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This Project

within the John Adams Institute for Accelerator Science, /

A Part of the annual project for 1st year PhD / DPhil students
COﬂClUding our accelerator phySiCS CourseWOrk. %}dams Institute for Accelerator Science

A Collaboration between 10 students across 3 universities, s 4.
over the course of the first 3 months of 2024. 56698, | HOLLOWAY

A Had weekly meetings with Will Shields and Ken Long (and

manyothers!) to discuss progress and allocate tasks. |mperia| Co"ege
A The overall aim is to investigate some finer details on London
LhARAStage 1, specifically around: _
0 LatticeOptimisation Gaad UNIVERSITY OF

o0 RF Cavity Design
o0 Magnet Design
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4y Motivation

John Adams Institute

for Accelerator Science

I Tumor ]
100%
@ L
8 509 | X-rays
O o
lon bEﬁ,m \
'Du.""ﬂ 2 I a 3 M 3 " 3 o 2 o g k-.*._"—n I
2 6 10 14 18

Depth in tissue [cm]

[1] Comparison of radiation dose as a function of depth.
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[2] Flash timescales compared to conventional RT

A Development of more accessible, cheaper
alternatives for RT (radiation therapy)

A Study of ion beam radiobiology

A Exploration of novel treatment modalities



&y LhARA(Laserhybrid accelerator for radiobiological applications)
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[3] Facility comparison showing where the planidtARAS1 & S2are in
energy & dose rate.
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A/ Target Normal Sheath Acceleration (TNSA): Exploration of Hybrid Accelerati
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Value or .
Parameter Unit
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Laser power 100 T™W
A L .
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[5] lon beam spectra characteristics
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Gabor Lenses

Solenoid coils
0609533600009006

Advantages
A More efficient focusing compared
to highfield solenoid lon
A Reduces costs E—-

A Focus in both planes simultaneously beam

A Variable focusing strength
proportional to plasma density

Electrodes

[6] Schematic of Gabor Lens to be usedhARA
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LhARADesign Overview

Gabor Lens
RF Cavity

Octupole

Collimator

Dipole

Quadrupole
Beam Dump

Kicker Magnet

In vivo beam line
matching

Beam to the
in vivo end
station .

=

[7] ProposedLhARAacility.
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/ End Station Specifications
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Low energy (in vitro)

& e
*i Octae . Low uniform dose distribution (<5%) 1
&» o . Minimal beam losses
4 Quadrupole . Maximized dose delivery
l seamoum . Maximum diameter 43cm or focused down to 1mm vertical MachingAre
Y 12-15 MeV

_ _ Beam Shaping
Capture Matching aad Enegy Selection and Extractio Abort

Line

Beam from
Laser-Target

High energy (in vivo and in vitro)
Introduction

1. Variable Injection energy using stage 1 beam line focusing strengths al

variable proton energies
2. 15 MeV-127 MeV
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Lattice Design
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L attice Constraints

Beam focus after Ler& (S =5.5m)

Twiss alpha> 0 between Gabor lenses?? Gabor Lens

High dispersion and low Twiss beta in the A caviy
ctupole Beam to in vitro

arC . . Collimator End Station

Twiss alpha and dispersien 0 at end Dipole

statio n- . Quadrupole

LOWthSS beta (S pOt SIZG) - Beam Dump Vertical Matching Arc

Abort
Line

' . Beam Shaping
. Capture Matching and Energy Selection and Extraction

Beam from
Laser-Target

:




A/ Beam Sizé&ptimisation¢ 3.0cm Configuration
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-l
Methodical Accelerator Design (MAR) /—\ — 20,
A General purpose accelerator design tool g ooy \ o
with a focus on beam dynamics and optics £ o1 / \
optimisation 2 oor1 / /—\ v
? 0.01 \.-"i ‘\\1 ;-’{\ \\f//
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High dispersion and low Twiss beta in the 6 dy
arc E 5
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[ Beam Siz®©ptimisation¢ MAD-X Solenoid Matching

John Adams Institute
r r
o -

r Accelerator Science

0.05 A

MATCH module used to vary solenoid strengths an
apply lattice constraints to find lower spot size
configurations
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Beyond 1.0 cm, MAEX is unable to accurately
reach the intended beam size AND sufficiently
satisfy lattice constraints in Dispersion and Twis o«

T T T T T T T T
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QA/ . Arc Optimisation- Quadrupole Strength
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BDSIM Lattice Model

Beam Delivery Simulation (BDSIM)

A Programutilisingthe Geant4 physics libraries to D“o l/‘

simulate the transport of a particle beam through a 3D

model of the accelerator with realistic physics DU a I\'\I

processes.

