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Motivation and introduction FAR ==

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

e Established theoretical framework

® Experimentally available
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Theory FAR z=x

Hamiltonian dynamics Equipotential lines in normalized phase-space

e Machine with no multipole components in a linear machine

1 1.00
Qx:n+§—|—Aqx,n€N0 075 -
e Linear Hamiltonian - 7
m :E 0.25
T 2 2 _— =
Hy = 7 (X + P ) = pg, Mz = 27TQ$ % 0.00 1
- -0.25
XZCE/\/B:B, P:px\/ﬁx+axX \?1
—0.50 A
® One-turn phase-advance TS
1 OH —1.00 -
Q—W — Qaz,O ~1.00 -0.75 -050 -025 0.00 025 050 075 1.00
™ x/\/ﬁ[mmm]
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Theory FAR z=x

Kobayashi Hamiltonian Equipotential lines in normalized phase-space

e Tune near a third integer resonance described by the Kobayashi Hamiltonian

1 1.00
Qx:n+§+AQxanENO =
. - 0.75
® Resonance driven by a sextupole component S — 2
® The dynamics can be effectively described by [1] E
: Non-linear term QL &
Linear theory % 0- 0.50 E&n
2 2 S 2 3 :E T
H =[37Aq. (X2 + PY)|+ 2 (3xP? — X?) =
4
Q -2 1
0.25
XZCU/\/B:I:; P:px\/ﬂx+aazX
]
I I I 1 0-00
[1] Y. Kobayashi and H. Takahashi, Improvement of the —2 0 2 4 3
emittance in the resonant ejection, in Proc. VIth Int. X/\/F [m1/2] (47TAQ$)
Conf. High Energy Accelerators (Massachusetts, 1967) HSep — SQ

pp. 347-351.
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Theory FAR ==x

Kobayashi Hamiltonian
Measurement of the phase-space near the third

® Tune near a third integer resonance integer resonance at the IUCF cooler ring (1992) [2].
1 R R B | 100
Qx:n+§+AQxan€NO B
. . . 0.75
® The dynamics can be effectively described g; -
by [1] = ! .
35 ] 050 T
Linear theory : _ I
2 2 S 2 3 = +
HZSWAQ:C(X ‘|—P )‘|—Z(3XP — X ) 1 0.25
1
/ f - 0.00
X:x/ Bz, P =pe\ Bz + 0z X ~ ]
L L. | .
-10 -5 0 5
z (mm)
[1] Y. Kobayashi and H. Takahashi, Improvement of the i i
(:mitt.an(',(\) in the resonant ejection, iIIl Proc. VIth Int. [2] DD Caussyn’ et. al"- Experlmental StUdIeS Of (47TAQ$)3
Conf. High Energy Accelerators (Massachusetts, 1967) nonlinear beam dynamICS. Phys Rev. A (1992) HSep — T
pp. 347-351.
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Theory FAR z=x

Equipotential lines in normalized phase-space

Non-linear detuning
described by the Kobayashi Hamiltonian

S
H = 31Aq.(X? + P?) 4+ —(3XP? — X?)
4 1.00
e From normalized coordinates to action-angle variables B
S . .
H = 67rAqu]+[ﬁJ3/2 sin qu] 2 0.75
S
® Particle’s tune (One-turn phase-advance) % 0 0.50 §
Linear theory Non-linear +
1 5’]—] n contribution detuning % .
0.25
6r 0J 3 .
35 =2 0 2 4 000
1/2 . =
dx,1 = 5 J / S111 3§b ) (4w Aq,)?
vV 2°T Hsep = —3
12.10.2023 8
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Theory FAR z=x

Non-linear detuning
Measurement of the phase-space near the third

e From normalized coordinates to angle-action variables integer resonance at the IUCF cooler ring (1992) [2].

S
H =[6n Mgy H —=J%?sin 3¢ e e = [
V2 | .
(2J)3/2F 0.75
— — 2 8- "]
H=1J6 o cos[3(¢ + )] 2] 3 j
e Particle’s one-turn phase-advance % - 050 §
Linear theory 4 ]
1 8]-] n contribution l%_ j
] :
+_ZQxO+Qx1 ] e
6r 0J 3 ! ’ ) ]
T T T 0.00
SS . -10 -5 0 5
dr,1 — = JY2gin 3¢ o —
A /257'(' [2] D.D. Caussyn, et. al., Experimental studies of

nonlinear beam dynamics. Phys. Rev. A (1992).
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Theory

Non-linear detuning

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

1 OH
67 97 g :+ 42,1
35

z,1 = EJUZ sin Sgb

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

HB 2023 C. Cortés

Norm. action J

FAR ==nu

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

v W
et Wy e ol Ml s N

/\_/\/\

0-0 I I I 1 I 1 I
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Angle arctan(P/X) = ¢ [r rad]
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Measurements FAR =

