
e Good match between solenoids and field maps in modelling Gabor lens.

@ Energy collimation shown to be effective.
e Adjustments to beamline improves the transmission while still retaining a good comparison to an ideal beam.

@ Next steps are to simulate and track a fully 3D beam to corroborate the results.

L byt y=m

0.0164 —— Sampled Beam w/ Solenoid (Unmodified); ox
—— Sampled Beam w/ Solenoid (Unmodified); o,

0.014 —}- Sampled Beam w/ Solenoid (GL Strengths + Collimators Adjustment); o
—-$- Sampled Beam w/ Solenoid (GL Strengths + Collimators Adjustment); o,

S [m]

Figure: Beam size evolution comparison. Modifications decrease initial beam size, improving the transmission of the sampled beam (dashed) to the end station, with a
comparison to an ideal Gaussian beam (solid).



Recent results



Experiment at Swansea

e~ source MCP/P'Screen

20 40 60 80 100 120 140 160

Beam catching
4.1 cm e d Ne ~105— 106

28.1cm

6 m positron beamline

> et/ e trapped plasma (cooling & compression)
» Destructive/non-destructive diagnostics
» Variable trap length

140.0
1375
135.0

31325

< 130.0
1275
125.0

122,561

- T T =
1200 " Fit

T T T T T T T T T ¢ Data
1000
800

t: T+2.4D98 s
ta

600

Intensity [a.u]

— 400

2001

1 1 1 1 1 1 1
0.0 25 5.0 75 10.0 12.5 15.0 17.5 20.0

Time / s oE =

L L L
=5 0 5
Position Y / mm

Single-particle motion |-

» Axial motion (~5- 25 MHz)
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A. Deller, PhD Thesis, Swansea University, 2013




Main results
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Status of simulations

» PIC code previously used to model stable/unstable plasmas in a Gabor lens prototype

» Validate the PIC code against the measurements from Swansea

» Ongoing work to reproduce the change in magnetron frequency observed in the experiment

» Preliminary simulation shows agreement within 10%
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WP3 Project plan



lon Capture overview o

0.0124

[ ) 5 | | t t d 0.0101 = GPT With Space Charge; 0,; N=1.0E+04
e n S e e m e n S eX p e C e =¥~ GPT With Space Charge; 0,; N=1.0E+04

0.0081 —=— MADX; o,

o ~e- MADX; 0,

0.006{ —+ BDSIM: 0,; N=1.0E+04

~¢- BDSIM; 0y; N=1.0E+04

0.004 A
0.002 1

Ox,y I M

0.0001 ‘ } ‘ : : ; . ;
i AL L 0 2 4 6 8 —_— 10 12 14 16
@ RF Cavily
i- Octupole
+ Collimator
. Dipole Vertical Matching Arc
.'. Quadrupole
- Beam Dump
_ _ Beam Shaping
Capture Matching and Energy Selection and Extraction

Abort

doi: 10.3389/fphy.2020.567738



lon Capture overview

e ——
Lens | Equivalent solenoid field® B¢, [T] #focal length [m] | Electron density* [m Lens solenoid field* Bgy, [T]
* 5 lens elements expected s et noens i
.. . GlL2* 0.6671 3.46 ﬁoﬁ/ 0.017
* Preliminary & preconstruction [z 17 107
GL4 0.6852 3.29 1.2 x 1015 0.017
phases focus On 1 element GL5 0.6541 3.59 1.1 x 1015 0.017
'E Gabor Lens
@ RF Cavily
* Octupole
* Collimator
’ Dipale Vertical Matching Arc
* Quadrupole
- Beam Dump

Beam Shaping

Matching and Energy Selection and Exifaction

Abort

doi: 10.3389/fphy.2020.567738



Previous efforts
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Article

Anomalous Beam Transport through Gabor (Plasma)

Lens Prototype

Toby Nonnenmacher 1%, Titus-Stefan Dascalu »*(*, Robert Bingham >*(, Chung Lim Cheung !, Hin-Tung Lau !,
Ken Long 341 and Jiirgen Pozimski > and Colin Whyte 2

check for

updates
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Whyte, C. Anomalous Beam
Transport through Gabor (Plasma)
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4357. htips://doi.org/10.3390/
app11104357
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Abstract: An electron plasma lens is a cost-effective, compact, strong-focusing element that can
ensure efficient capture of low-energy proton and ion beams from laser-driven sources. A Gabor lens
prototype was built for high electron density operation at Imperial College London. The parameters
of the stable operation regime of the lens and its performance during a beam test with 1.4 MeV protons
are reported here. Narrow pencil beams were imaged on a scintillator screen 67 cm downstream
of the lens. The lens converted the pencil beams into rings that show position-dependent shape
and intensity modulation that are dependent on the settings of the lens. Characterisation of the
focusing effect suggests that the plasma column exhibited an off-axis rotation similar to the m = 1
diocotron instability. The association of the instability with the cause of the rings was investigated
using particle tracking simulations.

