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Motivation and introduction

Understand the dynamics near the third
order resonance to excite the particles
the most efficient way possible
Application to resonant extraction

Beam Transfer Function measurement

Observe beam reaction to different excitation
frequencies and deduce the dynamics
Established theoretical framework
Experimentally available
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Theory

Kobayashi Hamiltonian

® Tune near a third integer resonance

1
Qx =N+ § +AQx7n € NO
® Resonance driven by a sextupole component S
® The dynamics can be effectively described by [1]

Linear theory Non-linear term

H :[37rAqx(X2 + P2)]+ g(SX]ﬂ — X9)

pVB +xal/B [m*?]

X =2/v/Bzs, P=pc\Be+asX

[1] Y. Kobayashi and H. Takahashi, Improvement of the
emittance in the resonant ejection, in Proc. VIth Int.
Conf. High Energy Accelerators (Massachusetts, 1967)
pp. 347-351.
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Equipotential lines in normalized phase-space
described by the Kobayashi Hamiltonian
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Theory FAR ==

Non-linear detuning Non-linear term Equipotential lines in normalized phase-space
Linear term . . . .
described by the Kobayashi Hamiltonian

H ={3rAq (X2 + P2)]+ g(sxp2 — X3)

e From normalized coordinates to action-angle variables

S . .
HZGWAqu‘F[ﬁJ?)/2SIH3¢ T2 e
£
. =
® Particle’s tune (One-turn phase-advance) g 0 050 %
Linear theory Non-linear é
contribution detuning L
1 5’H n B =270 0.25
6797 T3 (=0t
_4—
! 0.00
35
_ 1/2 .
A/ 2 T — T
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Theory

Non-linear detuning

e Particle’s one-turn phase-advance
Linear theory

1 8]—] n contribution
T A R (L M O

35
dx,1 = EJUZ sin Sgb

® Near the resonance thereis a
phase-amplitude modulation

e The average detuning over many turns

gives a non-vanishing contribution
® The average detuning deviates in the
direction of the nearest resonance

Slow extraction workshop 2024
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Kobayashi Hamiltonian in action-angle variables

S
H = 6rAqg,J + —J3?sin 3
TAq 73 @

1.0 4

0.8 A

o
(@)]
1

=
IS
1

/\_/\/\

0.0

Angle arctan(P/X) = ¢ [ rad]
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Theory

Non-linear detuning

e Particle’s one-turn phase-advance
Linear theory

contribution
1 OH n

6r 97 3 :+ 42,1

L3S
.CU,]_ \/2—57T

e Near the resonance there is a
phase-amplitude modulation

e The average detuning over many turns
gives a non-vanishing contribution

® The average detuning deviates in the
direction of the nearest resonance

JY2 ¢in 3¢
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Average detuning over many turns

(13) _ i
6o 27

-1
/277 do,
0 1 — \/?.j COS 366117
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Measurements FAR =

Beam Transfer Function measurement

Control room 1. Excite the beam with a single frequency
Network Analyzer (sinusoidal) wave
OUT IN - @enerates a beam centroid oscillation with an
Sl amplitude of < 500 microns
- Beam pipe radius is 8 cm
0" 180° 2. Observe centroid response signal
: P 3. Extract the frequency component of the
v excitation signal
................ < ynchmtml{"{;;;}'{éi ................... 4. Go to next frequency and start from Step 1.
‘mde 1 [180° I—» PickﬁrI _I >— I
W \"
i : Pick-up 2
) . L e o




Measurements FAR =

Beam Transfer Function measurement

Control room 1. Excite the beam with a single frequency
Network Analyzer (sinusoidal) signal
OUT IN 2. Observe centroid response signal
Coupler 3. Extract the frequency component of the
o . excitation signal
4. Go to next frequency and start from Step 1.
v S 5 ® Investigation of coasting beams
__| Synchrotron tunnel : e Low intensity (10° - 10° particles)
Blectrode | e}, Pickﬁ" _[>_ I e Momentum spread ~ 107
—— \ ® Measurement campaigns at Heidelberg with Carbon-ions
\—*/'ﬁ;k-w 2 ® Measurement campaigns at GSI with Argon- and

Electrode 2 ——, =:HL[>— Uranium-ions




Measurements FAR =

Heidelberg lon-Beam Therapy Center synchrotron

(i

i

c Parameter HIT
e Compact .
Circumference 64.986 m
=7 h
e .ﬁT 4 >yne rotron Tunes (Qz, Qy) (1.67,1.74)
: " . designed for —
, thera Chromaticity (§;,&,) (-1.7, -1.6)
Py Harmonic n 2
| N Ton types pt, He?t,
Pick-up ‘\‘%\\\‘%\ C6+, Og+

electrodes —p.