Beam Transfer Function measurement

Control room 1. Excite the beam with a single frequency
Network Analyzer (sinusoidal) signal
OUT IN - Generates 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

Heidelberg lon-Beam Therapy Center
synchrotron

FAR ==nu

GSI Heavy lon Synchrotron

77 4 Parameter HIT GSI
—— Circumference 64.986 m  216.720 m
Tanes (s Qy) (1.67,1.74) (4.29, 3.27)
Chromaticity (§,,&,) (-1.7,-1.6) (-5.5, -5.0)
Harmonic n 2 4
Ton types pt, He?t, pT to U3t
C6+, 08+ Apl0+
B Deoeng o
Sextopoles /11 & Compact e Very flexible
' synchrotron synchrotron for the
designed for acceleration of
therapy diverse types of ions

Therapy rooms
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Measurements FAR =

Heidelberg lon-Beam Therapy Center
synchrotron

77 4 Parameter HIT GSI
Circumference 64.986 m 216.720 m
" KO-Exciter Tanes (s Qy) (1.67,1.74) | (4.29, 3.27)
Chromaticity (£;,&,) | (-1.7,-1.6)| (-5.5, -5.0)

GSI Heavy lon Synchrotron

Heidelberger lonenstrahl-Therapiezentrum

\§:§§\ Harmonic n 2

s

electrodes ~—Jm. ‘.-:i\ IOH typeS p—l—’ He2+, p+ to U73—|—
| IC F] o8+ Api0T

[ Focusing elements

i71 Defocusing elements .

Sextupoles o Compact L Very f|EXIb|e
synchrotron synchrotron for the
designed for acceleration of
therapy diverse types of ions

Therapy rooms
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Measurements FAR =

Scans over sextupole strength C®* BTF Measurement Eyjp = 124.25 MeV/u
koL Resonance
o 0.0401 2"
e Excitation str.ength set to -10dBm Yy, 7—@
(~200 nrad kick) 0.035 - o s
e 701 points
e 3shots — 0.030 1
® 10 s measurement time per shot
® Investigation of lower 8th betatron band 0.025 +

f/frcv:n_qa:

e Single peak (linear case)

Magnitude response [a.u

7.305 7.310 7.315 7.320 7.325 7.330
Exc. frequency f/frev
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Measurements

Scans over sextupole strength

e Excitation strength set to -10dBm

(~200 nrad kick)

701 points

3 shots

10 s measurement time per shot
Investigation of lower 8th betatron band

f/frcv:n_qa:

e Sextupole component distorts the signal
e Splitting is observed

HB 2023 C. Cortés

Magnitude response [a.u.]

FAR ==nu

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

o.0a 4l Kkl Resonance
— 0.00
0.60 ’ , T
0.034 — 0.78 — I - @
0.02 -
Low sextupole
strength
0.01 A
0.00 A
—0.01 ~
—0.02 A ¢
High sextupole
strength
-0.031-0.015
—0.04 A
7.305 7.310 7.315 7.320 7.325 7.330

Exc. frequency f/fey
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Amplitude [a.u.]

Measurements

Scans over sextupole strength

® Sextupole component distorts the signal

e Splitting is observed

® (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
koL = 0.09
Ty — kol =0.12
1073 ' \ - koL = 0.15
10-° | M ‘
1077 4f T
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/fiey
HB 2023 C. Cortés

Magnitude response [a.u.]
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C®* BTF Measurement Ey, = 124.25 MeV/u

0.044 kL
— 0.00
0.60
0.03 41— 0.78
0.02 -
strength
0.01 A
0.00 A
—0.01 ~
—0.02 A
—0.031-0.015
—0.04 A

Low sextupole

High sextupole
strength

Resonance

7 T@

7.305

7.310

7.315 7.320
Exc. frequency f/fey
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Amplitude [a.u.]

Measurements FAR =

Scans over sextupole strength C®+ BTF Measurement Eyi, = 124.25 MeV/u
- - 0.04 - koL Resonance
® Sextupole component distorts the signal — 0.00
e Splitting is observed 0.03 11— 832 77 @
e (Qualitative behaviour confirmed with GSI '
measurements . 0.02-
e Initial conditions play a decisive role 3 Low sextupole
i) strength
Arl®+ BTF Measurement E,;, = 150 MeV/u § 9019
(@]
10° 3 Resonance 73
i —— Exc. power = -40dBm v 0.00 A
] Exc. power = -20dBm r,\ [
| —— Exc. power = -10dBm / 3
£ -0.01 -
10_1-: o
] ©
s
—0.02 A :
High sextupole
S strength
107 S A -0.037-0.015
Al W
iI=== 1 ~0.041
10_3 T T T T T T T I I I I I
3.3150 3.3175 3.3200 3.3225 3.3250 3.3275 3.3300 3.3325 3.3350 7.305 7.310 7.315 7.320 7.325 7.330
Exc. frequency f/frey Exc. frequency f/frev
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https://docs.google.com/file/d/1GKDEmmJBMQyWq31FTL6CnPs_47tFbcOG/preview