Beam Delivery Simulation

Studies on the BDSIM Lattice (8]
A Energy loss and deposition along the beamline
A Dose rate calculations
A Beam uniformity through the octupole
A Gabor lens performance study (vs solenoids)
A Tracking through a 3D field map of the student
designed RF cavity.

Studies on the BDSIM lattice use a 3.0 cm beam size to

account for:

A BDSIM not including the effects of space charge

A The largest beam size being most effective
for studying losses :

:




5/\/ Beam and Energy Loss

for Accelerator Science

. . . . - - L
Solenoid rumwith 10000 protons excluding collimators '
A Global aperture radius 6f65cmwas found
to minimizetotal beam loss across the lattice. '
The"g4QGSP_BIC_EMZ" Gegrttgsics list was used for
simulation. Chosen as it is most common for handling
physics for radiobiology/medical applications.
0.0 25 50 75 10.0 /m 125 15.0 175 200
— H— =Ll =
plot
under the same conditions | fmee —— energy bepstion 10+ _
with 10 million protons. w0+ 8
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/ Beam and Energy Loss
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Collimator 1¢ After GL3

- Energy Cleaning \H
- Positioned where the beam is at its smallest
- Circular aperture
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Lattice 1



/ Stage 1 End Station in BDSIM
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To enablédose Calculatiora model end station target
Is placed at the end of the stage 1 lattice.

Dose is scored in a cylindrical volume within the water
comparable toa Markus ion chamber
r=2.65 mm

Vacuum Windowg 75 pum of mylar
ScintillationFibre¢ 250um of polystyrene

LI2f @aGeNByS

Dose Rate for 1cm beam directly into end station (no losses) = 122.683 Gy/s
|_attice Close tdLhARA'sheoretical maximum dose rate in literature (~120 Gy7s) 20



4y Dose Rate Calculation
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Dose Rate Calculation:

A Dose per proton extracted from the scorer and scaled
by a factor of 18°to represent the expected 20
particles per shot and the 10 Hz repetition rate of the

laser
DlolscR IR RO AVARNREEIEIh[ef | More significant impact of the second,
(Gyls) (Gy/s) Momentum Cleaningcollimator validates the

Reference 17.42+0.01 n/a design choices as this collimator is intended to
do the "heavy lifting" when it comes to

3.65cm Aperture  17.15+£0.02 -0.27 necessary losses to ensure a parallel beam at

w/ Collimator 1 16.73+0.03 -0.69 the end station.

w/ Collimator1+2  15.12+0.01 -2.30 Motivation for Smaller Beams
Smaller beams will experience less loss
alongthe beamline and see more of the
scoringregion of the end station model,
correlating to ahigher calculated dose rate.

m



A/ Octupole Tracking, Beam Transfer through Stage 1
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10,000 particles through the beamline ...

Octupole Selection Arc
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/ Octupole: Capturing Missing Trends and Data
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A guantile-quantile (QQ) plot directly compares the quantiles of two
distributions to check for similarity. When one of those distributions
IS theoretical, we have what is known as a probability plot.

51 @ Twoidentical distributions .
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/ Octupole: Capturing Missing Trends and Data
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Applying this to the octupole data ...

T ® Normal
® Before Octupole
1T @ After Arc

normal
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Larger coefficient = better uniformity.

|
~
w

0 20 40 60 80 100
Theoretical Percentiles (Uniform)

Full distribution captured.

Beambeam comparisons possible.
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Gabor Lens Comparison

Performance study between solenoid and Gabor
lens models in BDSIM

Confinement field neglected (~0.03T solenoid)

Plasma magnetic field negligible at proposed
densities (~5e15 )

Modelled as drift elements with field maps and
scaling applied

Requires sufficient plasma density/uniformity to

neutralisebeam space charge and avoid
Instabilities

Solenoid coils
9000683609000006

lon

[=———-"

beam

eNeT

Electrodes

le6

y [cm]

x [cm]

: : 25
Field map equivalent to 1T
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4y Gabor Lens Comparison

