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Next lon Medical Machine Study:
Accelerator Toolbox at CERN

Teatmentarea N\, SEEIIST r becj:;"ﬂﬁgt Baltic normal- o N|MMS hCIS a va riety OI': designs
normal-conducting “\ith ganiry l saic | conducting available.

tfreatment
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o Used to research wide variety of
radiotherapy concepts.
« Consider slow extraction needs first, then

Research
Beamline

lon
. Sources '
Experimental area |0n
{ :g Linac Sources
60 40 20 20
[—-—«

SE E I IST S:ﬁerconduting
superconducting -'
carbon

Helium
Synchrotron

machine around it.

Radioisotope
Production

Linear Accelerator

Five SX projects explored:

PIMMS NIMMS

Proton lon Med Olco Next lon Medical

Machine S Machine Stud

Superconducting
Synchrotron

Cantated 3. Heldelberg Ion Therapy
Cosine-Theta _ ) Facility

Radioisotope | \ MCI nEfS .. :

production area m g I

R. Taylor Slow Extraction Workshop - 74th February 2024



High dose rate (>40 Gy/s) reduces toxicities to healthy

F I-AS H Req U i remen II.S tissue, but preserves damage to tumour tissue.

Minimum rate: 40 Gy/s  Corresponding spill length: 50 ms  Not a simple

=
zlﬂﬂ Higher Intensities —:\\\Q Faster Timescales
« FLASH effect defined by dose rate. « Flexible timescales to adapt to field of FLASH
o Intensity affects volume of tumour that can radiobiology.
be irradiated. o <100 ms often cited minimum rate.
« Extraction limitation: Consistent intensity « Extraction limitation: Hardware and response of
« Higher intensities from x20 Multi-Turn Injection. system.
o Higher horizontal emittance. o Beam dynamics simulations indicate response
o Also for MEE up to 20x steps. time required from extraction system.
| . ofe . I
i ?ﬂﬂ:ﬂejof::: p1Ie|.i’rre Total Dose: 2 Gre This would not result In F\-AS‘." . E
E : : Y mathemqﬁca\ prechcho i
I I
L
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FLASH Delivery

Two active scanning methods, both requiring fast-

responding quadrupole & scanning magnets.

Raster Scanning

Spot Scanning

Scan across whole plane

Individual shots applied

I
-
a
- e

.........................

Slower scan for higher intensities

More shots for higher intensities

<100 ms continuous dose

~1 ms bursts over <100 ms

Uniform spill essential

Consistency per shot >
uniformity within shot

R. Taylor

Entire dose must be delivered within the time-frame.
Different existing ways to deliver hadron therapy beams.

Longitudinal delivery: Either
« Shoot-through, using the entry-way dose
o 8-10 Gy delivered to normal tissue (FAST-01)
o Requires higher energy beams
o Must go through patient
« Spread-out Bragg Peak, with 3D range
modulators for energy depth

1004

0y
o~ 801
Tl
Q
n
O 60
e
()
2 40 protons
46 118 MeV
()
e 204 carbon ions helium-4 ions
217 MeV 116 MeV \g\
o | K- PALSKIS (2022) | , e
0 20 40 60 80 100 120 140

Depth in water [mm]
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FLASH Requirements

Correspondance from K. Palskis

Helium
Helium Synchrotron example: Intensity 3 2E10
Revolution frequency: 3.00 MHz Energy 220 MeV/u
Dose rate delivered as a function of time: Shoot 8 Gy 5 79
Time[ms]| Turns 8 Gy 10 Gy Shoot 10 Gy 5.12
Max Field [cm]
500 1,500,000 16 Gy/s 20 Gy/s SOBP 8 Gy 6.61
100 300,000 80 Gy/s 100 Gy/s SOBP 10 Gy 5.92
10 30,000 800 Gy/s | 1000 Gy/s SOBP 8 Gy 0.29
Volume [I]

0.00033 1 2.4E7 Gy/s | 3.0E7 Gy/s SOBP 10 Gy 0.20

Delivering to volumes of ~5x5x5cm
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FLASH Exiraction