Simulation FAR ==ux

Simulation results for the Heidelberg machine
e MAD-X
e Maptrack
e X-Suite

Typical parameters for simulation HPC (XSuite)

Parameter Simulation Experiment
N parts. 10° e 10° 103
Turns per exc. freq. 512 to 30720 31 000
Excitation steps 201 to 251 701
Exc. freq. range f/fiev [7.305, 74+1/3] [7.305, 7+1/3]
Time < 2:30 hours 10 s
Samples per turn < 20 continuous

HB 2023 C. Cortés 12.10.2023 21



Simulation

Simulation results for the Heidelberg machine

e For phenomenology studies the parameters
have to be scaled-down

e All type of scans can be performed

e Current parameters:

Typical parameters for simulation HPC (XSuite)

FAR ==nu

HB 2023

Parameter Simulation Experiment
 —
N parts. 10° to 10° 103
Turns per exc. freq. 512 tp 30720 31 000
Excitation steps 201 ro 251 701
Exc. freq. range f/fiev [7.305, 74+1/3] [7.305, 7+1/3]

Time < 2:30 hours 10 s

Samples per turn < 20 continuous

C. Cortés

12.10.2023
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Simulation FAR ==ux

Simulation results for the Heidelberg machine

Data analysis:

Typical signal from simulation e Implementation of centroid monitor and beam size
in XSuite (P. Niedermayer.
https://github.com/xsuite/xtrack/pull/378 )

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

® Arbitrary increase in resolution for the coasting
beam case

Beam centroid signal in time domain

0.2

©
=

Beam centroid [mmm]
S 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 FAR ==ux

Simulation results for the Heidelberg machine

Spectogram of the beam centroid signal

Typical signal from simulation 300

1.3275
Beam centroid signal in time domain

1.3250

0.2 il gt i
il I | =
[ vl
2 1.3225 .
0.1 FFT with 4096 (x 20 samples) g~ | e 1 il
. = !
turns windows = 1 300 } #'Jf,l -l'i*'
g, ,
0.0 #1“ H‘l".ﬂ
1.3175 4
-0.1
il 1.3150
_02 |
0 100 200 300 400 500 600 700 800 1.3125
Turns/1000 1.3125 1.3150 1.3175 1.3200 1.3225 1.3250 1.3275 1.3300

Exc. freq. f/frev
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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 13275
Beam centroid signal in time domain —
a5 I | 1T 1.3250
) 1.3225 {8 1 o 1
0.1 FFT with 4096 (x 20 samples) § ) .:ir.' Ll A R
. 3 lﬂll A 1 : / II [
turns windows = 15200 ;l'l'. .a‘ ] L ‘y
0.0 Iblllilll v /. ill
_id 1.3175
o2 Atk ikl WM 1.3150
0 100 200 300 400 500 600 700 800 1.3125

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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Magnitude response [a.u.]

Simulation

Simulation results for the Heidelberg machine

BTF Simulation of C®*

IHIT
0.15‘ Heidelberger lonenstrahlTherapiezentrum

— koL=0
—— kL =0.6
—s— ksL =0.78

Resonance

7.310 42315

HB 2023

1320 7325
Exc. freq. fexc/frev

C. Cortés

7.330

BTF signal

FFT (4096 Turns)

FAR ==nu

Spectogram of the beam centroid signal

1.3300

1.3275

1.3250
1.3225 1
lnl .l“
' ‘ A, ki ‘
1.3200 {8 1‘ A 'I'll '.:'I:"

1.3175

1.3150

1.3125

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

Simulation results for the Heidelberg machine

BTF Simulation of Co*

F ’ I T /Je pr—— kzL =0
QIS 5~ — koL =0.6
O 10 | —_— k2L = 0.78
0.05 A

Resonance

Magnitude response [a.u.]

7.310 1.315 1.320 7-325 71.330
Exc. freq. fexc/frev

HB 2023 C. Cortés
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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

Studies are ongoing

12.10.2023 27



Magnitude response [a.u.]

Simulation

Simulation results for the Heidelberg machine

BTF Simulation of Co*

HIT — kLl =0
0.15 7  remwewemem L koL =0.6
0.10 - —s— ksL =0.78
0.05 A
Resonance
0.00 A
—0.05
—0.10 A
—0.15 A
—0.20 A
71.310 7.315 7.320 7.325 7.330
Exc. freq. fexc/frev
HB 2023 C. Cortés

Magnitude response [a.u.]