B comparison a comparison
4000 —e— Gabor —e— Gabor
COBY LAptimisationfor fine B e 1000 iy ST
. . 3000 A
tuning optics [9] o o
] _ o E 2000 - E
Constraints remain satisfied ™ 1500 9
1000 —
Solenoidstrengths 1.40, 0.57, 500
0 1 —1000 -
0.80, 1.04,0.80, 1.40,0.28 T —
S [m] S [m]
Gabor lens strength4.38, 0.56, o [ o R Pep COMPATECn
—e— Gabor x o, —e— Gabor oy,
081, 104, 080, 138, 032 30 | == Gabor%'/ ) ; 0.012 1 -e- Gabor gy,
20 ::: zz:::z:j; 0.010 - —e— Solenoid oy,
- - Solenoid oy,
Comparable strengths, same g T 0.008-
optics but much less power > 2 0,006
required 'zz o004
0.002
-30
—40 0.000
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
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RF Cavity Design

Giusy Passare(lyiusy.passarelli.2024@live.rhul.ac.uk)
Royal Holloway, University of London

Corey Lehmann (corey.lehmann@physics.ox.ac.uk)
University of Oxford

Carl Jolly (carl.jolly@physics.ox.ac.uk)
University of Oxford
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A/ RF Introduction and Requirements
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b Gabor Lens
.+ :i::p::v Matching and Energy Selection
+ Collimator /’/\
. Dipole f \
* Quadrupole —
Qs A
RF Cavity permits: A Control ofbunch length; ,
. . . . — AE T[h|?7| Bunch
A Manipulation of thelongitudinal [~ Ver = 5 5o p length
phasespace. B O
> SO
0 t
RF Cavity Requirements:A Beam Energy = 15MeV —.—z»
A Total relative energy spreads2%
A Initial bunch length-10 fs

A Distance between the beam source and the first RF Cadiy

RF Cavities 28



/ Frequency Choice
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201 MHz sine wave with dots showing the start and end of a 2.5 ns bunch

A RF frequency tuned for bunch length R
alignment on rising RF wave edge.

A Late particles (closer to the bunch end) gain |
energy, while early ones (closer to the
beginning) lose it, ensuringhase stability

A All particles receive a positive acceleration at

the same time, and the beam remains Time ()
grouped throughout its trajectory.

Amplitude

352 MHz sine wave with dots showing the start and end of a 1.4 ns bunch

Bunch Length "Stability"
=) 201 MHz 2.5 ns ol
352 MHz 1.4 ns g

A Energy spread 2% + Frequency < 201MHz

-2 0 2 4 6 8 10 12 14

RF Cavities o 29



Important Definitions
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Kilpatrick Factor A Used to indicate how close a cavity is to electric
breakdown for a given field and frequency.
o Originally breakdowns occur at Kilpatrick
factor of 1. Now we commonly design for 1.5

Shunt Impedance A Indicates how efficiently RF power is converted
into an accelerating voltage
o Higher is better

Transit Time Factor A Indicates how much of a uniform field the patrticle
sees as it transits the cavity. 1 is uniform
acceleration, 0 is no acceleration.

o High Transit time factors are typically better

RF Cavities 30




/ SuperFisitCCL Geometry
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Tuning coupled-cavity linac cells. F = 352.00258 MHz

8 Free Parameters: Automatically ' ' : |
A Length adjusts diameter * 7 Outer Comer Radius
A Gap Length to fit frequency
A Outer Corner Radius
A erCome R omagzaly | -
A Inner Nose Radius adjusts E field to \
US| reach Kilpatrick
A FlatLength factor of 1.5 15 x
A Cone Angle :
Optimisingor: o \
A Shunt Impedance = Inner Corner Radius
A Transit Time
A Bunching Capability | _Gaplength " Outer Nose Radius

e T e e .
Inner Nose Radius

—

I I I I
0 5 10 15

RF Cavities 31




CavityOptimisation

Create Cavity
‘ I Geometry

Choose values for 8 free
parameters: Simulate inSuperfish g

A Shunt Impedance
A Transit Time Factor

A Manual tweaking

A Grid Search
RunLongitudinal

Particle Tracking

A Bunch Length
A Energy Spread

A Bayesia©Optimisation
A NelderMead
A Gradient Descent

=

RF Cavities 32



Longitudinal Particle Tracking

Need a way to measure bunching ability for each cavity design.