Momentum Driven Amplitude Driven
Hardware limit: Magnet ramp rate [T/m/s] Hardware limit: Voltage [kV], response time
Aim to reduce time by reducing tune spread Exponentially increases kick at lowest amplitudes.
and reduce distance to resonance. Feedback systems have limited resolution.
HelICS Q, =0.325, dQ, = —3.533, 7 =103, 5=9.96 HelICS Q, = 2.329, dQ, = 1.6e-06, 22 =103, 5=9.95
0.0020 : g 0.0020 : g :
= =
1 S I
ﬁ 0.0010 - R ﬁ 0.0010 -
E T A =
= A N R e g =
£ 0.0005 - S 2 0.0005 -
5 L > E
0.0000 14 sl : : : 0.0000 : | | .
0.324 0.326 0.328 0.330 0.332 0.334 0.324 0.326 0.328 0.330 0.332 0.334
Horizontal Tune Qx Horizontal Tune Qx
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FLASH Exiraction

Momentum Driven Amplitude Driven
Hardware limit: Magnet ramp rate [T/m/s] Hardware limit: Voltage [kV], response time
Aim to reduce time by reducing tune spread Exponentially increases kick at lowest amplitudes.
and reduce distance to resonance. Feedback systems have limited resolution.
HeLICS 0y =0.325, dQy = —3.533, =103 5 =9.96 HelICS Q, =2.329, dQ, = 1.6e-06, 22 =1073, 5=9.95
0.0020 : g 0.0020 : g :
=
|E 0.0015
i - |
T 0.0010
o R AR AL g
= A B S
£ 0.0005 | o
ﬂ: l'-.":: 'J.
0.0000 14 S . . . . | 0.0000 . | | ez .
0.324 0.326 0.328 0.330 0.332 0.334 0.324 0.326 0.328 0.330 0.332 0.334
Horizontal Tune Qx Horizontal Tune Qx
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Betatron Q,-Ay,

5.0 1 :
— .
— L= ) 1 .
NC C6+: Betatron Core H¥R g oo ==
£ — é ,;
o 0.0 = 0.005 1 i
« Establishing benchmark with existing PIMMS literature. 2ol DL R
« Betatron core exiraction for 20x turns of MTI resulting in X [mm] QX

€x < 6 t.mm.mrad.
« Simulation of 5E4 particles for 2.8E6 turns in Maptrack.

PIMMS lattice taken as baseline of
study, adapted for needs of NIMMS.

o No dependence with ex expected.

1 |
) |
I I
1 |
1 |
' |

. . . . _— I
I
Spill & Intensity during 1 s 6 emit betatron excitation 100 | /." . :
1.0 —— Intensity 1E : Resonant l
i sextupole I
- |ntensity 6E | gg : |
2 0.8 . mam Spill O | |
c . e Spill 60 £ I :
Toe . ~ I 12 m radius I
= g : - > Betatron I
i —_— I core I
£ 0.4/ 40 5 I !
g I 1 (C ! |
@ AR | a- | |
0.2 - -20 [ Electrostatic I
| septum I
| Magnetic I
0.0 - -0 I septum :
0.0 0.5 1.0 1.5 2.0 2.5 : :
L |

Turns leb
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RFKO Qy-Ay,

NC C6+0 RF_KO - 2 1 n.ﬂm-i ;_
' E ° EE:D.EIDE-E ¥y @
o RF-KO excited added to Maptrack. < N A
o FM at Qi frequency with AQx gaussian BW. S0 =23 . o ] 5 00T e 1-'5?&% 1672 1674

o AM varying exponentially via C. Schémers
o Simulation of 5E4 particles for 2.8E6 turns in Maptrack. [ | Totart

| Tetat =0.085  Agor = 0.8
Toe=055  Ape=11
Trsin =035 Apsn = 02

| Tang = 00455  Agpg=0

=
w

o
w
I-.*

1]

=

Spill, intensity & kick during 1 s RFKO excitation

1.0 1 \ — £y = lmmm-mrad

o
~

— = 3TMNM-mrad

Amplitude [kV]
=
(%]