[ Focusing elements
i3 Defocusing elements
Sextupoles

Therapy rooms
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Measurements

Scans over sextupole strength

Excitation strength set to -30dBm

(~50 nrad kick)

701 points

25 shots

10 s measurement time per shot
Investigation of higher 9th betatron band
Single peak (linear case)
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Magnitude response [a.u.]

107

10

10>

C®* BTF Measurement Ey, = 124.25 MeV/u
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Measurements FAR =

C®* BTF Measurement Ey, = 124.25 MeV/u

Scans over sextupole strength Slor5] ya vy T@
0 S s~
o — 25

e Excitation strength set to -30dBm i e apole //

(~50 nrad kick) 3
e 701 points 9 10-
® 25shots 8
e 10 s measurement time per shot 3
® Investigation of higher 9th betatron £ 103

band =
® Single peak (linear case)

10~* High sextupole
strength
9.6I7O 9.675 9.6lBO 9.685 9.690

Excitation frequency f/frey
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Measurements

Scans over sextupole strength

® Sextupole component distorts the signal

e Splitting is observed

e (Qualitative behaviour confirmed with GSI
measurements

e Initial conditions play a decisive role
U’3+ BTF Measurement Ey, = 900 MeV/u

104 koL = 0.06
k,L = 0.09
koL = 0.12
— 107° - kL =0.15
=
©
S
2 107°
3
£
<C

[
o
4

oA W

10_8 T T T T T T T
2.316 2.318 2.320 2.322 2.324 2.326 2.328
Exc. frequency f/frey
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Magnitude response [a.u.]

1071t

102

102

1074
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C®* BTF Measurement Ey, = 124.25 MeV/u

S [m—1/2]
- 0
19
—_ 25
- 32
- 38

High sextupole

strength

7 T@

Low sextupole

strength l/

9.670

9.675 9.680 9.685 9.690
Excitation frequency f/frey
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Amplitude [a.u.]

Measurements

Scans over sextupole strength
® Sextupole component distorts the signal
e Splitting is observed
e (Qualitative behaviour confirmed with GSI
measurements
e Initial conditions play a decisive role
Arl®+ BTF Measurement E,;, = 150 MeV/u

10° 7 Resonance

i —— Exc. power = -40dBm
] Exc. power = -20dBm r,\
| —— Exc. power = -10dBm ‘/ ‘

1071 E

1072 4 An
] ,"A " haa (A |
Al |

10-3

3.3150 3.3175 3.3200 3.3225 3.3250 3.3275 3.3300 3.3325 3.3350
Exc. frequency f/frey
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C®* BTF Measurement Ey, = 124.25 MeV/u

=720y

10~ - i: Low sextupole

s 38 strength l/

;
s
? 1072
(@]
o
n
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(]
©
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€ 1073
©
=
10~* High sextupole
strength
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12.02.2024 16



—_—

Contents

Motivation and introduction

Theory
o Dynamics near the third integer resonance

o Non-linear detuning
Measurements
o Heidelberg lon Therapy and GSI synchrotrons

o BTF measurements
Simulation
o Data generation and analysis

o Multiparticle dynamics
Summary

FAR ==nu



Simulation

Simulation results for the Heidelberg machine
e MAD-X

e Maptrack (performed by R. Taylor)

e X-Suite

Typical parameters for simulation HPC (XSuite)

Parameter Simulation Experiment
N parts. 10° 10°
Turns per exc. freq. 30000 31 000
Excitation steps 701 701
Time <6h 10 s
Samples per turn < 20 continuous

Slow extraction workshop 2024 Speaker: C. Cortés
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Simulation FAR ==ux