A Write a simple patrticléracking simulation code

A Generate N particles representing bunch distribution

A Treat most of accelerator as drift

A On passing through the RF cavity, change the energy of the
particle based on the field profile calculatedSaperFish

A Record the bunch length and energy spread at exit

- — L —

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
S/m

RF Cavities 33




5/“ Longitudinal Phase Space SimulatiQi€Cavities OFF
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15 MeV Protons 4 MeV/u Carbons
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5/“ Longitudinal Phase Space SimulatiQi€Cavities OFF
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15 MeV Protons 4 MeV/u Carbons
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5/“ . Longitudinal Phase Space SimulatiQi€Cavities OFF
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47 Longitudinal Phase Space SimulatiQi€Cavities OFF
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15 MeV Protons 4 MeV/u Carbons
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5/“ Longitudinal Phase Space SimulatiQi€Cavities OFF
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15 MeV Protons 4 MeV/u Carbons
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5/\/ Longitudinal Phase Space SimulatiqiCavities ON
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5/\/ Longitudinal Phase Space SimulatiqiCavities ON

for Accelerator Science

15 MeV Protons 4 MeV/u Carbons

® Entering Section @ Entering Section
15.75 Exiting Section r15.75 Exiting Section

F

50 1 (] r 50

Energy: 15:0.09 MeV (0.61% ¢, | \ ‘ \ - Energy: 4& 0.78 MeV (1.62%

¥

gy (MeV)

Bunch Length: 0.90 ns ! £ \ Bunch Length: 1.90 ns

Particle e

47 4 ta7

14.50 4 r14.50

o

.. []
46 L] r46
L] o +
14.25 1 r14.25
—4 -2 9 2 4 -8 6 L 5 0 2 4 6 8
4 2 0 2 4 % % 4 —=2 o 2 a4 & 8
Time delay relative to golden particle (ns) Time delay relative to golden particle (ns)
; T T T T T T T T :
0.0 2.5 5.0 59 10.0 12.5 15.0 17.5 20.0

S/m
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5/\/ Longitudinal Phase Space SimulatiqiCavities ON

ohn Adams Institute
for Accelferator Science

15 MeV Protons 4 MeV/u Carbons

® Entering Section ® Entering Section
15.75 1 Exiting Section r15.75 Exiting Section

.
F

50 A r 5o

5

15.50 1 r15.50

qy (MeV)

.
@

Energy: 4& 0.92 MeV (1.62%

Bunch Length: 1.26 ns N\ Bunch Length: 3.76 ns

£
5 14.75

cle en

r14.75

Parti

47

Energy: 1% 0.09 MeV (0.61%)  __| \ : \ _

14.50 1 r14.50

T
(] +
46 F 46
° +
14.25 r14.25
T T T T T T T T T T T T
-4 -2 0 2 4 -8 —6 -4 -2 1] 2 4 6 8
T T TF
T T T T T T T T T T T T
-4 -2 0 2 4 -8 —6 -4 -2 1] 2 4 6 8
Time delay relative to golden particle (ns) Time delay relative to golden particle (ns)

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
S/m

RF Cavities a1




A/ Longitudinal Phase Space SimulatiqiCavities ON

John Adams Institute
for Accelerator Science

15 MeV Protons 4 MeV/u Carbons

@ Entering Section @ Entering Section

15.75 A Exiting Section F15.75 Exiting Section
50 4 r 50

15.50 A r15.50 L

+49

energy (MeV)

Energy: 1 0.05 MeV (0.31%) s | \\ — \
Bunch Length: 1.26 ns : AN !

B X
5 14.75 4 F14.75

-« Energy: 4&0.77 MeV (1.61Y
Bunch Length: 4.04 ns

47 47

14,50 | 14.50 $s

°
Particl
D R R R e

46 r46

—
L ]
LJ

Operating at 45% o
Design Hield

14.25 4 r14.25

T T T T T T T T T T T T
-4 -2 0 2 4 -8 -6 —4 -2 0 2 4 6 8
ki 'W’ T F T AT
' " . T ' T T T T T T
-4 -2 0 2 4

Time delay relative to golden particle (ns)

5.0 7.5 10.

0.0 2.5

Time delay relative to golden particle (ns)

%

0 125 15.0 17.5 20.0
S/m

RF Cavities 42




A/

John Adams Institute

Longitudinal Phase Space SimulatiqiCavities ON

for Accelerator Science

15 MeV Protons

4 MeV/u Carbons

® Entering Section @ Entering Section
15.75 A Exiting Section r15.75 Exiting Section
¢ [ ] I r 50
° I+
15.50 - F15.50 . +
. . i r49
> 15.25 4 b 15.25 S
S s
. T . =
Energy: 13 0.05 MeV (0.31% = . ~ 5 \
4 8 15.00 - -y F15.00 @ - L 45
. @ . 5
Bunch Length: 1.18 ns s . o
E 14.75 | | 14.75 E % .
14.50 - F14.50 ‘% B
., I+
®e $ [ 46
14.25 b 14.25
r T T T T T T T
—4 —2 0 2 4 -8 -6 -4 -2 0 2 4 6 8
¥ MRS ko i AR + [+ F R+
_\4 _'2 (" 2' :‘ T T T T T T T
Time delay relative to golden particle (ns) -8 -6 ‘ﬁm;4de\ay :ezlative tg goldenzpartlcle4(ns} 6 8
» - -
, [ '
i T T T T T T T T A
0.0 2.5 5.0 LS 10.0 12.5 15.0 17.5 20.0
S/m