_E —
2 0.8 £x = Bmmm-mrad E 0.5
2 L TR | RFKO Kicks 3
v 0.6 | v 0.4
= 470
£ 0.4 1 X 0.3 - ' - ' :
= ®) 0.0 0.2 0.4 0.6 0.8 1.0
Q L Time [s]
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0.0- ~
E 40 1 %‘
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- . . . A
520 High €x requiring tune :

shift, higher baseline AM.

o
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Time [5]
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RF-KO maximum available kick

2.0 A2
® 1% - CNAO p+
NC Cé6+: Fast RF-KO E e
g 1.5 —— CNAO C6+
= -~ HIT C6+
« Repeated simulation increasing extraction rate x10 MRS
o Simulation of 1E5 particles for 2.8E5 turns in Maptrack. .
s | N T
o Higher AM exponent at tail to extract complete beam. e
00 0 100 200 300 400
KE per nucleon [MeV/u]
Spill, intensity & kick during 100 ms RFKO excitation 500 12 urad kick for
o 12 400 MeV/u Co+
. beOm eqUiVO\eﬂT fo
2 0.8- s 150 % 10 % 4 kV exciter.
= - 0 el
LEJ 06l Intensity E g E.
= B Spill : 100 E =
I .? —_— i g
E 04 Kick . I E 6 E
0 ” I 50 & |, &
“T I ]1‘-|
1 =
0.0 0 2
0.0 0.5 1.0 1.5 2.0 2.5

Turns le5
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a2\ 1[& 3 Helium Light lon Compact Synchrotron

Initial optics released Feb 2023 | | | | | [IL
o Qx = 2.666 2
o dQx =-5.56 - ?
E 151
o Circum = 32.9 m =
ESE  _ Quadwpole magnet >
0-.
’ 5 |
2 0
_5_
|_|_4_
S __ 2.09 5 10 5 20 2 30
> ] \ SXV L5
MSE S’l-“'
=& 0.5 -
0.0
10 4 0 5 10 15 20 25 30
S (m)
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22\ 1[{&J Helium Light lon Compact Synchrotron

ESE — Quedrupote g = g% ] % g %% g8 8 “.2 %ié gz 8
o ’7%\ | L | | I | L)
L) [ ) [ ]
Initial optics released Feb 2023 | .
20 A
o Qx = 2.666 Ex
'E' 10 |
O dQX = '556 > 6 Vo ]
[ ] 5_
o Circum =329 m 8 wse
g N
-5
~10 1
2.0¢ 5 10 5 20 2 30
-6 -4 -2 0 2 4 6 8 L5
X [m] ~
él.ﬂ-
ES MS o
\ 0.5 -
M M 0.0
Extraction schematic | ' | | | | IJ | ; T B
m
[
Set Up Sprlng 2023 Phase-Sp ES Phase-Space at MS
——— Turn N: No kick —_— 0.003 0.003 500
0.10 :IE::Ei 0.002 _
—— Turn N: 2.5mrad kick ‘ = — 0.002 .:. 400
0.05 1 0,000 }m - 0.001 f_ ' .
e E / .... !
5 068 A / ‘\'\ X £ -0.001 0.000) __4‘\
N ‘, * ~0.002 0001 \ L5
—0.05 - -0.003 0002 100
N ' ~0.004
~0.10 — - -0.003
~0.005 . . . . . . | , | , Lo
~0.075-0.050-0.025 0.000 0.025 0.050 0.075 -0.05 0.00 005 0.10
25 30 35 40 45 50 X [m] X [m]
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RF-KO Controller
S. Detsi, R. Taylor

HellCS

Amplitude Modulation: Controlled by PID limit [ S

 Written in C, incorporated as Xsuite element TEH[;C:O” N
« Particles lost from septa every time window, [“iﬁ;’i’ﬁfﬁtic e(t) = setpoint — — 7
. . Particles with
compares to setpoint: N_particles/N_turns X< XES U eteed N
. . extracted —] P:Kp - e(t)
e Time window: 100 ps = 300 turns
5 11 T oLy : i ol le(t)Hes :K-/ ar |V, +=P+I+
£ :' [SYnchrotron] [RF iy Exmter}_) i O L= oo =PI+
.
E TVoltage I D:Kd%
U ) . litud
< 0 100 200 300 400 500 600 700 Particles + dpx kick AL \\ j
Turns
Frequency Modulation: Defined by user
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Stable Tune pre-extraction