Simulation results for the Heidelberg machine

Data generation:

Typical signal from simulation e Element by element tracking with XSuite

e Implementation of centroid monitor and
beam size
(https://github.com/xsuite/xtrack/pull /378 )

e (Coasting) Beam sliced in longitudinal n-bins
(user-defined)

e Data handling becomes less trivial -> 0.5GB
generated for the beam centroid signal

Beam centroid signal in time domain

0.2 N . | m i

Beam centroid [mmm]
o o
o [

|
<)
=

-0.2

0 100 200 300 400 500 600 700 800
Turns/1000
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https://github.com/xsuite/xtrack/pull/378

Beam centroid [mm]

Simulation

Simulation results for the Heidelberg machine
Typical signal from simulation

Beam centroid signal in time domain

0.2

o
=

FFT

o
o

|
o
[

—0.241l

0 100 200 300 400 500 600 700 800
Turns/1000
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FFT (4096 Turns)
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Spectogram of the beam centroid signal
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Beam centroid [mm]

Simulation FAR ==ux

Simulation results for the Heidelberg machine

Spectogram of the beam centroid signal

Typical signal from simulation 1.3300
BTF signal .52
Beam centroid signal in time domain —
0.2l aalull b o bl d I l 1.3250
P 1 3225 -/ (ivs ,
0.1 g ‘ L7 gl
£ 1.3200 MR Sl s T ..'i"
0.0 FFT = el ! : ,
<> i : gyl Y .tllluﬂll
—01 1.3175 '
~0.2 | i 1.3150
| I
0 100 200 300 400 500 600 700 800 -

Turns/1000
1.3125 1.3150 1.3175 1.3200 1.3225 1.3250 1.3275 1.3300

Exc. freq. f/frey
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Simulation FAR ==ux

Simulation results for the Heidelberg machine
1071 4

Spectogram of the beam centroid signal
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FFT (4096 Turns)
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Phase (T rad)

' ' l ' : 1.3125 1.3150 1.3175 1.3200 1.3225 1.3250 1.3275 1.3300
9.665 9.670 9.675 9.680 9.685 9.690 Exc. freq. fifrey

Stimulus frequency fexc(frev)
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Simulation

Simulation results for the Heidelberg

10°1 4 L)

S (m—l/Z)

IT 4

Heidelberger lonenstrahl-Therapiezentrum

9.670 9.675 9.680 9.685 9.690
Stimulus frequency fexc(frev)
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Emittance is a free parameter but constrained
Momentum spread is constrained but
decapture influence is unknown (bunched ->
coasting beam)

Qualitative results agree with the simulation
Excitation history plays an important role



https://docs.google.com/file/d/1q-eY679FeWbs889O51K0yEHj0kIlDpzl/preview

Multi-particle dynamics FAR ==x

Shift and broadening

Effective Hamiltonian distribution o e
of the distribution

during excitation process
0.30 1.0
-—-=- Average
0.25
0.20 - 2.0 - 0.8
) |
T 0.15 %
N nw o e,
0.10 15 & 06 @
o € o
0,05 R < E 5
1.03 o o N
0.00 : : T
10° - £
— S =25m™12 55 S
1071 4 0.2
1072 4 0.0

9.665 9.670 9.675 9.680 9.685 9.690
Excitation frequency f/frev
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Summary FAR ==u

5 [m~12]

i 1T )
There is a phase-amplitude detuning contribution x| T 7 /\W
The measured BTF signal splits asymmetrically
towards the resonance into two peaks
The simulation shows that there is an overall
energy gain, which leads to a generation of a
hollow beam

Initial conditions are key to understanding the 10 TZZ)M_/\W.MM
underlying non-linear dynamics . iZ»— 19
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Many thanks to
P. Forck, the HIT and GSI machine operation teams

Contact

Edgar Cristopher Cortés Garcia
Email : edgar.cristopher.cortes.garcia@desy.de
Tel.: +49 40 8998 2466

Building 30b, 4th Floor, Room 453,
DESY, NotkestralRe 85
D-22607 Hamburg
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Simulation and measurement comparison