RF Cavities

Energy: 4&0.77 MeV (1.6%
Bunch Length: 13.16 ns

Highly norgaussian bun
shapes not described we
standard deviation metric
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OFF

ON

/

John Adams Institute
for Accelferator Science

Longitudinal Phase Space SimulatiQiResults

15 MeV Protons

Bunch Length

Energy Spread

400 ns

1 92%

!

1

Entering Section
15.75 o Exiting Sect F15.75
.
.
15.50 f 15.50
S 1525 F15.25
=
>
o
o
L]
.
.
14.25 F14.25
-2 [ 2
Time delay relative to golden particle (ns)
nnnnnnn g Section
EEEEEE g section
=
3
£
% .
8 . N,
0 15.00 N 15.00
5 T 0
.
£
51475 14.75
14.50 14.50
-4 2 0 2 4
-4 2 0 2 3
Time delay relative to golden particle (ns)

RF Cavities

118 ns

O 31%

OFF

4 MeV/u Carbons

o Entering Section
Exiting Section

50

Bunch Length  Energy Spread

15 50 ns

1 92%

.
50 [ ]
.
3

s

s

g \

:

=

2

2

:
3 \

3
.
L]
-8 6 -4 -2 2 4 6 8
Time delay relative to golden particle (ns)
e Entering Section
Exiting Section
L ]
.
[ ]
X
[
w \
47

N\

ll

. 13 16 ns 1 61%

47

-4 -2 0 2 4
Time delay relative to golden particle (ns)
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Final Cavity Geometry

45 — A\

Parameter Value

Frequency [MHZz]

Shunt ImpedanceZ
[MOhm/m]

Transit time factorT []
ZTTMOhm/m]

Maximum E field
[MV/m] @ kilpatrickg
1.5

Maximum E field on axi:
[MV/m] @ kilpatrickg
1.5

RF Cavities

201
25.41

0.33

2.91

22.15

8.08
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3D Simulation with CST

for Accelerator Science

A V/m

1.92e+07 1
\
's ”
1

1.6e+07 —

! 1.4e+07 —

1.2e+07 —

1e+07 —

*

F ot
?
ot

1

8e+06 —
6e+06 —

4e+06 —8

O B I

Mode 1 o 3{
Frequency 200.843 MHz i

Phase 0°

Cross section A = X
Cutplane at Z 0.000 cm

Maximum on Plane (Plot) 1.78441e+07 V/m

Maximum (Plot) 1.92432e+07 V/m

RF Cavities
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1/ SuperFishvs CST

John Adams Institute
for Accelerator Science

7 :
r\ —— SuperFish 2D 0.5 4 —— SuperFish 2D
_ CST 3D _ \ CsT 3D
:
> 0.4

=, =
7] E
= 2 0.3
= 2
G [
@ 47 =
E £
o 5 0.2
= L)
T 3 =
O L
2 u
s s 014
g2 g
- Ll
e — 0.0 4
8 1- 3
= =

0 L N —0.1

T T T T I T T T T T T
=20 -10 0 10 20 7 8 [+ 10 11 12

Distance along central axis [cm] Distance along central axis [cm]

A Scaled by the stored energy in the cavity.
A Size of the electric field is somewnhat arbitrary. We are
looking a relative differences here.

RF Cavities 47




ﬂ/\/ Simulation of the 3D Field Map in the BDSIM Lattice

1 Primary
A Simulation in BDSIM using th ) frstcauty
3D field map from CST. - e =2%

A Validated the cavity design &
and shown good control of ;_ 00
the longitudinal phase space Z 4001

A Final energy spread 0.68% -

]
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
]
I
I
I
I :
I :
I :
I :
I :
I :
I :
I :
I :
I :
" :
I :
i I :
I :
I :
I :
100 - I :
I :
I :
I :
0 . .