0340 0342 0344 0346 0.348

Horizontal Tune Qx

0338

HellICS 2.666 Amp. Detuning: k2 =12, k3 =0,

— fip/p=-0.0005
—— Gpip=-0.00025
m— fpip=0

— Gpip=0 00025
—— &p/p=0.0005

A

litud i
e Amplitude Detuning -
Quadrupole-driven extraction & amplitude detuning
explored in Autumn 2023 3
> Amended by using updated optics (H. Huttunen)
Sexupole detuning term: S.Y. Lee 3rd ed. pg 198 44
- L Q. p312 32 COSs 3(?“"3( - |lffx,ij|) COS(E‘.«’X _ qux,fjl) §22:Z
Yo = Gan jszlSjﬁx’i i [ sin 37vy s SIN 7TV ] e
Helium Synchrotron - PIMMS ”‘334_'15
—— HeSync B
60 PIMMS L
oh I
= |
- |'
o 40 f
w .'
E IIIII|
S 20 / :
.-"ff
I

Tune Qx

0.656 0.638 0.660 0.662 0.664 0.6606
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X¥_init [mim]
PS Tune Diagram
T
4" Ord Res
—— 37 0Ord Res

— 2™OrdRes __—

-

25
0.300

T T T T
oa0lr 0425 0.450 0.475 0.500

Qx

T T T
0325 0350 0375

Stable Tune pre-extraction

100 -
m -
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qD -
20 -
0.343 0.344 0.345 0.346 0.347
Horizontal Tune Qx
HeLICS 2.333 Amp. Detuning: sx k2 = 1.2
0334y —— dpp=-5.0e-04 -
= dpp=-2.5e-04
0.332 —— dpp=0.0e+00
% 0.330 | = dpp=2.5e-04
o = dpp=>5.0e-04
o \
c 0.3281 \ \/ //
=
T N T .--‘//
.‘""'—-_._________.._-—"
0.322
0.320 . : . .
-15 -10 -5 0 5 10 15
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0.200 PS Tune Diagram
0.1751 o
0.150 L
0.125 1
gow00fp——
0.075 1 T
0.050; 4" Ord Res
.
0025 3 Ord Res
—— 2" 0Ord Res _
U.GOD : : . .'".-._ ..-r"' .
0.30 0.31 0.32 0.33 0.34 0.35
Qx
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HelICS Current Status . ) s S
H. Huttunen, F. Asveta, E. Benedetto MSE »\
o Defocusing quads were added 2
e k1 in combined function dipoles were reduced L
S
"
N ~10-
: _ -8 —6 —4 Z—/'zm 0 2 4
of )\ / / | Qx =2.333 Circum = 35 m i
g/ \ \ I Qx' =-3.09 (natural)  E_max =220 MeV/u |
. / \ / \ / \ E enx =3 mmm.mrad  dpp =107 (in sim| i
00} é = — = = ) | eny =<1 mmm.mrad = 0.329 ;
S (m) \ J
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Septa created as Xsuite element, | | |
oroviding kick in ES field region, |J I‘| |J |—| IJ Ll

0.20

and loss flags at anode/cathode — FinalTurn-4 B
0.15 FinalTurn-3
and MS extracted beam. ) iy g
£ 0.10; H:naITurn—l N
Designs from J. Borburgh |ES MS o sl FinalTurn '
Deflection angle [mrad] 2.5 100 5 _ / \
2 0.00 -
g -
Physical length [mm] 750 1000 0.05
Active length [mm] 550 910 ~0.10+ | |
0 5 30 35
Gap height [mm] 35 35
Phase-Space at ES Phase-Space at MS
Gap width [mm] 21 84 Dm__ll p [ >00
Septum thickness [mm] 0.2 20 0000 II { 0-004° "-.E Il I 400
— 0.000 II & 0.0027~ 300
Value T II .,J*"‘“f Il I
f —0.002 1 Sl S 0.000 - :
Sextupole Strength k2L 1.2 X II Il I 200
~0.004 — |-
Spiral Step [mm] 12 o II 0-002 / Il I 100
ES Offset [mm] 75 o 008__!! ol 000 || _IgER
' -0.10 ~0.05 0.00 0.05 -0.05 0.00 0.05 0.10 0.15 0.20
MS Offset [mm] 85 X [m] X [m]
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HelICS: Quad-driven