Keywords: plasma trap; space-charge lens; beam transport; instability; proton therapy

1. Introduction

Appl. Sci. 11 4357 (2021)
https://ccap.hep.ph.ic.ac.uk/trac/wiki/Research/GaborLens/Meetings/2021/01/28

Plasma in the lens was produced by increasing the high voltage applied to the anode and the current in the
magnetic coils. A significant increase in pressure was observed when a stable plasma was first established in the lens.
Simulation of the plasma discharge within the lens indicated that a high electron density, ~5 X 10:°7 cm’g, was

produced.




Full-proposal plan

* Build upon experience and techniques of low temperature non-
neutral plasma community
* Clean, controlled, heavily diagnosed environment

* Year 1-2 plan: upgrade existing apparatus & design new apparatus

* Year 3-5 plan: use new apparatus to push multiple limits currently
present in non-neutral plasma field, with off-the-shelf components

* Year 5+ plan to design & build focussing element (Gabor lens)



Why is this cautious development necessary?

LhARA Gabor Lens Parameters
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Year 1-2 plan

* Existing apparatus is currently limited as designed for ‘single particle’
/ low density / small volume ensemble

Storage trap... -

B~8mT

Electrodes
Guiding coils
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Year 1-2 plan

* Existing apparatus is currently limited as designed for ‘single particle’
/ low density / small volume ensemble

 Parallel Stream: Modest upgrades enable time to be used efficiently,
invaluable early information will be obtained & fed into design
process

 Parallel Stream: Simulation of upgraded apparatus & new system

 Parallel Stream: Design & purchasing of new system



Upgraded apparatus

* New electrodes (geometry, size, electrical insulation, etc.)

* New electronics for confining higher space-charge plasma

* New electron source
* Upgraded magnet

e Utilities

d Homogeneitv control

* Debug new control system
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Year 2 milestone
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Year 3-4 plan

* Use new apparatus to study ‘medium’ scale plasma (confirm &
advance literature)
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New System



Year 5 milestone

LhARA Gabor Lens Parameters
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Year 5 milestone

LhARA Gabor Lens Parameters
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Current Proposal Status — Timeline

Description of Sub-task

Order & install low voltage plasma hardware

Investigate low voltage plasma with existing apparatus

Order & install medium voltage hardware in existing apparatus
Study medium voltage plasma in existing apparatus

PIC modelling validation
PIC modelling guidance

Order and assemble high voltage plasma hardware
Commission high voltage plasma apparatus

Study high voltage plasma

Interface & test testbench with test source
Finalise design for 'usable' Gabor lens

2022/23
Q2 Q3 Q04 Q1

2023/24
Q2 Q3 Q04 Q1

202425
Q2 Q3 Q4 Q1

2025/26
Q2 Q3 Q04 Q1

2026/27
Qz Q3 04 Q1




ITRF

call re-profiling...

Staff
AR
Manchester Physics
Klan- Ptya-PORA-1
Mar-Phys-SH-1
Swansoa Physles
Swrs-Phya-PORA-1
Swms-Phys-SH-1
Swns-Phys-PG-1
Swnis-Phys-PG-2
Swon-Phys-Tech-1
Berkoley Task 1 - Preliminary Measurements

Description of Sub-task

Task 1
Order & install low voltage plasma hardware
Investigate low voltage plasma with existing apparatus

Order & install medium voltage hardware in existing apparatus
Study medium voltage plasma in existing apparatus

PIC modelling validation
PIC modelling guidance

Task 2
Order and assemble high voltage

sign for 'usable’ Gabor lens

Q.00 L0 0,00 .00
S0 50,00 SE 554,00 S04 S04.00 454 A5 00
2022/23 2023/24 2024/25 2025/26

Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1

Q2 Q3 Q4 Q1 |2 Q3 Q4 Q1

R S

Vacuum Generation
Vaocuum Hordwore
Trap/Expt. Hardware
Diagrostics
Control
Magnet(s}
Misc.
Task 2 - Gabor testbench
Vocuum Generation

23
25
16.5

=== ===~

===~

0

Viacuum hardware 0 0 0 0
Trap/Expt. Hardware 0 0 0 0
Diagrostics 1] 10 10 ]

0 0 0 0

0 0 0 0

1 1 1 1 1

0 0 172 0 0

2 184 12 2

Consumabies 186 13 13.5 18 14.5
Trave! 32 32 32 32 437

PPl, engagement, outreach
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Concluding Remarks



 Ambitious but cautious and reasonable
plan based on 20+ year Antihydrogen
programme, and experience with
plasma at CERN & elsewhere

* Right personnel identified
* Swansea, Manchester, UC Berkley

* Some work remains on proposal text

* Reprofiling will reduce 2 & 5 year
milestones

* Details still being discussed & digested

* We’re eager to begin the programme —
it’s very exciting!!!