14.0 14.25 14.5 14.75 15.0 15.25 15.5 15.75 16.0
Kinetic Energy / MeV

RF Cavities 48




5/\

Particle energy (MeV)

ohn Adams Institute

/

for Accelerator 5cience

@ Entering Section
15.75 A @ Exiting Section - 15.75
15.50 A r 15.50
®
15.25 A ) - 15.25
. t
® ———
15.00 A A [! % - 15.00
@
14.75 - g - 14.75
@
14.50 A - 14.50
14.25 A - 14.25
-4 -2 0 2 4
Iy Y /f AR
-4 -2 0 2 4

RF Cavities

Time delay relative to golden particle (ns)

Energy (GeV)

Comparison of Longitudinal Phasgace Simulations

0.95459 =

0.9540 A .l.

0.9535 A1

0.9530 1

0.9525 A1

0.9520 A

51.5

52.0

52.5

53.0

t (ns)

53.5

54.0

54.5

49

400

350

I 300

250

200

150

100

50



RF Cavities Summary

A Designed &ptimiseda 3D cavity design fahARAstage 1.

A Validated the design with 6D tracking in BDSIM. M i N

Future work: 3
A Investigate schemes to better control the carbon beam

A Continue design is CST, waveguides and waveguide [

A Continueoptimisationusing BDSIM.

A Additional RF infrastructure, cavity phasing.

RF Cavities 50
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Magnet Design

Sam Leadley (samuel.leadley@physics.ox.ac.uk)
University of Oxford

Carl Jolly (carl.jolly@physics.ox.ac.uk)
University of Oxford

51



/ Magnet Design

John Adams Institute
fo ceferator Science

Required Magnets:

Magnet materials: Vertical Arc Dipole:
Energy 1> Mev A Pureiron yokes Bending/beanselection
Momentum 0.168 GeV/c A Coppercoils into vertical arc
Rigidity 0.561 Tm A Vacuum/Air gaps
Diameter 7.5 mm (1 radius) Vertical Arc Quadrupole:

Twissmanipulation and
focusingin vertical arc

Extraction Octupole:
Flat beam profile

Good Field Regiom p YY o0 p

Beam pipe radiusS0mm

Nozzle Quadrupole:
Permanent magnet
capturing beam after laser

source

Magnet Design &




Magnetic Field Analysis

Polynomial Fit

oo
B, = Z Cpa™ !
n=1

Fit a curveto the absolute Hield
valueon aradial contourfrom the
beamline to the edge of the
beampipe.

Less accurate
A Monomial functions areot orthogonal
A Fit depends on chosen monomials
A Easy tooverfit data

Magnet Design

Fourier Analysis

M-—1

1 —2minm/M
O = ST 2, P

m=0

Fourier transformof the Bfield
vector along arazimuthal
contouraround the Good Field
Region of the beampipe.

More accurate
A Fourier coefficients arerthogonal
A Fitis always the same
A Comparenormal & skewcomponents

53



5/\/ Switching Dipole

. 1.218e+000 : >1.282e+000

T T ) 1.154e+000 : 1.218e+000

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 1.090e+000 : 1.154€+000
S/m [ 1.025e+000 : 1.090e+000
9.613e-001 : 1.025e+000
8.972e-001 : 9.613e-001
8.332e-001 : 8.972e-001
7.691e-001 : 8.332e-001
7.050e-001 : 7.691e-001
6.409e-001 : 7.050e-001
5.768e-001 : 6.409e-001
5.127e-001 : 5.768e-001
4.486e-001 : 5.127e-001
3.845e-001 : 4.486e-001
3.204e-001 : 3.845e-001
2.564e-001 : 3.204e-001
1.923e-001 : 2.564e-001
1.282e-001 : 1.923e-001
6.409e-002 : 1.282e-001

<0.000e+000 : 6.409e-002

ensity Plot: |B|, Tesla

Initial requirements:
A Byap=0.951 T

Byoke)K HPNn ¢
A GFR field purit,k b ® i’z

4 | CONNRNEERE

Coil Area 20,000 mm
Current Density 0.93 Amn? N\\\
Turns 20 \\\\\\\\\\\2
Cooling Method Radiative
[ (T

FEMM 4.2 output of ¥ipole magnet Bield, mesh

size 0.03mm. Shape for easy beam switching.
Magnet Design >



E/\/ Dipole GFR Field

for Accelerator Science

|B| vs. position along y=0 of the dipocle gap

055 : :

054 : :

053 | | Simple fit takesverage

052 i i
E ps1 | | B acrosshe GFRo
@ I I .

050 |~ Gaod Feld Region | assign avalue to the

049 | et = i

048 : : f|e|d 5

0.47 | !