Uses k2 ramp of 0.006 - equivalent to 0.027 T/m for 4.5 Tm
beam rigidity. Throughout 100 ms gives rate of 0.27 T/m/s

HeLICS: Spill & intensity, 100 ms quad-driven

XSuite: 5E4 particles for 3E5 turns  so000
. 40000 |
Small tune spread and linear quad 2
. < 30000{ —— Intensity
ramp: Highly dependant on beam £ = il
° ° £ 20000 | gf kl
density function. g
10000 1
Matched to Gaussian CDF. Inverse Y
. Turns le5
ppt function as quad ramp rate.
HeLICS: Spill & intensity, 100 ms quad-driven
50000
12 -
40000 4
101 %g
< 30000
0.8 1 E
N £ 20000
}I 0.6 - g — |ntensity
1 10000 - mm Spill
0.4 gtk
0.2 1 %.U 0.5 1.0 1.5 2.0 2.5
Turns 1e5
0.0 1
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2000 3000 4000 5000
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-150

H
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. [
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Ln
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I o o0
[ = (o
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T
P
=
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-1.864 —
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-1.862

-1.860

-1.866

-1.864

af k1

-1.862
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—7.00

—71.25

—-7.50

—7.75

—8.00

PX [mrad]

—8.25

—8.50

—8.75

HeLICS guad-driven: ESE extracted

~90.0 —87.5 —85.0 —82.5 —80.0 —77.5 —75.0
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—7.25

| |

~d ~
| (9]
(%] o
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—-8.00

| |
Lo
N
S

—8.75
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HeLICS quad-driven: ESE extracted

~90.0 —87.5 —85.0 —82.5 —80.0 —77.5 —75.0

X [mm]
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200000
175000
F150000

+125000

- 100000

75000

IEDUUG

Nt‘um

I25nﬁ00

r200000

-150000

- 100000

IEDUUG

Little effect on extracted

beam at ES

R. Taylor
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Initial beam: X-pX X-y

HellCS: RF-KO NUE

0.02

0.01

0.01

XSuite: 1ES particles for 3E5 turns . _ R | es] T
=0.04 -0.02 9-0: - 0.02 0.04 -0.04 -0.02 D-ﬂ}? ] 0.02 0.04 -0.04 -0.02 D.O}Elm] 0.02 0.04
. | .
LI near Chlrp across beqm Tune. Kp = 1.5e-05, Ki = 5e-09, Kd = 1.5e-06, stpt = 0.3342953238435805, lim = 5e-07
le—5
« Ripples from high Ki and low Kd settings. g s T
. . . E o
« Integration with Xsuite allows for easy o
connection with PID optimisation algorithms. Pp— ' ' ' —
= —— Num of extracted particles per window
é 1.0
. . . =
100000 HeLICS: Spill & intensity, 100 ms RF-KO 550 ;EL 0.5
- |ntensity -0.00030 © 00-
80000 I Spl“ =200 . -0.00025 E 100000 1 —— Num of particles in the beam
=2 limit F- o > 80000
2 - @
§ 60000 150 £ D'ﬂﬂﬂmf 2 50000
= 5 [0.00015 E = 20000 .
£ 40000 -100C O . : . : .
E t -0.00010 2 —— Error Functicn
o E ™ 0.0 - _ 1
20000 -50 -0.00005 & _ { ' | | | “\J
o
5 . 0.00000 SR
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 —-1.0 -
Turns le> 0 50000 100000 150000 200000

Turns
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HellC5: RF-KO 1.6 ms Np=500 mean pos.