C®* BTF Measurement Ey, = 124.25 MeV/u

Resonance

0.04 4 koL
= 0.00
0.60
— 0.78
0.02 91 — 1.02

— 1.20

o

o

o
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Low sextupole
strength

|
©
o
Y
1

Magnitude response [a.u.]
S
o
N

~0.064

High sextupole

HIT |

strength
—0.08 A
7.305 7.310 71.315 7.320 7.325 7.330
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Excitation frequency f/fiev

7.310 7.315 7.320 7.325 7.330 7.33¢
—
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https://docs.google.com/file/d/1YYdZucZ0ukoxfG1bZ_Vb0xYmwpNroeQL/preview

GSI| measurements

Arl®+ BTF Measurement E,;, = 150 MeV/u

10° 5 Resonance
1|~ Exc. power = -40dBm
Exc. power = -20dBm I\
| — Exc. power = -10dBm /

Amplitude [a.u.]

300 A

E 200
]
n
©
z
100 A
0- v
3.3150 3.3175 3.3200 3.3225 3.3250 3.3275 3.3300 3.3325 3.3350
Exc. frequency f/frey
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U’3+ BTF Measurement E;, = 900 MeV/u

10-4 —— koL =0.06
koL = 0.09

— koL =0.12

10-5 —— kL =10.15

Amplitude [a.u.]
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=
o
4

High sextupole
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T T
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Exc. frequency f/frey
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GSI measurements FAR ==

10+ —
Ar="* BTF Measurement Ey, = 150 MeV/u C6+ BTF measurement Eyj, = 124.25 MeV/u (k,L = 0.90)
10° 5 Resonance Resonance
1|~ Exc. power = -40dBm 1
Exc. power = -20dBm r/‘\
| —— Exc. power = -10dBm /
101
S 10714 -
0,
]
©
=
.?_)- ~—
£ 102 5
=,
[}
§S)
2
1073 g' 102~ |
< pors
300 A RO P
Excitation !
= 200 | power
v —— -40 dBm
e -30 dBm
= ]
100 —— .10 dBm HI 7 4
0 dBm Heidelberger | hl-Therapiezentrum
0 - i " 1 1 I I T \I 1 1
9.6675 9.6700 9.6725 9.6750 9.6775 9.6800 9.6825 9.6850

3.3150 3.3175 3.3200 3.3225 3.3250 3.3275 3.3300 3.3325 3.3350

Exc. frequency f/frey Exc. frequency f/frey
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Maptrack simulation FAR ==

S=1.3, qx_excite = 1.6786, FFT throughout 8192 turns

e Single frequency excitation for 5 000 turns
e 10,000 particles 4000 R. Taylor
e Horizontal tune is the fundamental frequency
e Vertical tune distribution is not influenced 2000 -
e Excitation frequency dominates the motion
; -6
e Kick strength 2 x 107° rad 0.759
K'L = 0.98 : Tune comparison for 50,000 particles 0.758
1600 1 o - T | 0.6774
1400 +--- i : i i > ; i : ) 0.6786 0.757
w 1200 - 0.756
RS ‘ | ‘
O 1000 : ' i i >
E " i o 0.755
n‘? 800 - 0.754
O 600 -
= 0.753
400 - =SURLAE - :
0 otmpes 3 = : : : m 0.751 ; ; :
0.6775 0.6780 0.6785 0.6790 0.6795 0.6800 0.6775 0.6780 0.6785 0.6790 0.6795 0.6800 250 500 750 1000

Qx

Horizontal Tune Qy R. Taylor
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Magnitude response [a.u.]

Simulation and measurement comparison FAR ==

C®* BTF Measurement Ey, = 124.25 MeV/u

Resonance

r7 T@ 0.4
0.3 -

0.2 5

BTF Simulation of C®*

0.04 4 koL

0.00
0.60
0.78
1.02
1.20

0.02 A

0.007 Low sextupole

strength

0.1 ~

0.0 -
—0.02 A

P

_0'1 -

—0.04 A =02

Magnitude response [a.u.]

~0.064

High sextupole
strength

7.310 1.315 7.320 7.325
Exc. freq. fexc/frev

—0.08 A

7.305 7.310 7.315 7.320 7.325 7.330
Exc. frequency f/frey
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