150 -100 50 0 50 100 150
x [mm]
AB/|B| residuals vs. position along y=0 of the dipole gap GFR with |B|=0.551T
0.002
0.001 ) _

= o000 Standard dipole equations:
% ~0.001 A Wpole:WGFF-?'-z'Sh

~0.002 A aeg:Bgap*(Wpole+1-2h)lwleg

~0.003

—40 -30 -20 -10 0 10 20 30 0
® [mim]

Magnet Design %



Dipole Field Analysis

Dipole B-field from multipole harmonics along y=0 (normal and skew) Harmonic K-Value K-Value B@ RZBFR
1 % _ Normal (normal) (SkEW)

h Dipole 00m!  0551m!  0551T
Quadrupole 1.0x106°m 0.0 m? 0.160uT
20 fecpDoom aE SR e e Sextupole 1.2x10/ m3 1.0x1°m=  0.041uT

15

0.3

B[T]

Octupole  4.5x1m*4 2.9x10*m* 0.018uT
Decapole 0.291m>  0.0146 nP  0.010uT
Dodecapole 26.582nf  1.065m°  0.007uT
14-pole (k6) 3165.3m’ 107.93m"  0.005uT
16-pole (k7) 4.7x10m? 1.3x1G m®  0.003uT

0.2

0.1

0.0

5 10 15 20 25 30 35 40
Multipole harmenic (Dipole=2)

N.B. all values given are positive, no distinction is givetk to
Main k in red bold, allowed harmonics in red italics.

Magnet Design o6




A/ Vertical Arc Quadrupole

John Adams Institute
for Accelferator Science

1.794e+000 : >1.888e+000
1.700e+000 : 1.794e+000
1.605e+000 : 1.700e+000
1.511e+000 : 1.605e+000
1.416e+000 : 1.511e+000
1.322e+000 : 1.416e+000
1.228e+000 : 1.322e+000
1.133e+000 : 1.228e+000
1.039e+000 : 1.133e+000

Initial requirements:
A K=32.0n?

ABX HPA ¢
A GFR field purit,k P da'z

lpmmEe |

Coil Area 4,070 mnd
Current Density 5.31 Amny
Turns 18
Cooling Method  Water cooled

9.442e-001 : 1.039e+000
8.498e-001 : 9.442e-001
7.554e-001 : 8.498e-001
6.610e-001 : 7.554e-001
5.665e-001 : 6.610e-001
4.721e-001 : 5.665e-001
3.777e-001 : 4.721e-001
2.833e-001 : 3.777e-001
1.888e-001 : 2.833e-001
9.442e-002 : 1.888e-001
<0.000e+000 : 9.442e-002

nsity Plot: |B|, Tesla

LTI T T T T T TT T

D

1]

FEMM 4.2 output of {guadrupole magnet Hield,

) mesh size 0.03mm
Magnet Design o7




5/\/ Quadrupole GFR Field

Accelerator Science

|B| ws. position along the Quadrupole gap GFR x-axis

10 4

0.8 -

0.6 4

IBI[T]

0.4 4

02 < Good Field Region >

0.0 A

) 10 20 ) 40 50
r [mm]

AB/|B| relative residuals vs. position along the Quadrupole gap GFR x-axis
(residuals to quadrupele componant only)

ABJ|B| [%]
) o = o
- [=] - [}

1
=
P

r [mm]

Magnet Design

Quadrupole fitted with
calculatedk; = 36.96nY

Residuals <0.1%6r
most of the GFR. Centrs

part dominated bymesh
error due tosmall fields
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414 Quadrupole Field Analysis

John Adams Institute
for Accelerator Science

Quadrupole B-field from multipole harmonics at GFR r=35mm (normal and skew) Harmor"C K-Value K-Value B@ RZBFR
. o Normal (normal) (skew)

K - Dipole 0.0 mt 0.0 mt 00T
s o Quadrupole 36958 2 0.058m2 0726 T
N S o= — Sextupole 0.0 md 0.0 md 00T
= 2 Octupole 0.0 mé 0.0m- 0.0T
- 00— . UM . Decapole 0.0 mS 0.0 m® 00T
- Dodecapole 3.7x10 m® 15460 nf  0.908mT
20pole (k9) 1.4x105m0 1.7x1G3m0 0.174mT
L 28-pole (k13) 3.7x16G4m?4 5.1x132m?4 0.039mT

5 10 15 20 25 30 35 40
Multipole harmonic (Quadrupole=4)

N.B. all values given are positive, no distinction is givetk to
Main k in red bold, allowed harmonics in red italics.