HelICS: RF-KO

256 turn NAFF window scrolling every 1 turn

HeLICS RF-KO: P_id=1, Position & Tune

L]
L
-
kK
r
-
e
.,
-
=
r

X lsocenter [mm]
L

%5 R i At o - i al E.:Ff :L Sl -2 A , ¥ * (.
41, T A P S LT A ¥
' I S | MLy Tty -
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£ hniniifediiiall 1000 1500 2000 3500 3000 00 4000 4500 5000
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i ; ;. ; :; ::.E _5::; E-:- ::: : 1!' .:h:: :il,i: “'J' :: :: :. 5':. N .I,_E ::: ; I:-f: :: qr I':l:- i L ‘.:;._IIE.':-;. ' - - ,-'- ;:: : :_;-‘.:
—4 R R Ve Y Iy ) ':*f';r_:'::f oY HELICS RF—KO TUI'T'I - 1880
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= =
o o
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S S
N W
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1000 1500 2000 2500 3000 3500 4000 4500 5000
Turns

Amplitude A

I A
: "‘. "" i~ l- I
0.0001 . ‘*:;"’ =

0.00 - . . |
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Horizontal Tune Qx

256 turn NAFF window scrolling every 10 turns
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e Use of a controller to vary voltage
burst applied to RF-KO.

« Follows the set-point, so still
extracts the same amount of dose

in the same time, but varies
intensity on a shot to shot scale.

e Time between pulses limited only
by time resolution of exciter.

15 1

10 -

0.5 1

0.0 1

100000 -

95000 -

90000 -

85000 -

HeLICS: Burst RF-KO [Eeiu s

e—s  Kp = 8.5e-05, Ki = 1e-07, Kd = 1e-06, stpt = 0.3342953238435805, lim = 5e-07

— | imit

| = Applied kick (V) ' l I ' ' I l I 'Il ' I l

- Num of extracted particles per window

Jashtmtabastand i

- Num of particles in the beam

= Error Function

VY

0 10000 20000 30000 40000 50000
Turns
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SX R&D Overview

MA CNAO HIT HIMAC PS SPS GSI J-PARC | NIMMS
Quad-Driven | [12] |13] [6] [14] [15] v
Betatron Core | [16] [17]
RFE-KO | [18] [19] [20] [11] [21] v
COSE | [12 [22] [23]
Quad + RF-KO [24] |25]
Noise++ [26] ve v v
Empty-Bucket | [27 [28] 129]  [30]
Burst Extraction | [31 [32] v
MEE | [33] v [34] [35] v
Octupole Folding [Chﬂ | [36]
Crystal Channelling [37]
Helium | [38] v [39] Ve v
FLASH | [40] [41] ve v

R. Taylor Slow Extraction Workshop - 74th February 2024



[6] Yves Baconnier, Paul E Faugeras, Karl Heinz Kissler, Bastiaan de Raad, and Walter Scandale. Extraction from
the CERN SPS. IEEE Trans. Nucl. Sci., 24:1434-1436, 1977.

[10] A. Itano, M. Kanazawa, and K. Sato. HIMAC synchrotron. Research Center for Nuclear Physics, Osaka Univ,
Japan, 1990.

[11] K Noda, M Kanazawa, A Itano, E Takada, M Torikoshi, N Araki, ] Yoshizawa, K Sato, S Yamada, H Ogawa,
H Itoh, A Noda, M Tomizawa, and M Yoshizawa. Slow beam extraction by a transverse rf field with am
and fm. Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 374(2):269-277, 1996.

[12] C Steinbach, H Stucki, and M Thivent. The new slow extraction system of the CERN PS. 1993.

[13] J. Yang, P. Forck, T. Giacomini, P. ]. Niedermayer, R. Singh, and S. Sorge. Improvement of Spill Quality
for Slowly Extracted Ions at GSI-SIS18 via Transverse Emittance Exchange. In Proc. IPAC'22, number 13 in
International Particle Accelerator Conference, pages 2093-2095. JACoW Publishing, Geneva, Switzerland, 7
2022.

[14] M. Tomizawa et al. Performance of Resonant Slow Extraction from J-PARC Main Ring. In Proc. IPAC'12, pages
481-483. JACoW Publishing, Geneva, Switzerland, 2012.

[15] Marco Pullia, Erminia Bressi, et al. Betatron core driven slow extraction at cnao and medaustron. Proceedings
of the 7th Int. Particle Accelerator Conf., IPAC2016:Korea, 2016.

[16] Luciano Falbo, Erminia Bressi, et al. Betatron Core Slow Extraction at CNAQ. In 9th International Particle
Accelerator Conference, 6 2018.

[17] Florian Kiihteubl. Design study of radio frequency knockout slow extraction for the medaustron synchrotron.
2020.

[18] Simone Savazzi, Erminia Bressi, et al. Implementation of RF-KO Extraction at CNAO. In 10th International
Particle Accelerator Conference, page THPMP010, 2019.

[19] Edgar Cristopher Cortés Garcia. Investigation of rf signals for the slow extraction at hit’s medical synchrotron.
Master’s thesis, Technische Universitit, Darmstadt, 2022.

[20] Markus Kirk, David Ondreka, and Peter Spiller. SIS-18 RF Knock-Out Optimization Studies. In 4th Interna-
tional Particle Accelerator Conference, page MOPFI007, 2013.

[21] Pablo Andreas Arrutia Sota, Philip Burrows, et al. Implementation of a Tune Sweep Slow Extraction with
Constant Optics at Med Austron. JACoW IPAC, 2022:1715-1717, 2022.

[22] Matthew Fraser, Eliott Johnson, et al. Production of slow extracted beams for cern’s east area at the proton
synchrotron. 2023,

[23] V. Kain, F.M. Velotti, et al. Resonant slow extraction with constant optics for improved separatrix control at
the extraction septum. Physical Review Accelerators and Beams, 22(10), October 2019.

[24] T. Bass, P. Arrutia Sota, et al. Benchmarking simulations of slow extraction driven by rf transverse excitation
at the cern proton synchrotron. 2023.

[25] A. Schnase et al. Application of Digital Narrow Band Noise to J-PARC Main Ring. In Proc. IPAC’10, pages
1446-1448. JACoW Publishing, Geneva, Switzerland.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Philipp Niedermayer, Cristopher Cortes, et al. Investigation of micro spill in rf ko extraction using tailored
excitation signals. 05 2023.

Andrea De Franco, Till Bohlen, et al. Upgrade study of the medaustron ion beam center. Proceedings of the 8th
Int. Particle Accelerator Conf., IPAC2017:Denmark, 2017.

Luciano Falbo, Erminia Bressi, and Cristiana Priano. Empty Sweeping Bucket for Slow Extraction. In 9th
International Particle Accelerator Conference, 6 2018.

Pablo Andreas Arrutia Sota et al. Implementation of RF Channeling at the CERN PS for Spill Quality Im-
provements. JACoW IPAC, 2022:2114-2117, 2022.

P. A. Arrutia Sota et al. RF techniques for spill quality improvement in the SPS. presented at IPAC'23, Venice,
Italy, May 2023, paper MOPA116, unpublished.

F. Kuehteubl et al. Investigating alternative extraction methods at Med Austron. presented at IPAC23, Venice,
Italy, May 2023, paper TUPM(91, unpublished.

Pablo A. Arrutia Sota, Philip N. Burrows, et al. Millisecond burst extractions from synchrotrons using RF
phase displacement acceleration. Millisecond burst extractions from synchrotrons using RF phase displace-
ment acceleration. Nucl. Instrum. Methods Phys. Res., A, 1039:167007, 2022.

A. De Franco et al. Slow Extraction Optimization at the MedAustron lon Therapy Center: Implementation
of Front End Acceleration and RF Knock Out. In Proc. IPAC'1S, pages 453—456. JACoW Publishing, Geneva,
Switzerland.

C. Schoemers, E. Feldmeier, M. Galonska, Th. Haberer, |. T. Horn, and A. Peters. First Tests of a Re-accelerated
Beam at Heidelberg lon-Beam Therapy Centre (HIT). In Proc. IPAC'17, pages 4647-4649. JACoW Publishing,
Geneva, Switzerland.

Y. Iwata, T. Kadowaki, et al. Multiple-energy operation with extended flattops at himac. Nuclear Instru-

ments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
624(1):33-38, 2010.