Magnet Design o0




A/

John Adams Institute
for Accelerator Science

Extraction Octupole

Initial requirements:
AKX cnZn
A B K H @

n
¢

Y

A GFR field puritk P da’z

lpmmEe |

Coil Area
Current Density
Turns
Cooling Method

Magnet Design

3431 mn4
2.48 Amny
10
Water cooled

1.479e+000

CITTTITTTTTTTT T

D

(1]

1.874e+000 :
1.775e+000 :
1.677e+000 :
1.578e+000 :
: 1.578e+000
1.381e+000 :
1.282e+000 :
1.183e+000 :
1.085e+000 :
9.862e-001 :
8.876e-001 :
7.890e-001 :
6.904e-001 :
5.917e-001 :
4.931e-001 :
3.945e-001 :
2.959e-001 :
1.972e-001 :
9.862e-002 :
<0.000e+000 : 9.862e-002

nsity Plot: |B|, Tesla

>1.972e+000
1.874e+000
1.775e+000
1.677e+000

1.479e+000
1.381e+000
1.282e+000
1.183e+000
1.085e+000
9.862e-001
8.876e-001
7.890e-001
6.904e-001
5.917e-001
4.931e-001
3.945e-001
2.959e-001
1.972e-001

{

FEMM 4.2 output of %ctupolé magnet Bield,
mesh size 0.03mm
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5/\/ Octupole GFR Field

Accelerator Science

|B| vs. position along the Octupole gap GFR x-axis

= Octupole fitted with
02 ] | Good Field Region : CaICUIateCkg = 60273rrﬁ
0 1 0 . 0 40 50
AB/|B| relative residuals vs. position along the Octupole gap GFR x-axis

Relativeresiduals <0.1%
5 o up until edge of GFR
"o (maximum 0.2%)

r[mm]

Magnet Design 61



E/\/ Octupole Field Analysis

for Accelerator Science

Octupole B-field from multipole harmonics at GFR r=35mm (normal and skew) Harmonic K-Value K-Value B@ RZBFR
025 . Ze Normal (normal) (skew)

- Dipole 0.0 mt 0.0 mt 00T
- Joom around K11 2 pole Loom around K19 (400l Quadrupole 0.0 m? 0.0 m? 00T
015 —— 1012 - Sextupole 0.0 m® 0.0 ms 00T
s = Octupole 60,273 m¢*  0.1667m*  0.242 T
w S IR N () S ,m Decapole 0.0 m® 0.0 m® 00T
005 Dodecapole 0.0 m® 0.0 mb 00T
24-pole (k11) 3.9x1G°m?*? 2.4x16G’ m*2 0.527mT
e 40-pole (k19) 2.4x10°m20 7.9x138m2° 0.024mT

Multipole harmonic (Octupole=8)

N.B. all values given are positive, no distinction is givetk to
Main k in red bold, allowed harmonics in red italics.

Magnet Design o2




Permanent Magnet Quadrupole Design

[

[ mlﬁ chmi expanding ion beam

A Immediately after the laser ion/proton s ' /
source the beam is extremely small leading=
to significant space charge effects. ) 1=10'% Wyem? laser

Elr.zt)

Y

ns

A A focusing element at very near to the
source could allow for more beam to be
captured.

A The element must be small, high gradient
and radiation hard....

Magnet Design 63
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EA/ Permanent Magnet Quadrupole Design

ohn Adams Institute
for Accelerator Science

Aperture
Field gradient / Relative to 340 T/m
300 A
0.050 +
E 200 —_
= £ 0.025 1
o 100 T 0.000 -
= =
G‘\ —
¥
= =
2 % —0.025 -
&
0 —0.050
\ " —0.075 -
=100 4
T T T T T _{]1{]{] T T T T T
=20 -10 0 10 20 -3 —2 -1 0 1 2 3
Horizontal position [mm] Horizontal position [mm]
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/ Summary

John Adams Institute
for Accelerator Science

Lattice Design:

A Optimisedconfigurations for spot sizes 3100 cm

A Performance comparison between Gabor lenses and solenoids
A Quantified beam losses and end station dose rate

A Demonstrated the effect of the octupole on beam uniformity

Cavity Design:

A 2D cavity geometrpptimisation
A Particle tracking for bunching measurements JE -
A 3D modelling using CST s
A Phasespace comparison tBDSim N -

Magnet Design: I
A 2D magnet design for dipoles, quadrupoles, octupole and PMQ
A Fourier harmonic analysis

Report:
A Further details are contained in our report.
A Not currently publicly available. Released soon?
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