Matthew Alexander Fraser, Brennan Goddard, et al. Demonstration of slow extraction loss reduction with the
application of octupoles at the CERN super proton synchrotron. Physical Review Accelerators and Beams, 22(12),
December 2019.

Matthew Fraser, Francesca Addesa, et al. Experimental results of crystal-assisted slow extraction at the sps.
Proceedings of the 8th Int. Particle Accelerator Conf., IPAC2017:Denmark, 2017.

Nadia Gambino, Matthias Kausel, et al. First injector commissioning results with helium beam at medaustron
ion therapy center. Journal of Physics: Conference Series, 2244(1):012109, April 2022.

Thomas Tessonnier, Swantje Ecker, et al. Commissioning of helium ion therapy and the first patient treatment
with active beam delivery. International Journal of Radiation Oncology*Biology*Physics, 116(4):935-948, July 2023.

Walter Tinganelli, Olga Sokol, Martina Quartieri, Anggraeini Puspitasari, Ivana Dokic, Amir Abdollahi, Marco
Durante, Thomas Haberer, Jiirgen Debus, Daria Boscolo, Bernd Voss, Stephan Brons, Christoph Schuy, Felix
Horst, and Ulrich Weber. Ultra-high dose rate (flash) carbon ion irradiation: Dosimetry and first cell experi-
ments. International Journal of Radiation Oncology*Biology*Physics, 112(4):1012-1022, 2022.



_—
R—
S—

Next: Comparison with burst extraction ;:;

(RF-KO or phase displacement).

Downstream, dosimetry & integration.

Thank you, questions welcome




B a C k I O u I l d 2 GeV Simulation & Operation comparison for contour at 0.45 trapping
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{ “e Want to reduce losses during slow extraction to 3 . 2 GeV
. the East Area
. o Targeting losses at electrostatic septum
i\ (SEH23) and magnetic septum (SMHS7)
e 2021 MD established PS octupole model using e - R
trapping o Extraction efficiency relative to npm.nal |
e 2022 MD found good setting for beam loss E 4“' [j \ _
reduction : . A\ \ \ i
« East23 cycle introduced a lot of changes. § * \ 7\ ://
MD5744 o Using 2023 MD to explore relations : | k\"\,)/‘/
07/02/24 between parameters g

R. Taylor
Slide 2

ODN K3L




PS

Cumulative PS Phase Space for Turn 740 Cumulative PS Phase Space for Turm 990
CERN Proton o J
Syn C h ro'l'ro N ] 6.335 6.335
. = I 6.334 — _h -h. 6.334
Applied strong octupole components 7 . ‘ 7, -
to the PS during extraction. Aiming to  * L x "
. . -1 L -1
measure the formation of islands:
« Changed k2 and k3 in machine. ®| | Extracted - black e | Notextracted - cyan

60 40 —20 0 20 4D 60 40 -30 -—20 -10 O 1 20 30 40

o Measured extraction ratio. X [ R

« Good comparison with

L] L]
simulations. -,
24 GeV simulation ramp down 24 GeV measurement ramp down
. 0.4 i %iﬁe\f Simulation & Operation comparison for contour at 0.736 trapping - Ramp Down 04
o Difference due to =
0.6 . 0.6
° 0.6
PFW k3 modelling. g . ;
- = £
0.8 6 £ 20.8
| ° ° ° h E E‘D.B E
o Future applications wit
| h ”. %1.0 , §_m ;:1.0
crystal channelling.
1.2 . 13 1.2
1'40 25 50 75 100 125 150 175 200 ’ 14 T00 5o 0 50 100 150 200 250 300 - -100 =75 -50 -25 0 25 50 75 100
Octupole strength k3 Octupole strength k3 Octupole strength k3
>

R. Taylor Slow Extraction Workshop - 74th February 2024



Repeated procedure, now using Reducing losses on the extraction septa:
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4 Consider BSW bump effects

SEH23: Extraction phase-space with BSW23 Septa losses compared to BSW23 bump

Extraction bump further | SIM — sim X517, 00N=7
from septum will: 3
* |Increase spiral step.
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