FAR ==nu

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
Initial conditions are decisive

Excitation history plays an important role

Studies are ongoing

BTF Simulation of C®* Emittance scan
0.15 - Resonance

—— €=0.5umrad
koL = 0.78

—— &=1.0um rad
—— &=1.5umrad

0.10 A

0.05 - €=2.0um rad

0.00 A

—0.05 A

—0.10 A

—0.15 A

—0.20 A

7.320 7.325
Exc. freq. fexc/frev

7.310 7.315
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P [mm?1?]

Single particle dynamics

Energy change through excitation

\\L :
10.0 A S === Separatrix
: #® Start
I
7.5 4 1
1
I
1
5.0 A I
1
I
I ~
2.5 1 |' ‘\\
] s
1 S8
1 R
0.0 i 1 \\ J
1 ’/A
] »”
55 I fz”
. || ”,
1
504 |1
I
1
I
—7.5 1 1
I
I
1_-"
-10.0 -/]r
-75 =50 -25 0.0 2.5 5.0 7.5 10.0
X [mm172]
C. Cortés

HB 2023

100000

80000

60000

40000

20000

Turns
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Qr,1 —

35

V221

J/2 gin 3¢

One-turn phase adv.

— BTF

7.310 7315 7.320 1.325 7.330 4.335
Exc. freq f/frev
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Multi-particle dynamics FAIR ==

Energy and one-turn phase-advance distributions

One-turn phase-adv distribution Eff. Hamiltonian distribution
during excitation process during excitation process
h T |'f|f'| | ﬂm I, [T '| X (hf'.". Yy 'f.."l.i" Vet “n‘l.l ! "“lu‘ PRI ] 4.0
0.72 4 []i,! PH b ' "m i A .-“' Ay 4 YWY A Average ] 4.0
|| 1l I|l “' !
i ‘\F'I 1“ 1'“ Hlﬂ |! | lf I 'f '\1 ) i[ ;
Ill ‘ IHI:‘ 1 “ I ” |{ |I|'] 1 A, ” "‘ I r|| ’ |I|fl iy "
071 "||| I’||I' 1\| 'l' |.I I:Ihll” I’ I' :| Iy Ll i lill W ‘ I] | 1 "" I"' I |1 "\l’ ‘ﬂ 11 h‘]‘:!.,' 35 '.,.,..
A e i i ] | e |, i ik w-‘h'”l"l ‘k
! 1 3 0 lI 'u"l i
Q . (|
O 0.70 - 5 v
g % s v'l'.‘ |':I;‘I‘I|I &
-g 0.69 2'5 -Jg = '||’|l..v|' :,.‘:Illf}'lmlhmllbillll !”h 'E'
N o 35
S 0.68 2075 5 o
@)
E g - 8
fra L
2 0.67 1.5
c
o
0.66 1.0
0.65 fn,u‘ i '| Y ' ' L 'Ill'lh W ! :l 'p*ll " II ‘“l,l wog! I I|l ”)I' " III'HIHI! 0.5

| !‘l 'I "H | 'i |'i'l|||,.|“ J, I‘Pl' ! ‘. M_\' \
||| .4 nh H'\' e % ' ' 7' h Tl W h fr|
0.64 TH hﬂ~ﬁﬁ"A%"1 MN Aal I ik s bl u.n“kl Y
7:310 7:315 7. 320 7.325 7.330 T 335
Exc freq f/frev

T T T T T 1
0.0 7.310 7.315 7.320 7.325 7.330 7.335
Exc. freq. f/frev
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Multi-particle dynamics FAIR ==

Energy and one-turn phase-advance distributions

Shift and broadening

One-turn phase-adv distribution Eff. Hamiltonian distribution

duri L of the distribution , o
uring excitation process during excitation process
T |'f|f'| I l '| Wty 0 ”n‘M ’“lu" TR = B A :
0.72 ,*w PM ' “ i ? "C i i '.-" Aind 4 o Average - et 0
Al ! ||| 1
|' | "1 ‘\F'[ 1“ M Hlﬁ |! | if I ‘f '\1 .' i[
.'.\ |"|'i \ n. \ i I“ 'II i h" Hl i'"'* 'F WLy i \
ik |"|||' 1\| 1 |,|'| L ‘ [ it o |ill n! il 1 """ i "\l'“ ot y 'i,l 3.9 "
0.71 ol I il '1] 1ih I 1 i I' ! il h ﬂ | " |l||' ll Iﬂﬂfl.l. \:ﬁ,ulk‘QI
il -~ . iy
0} . I Ak
8 0.70 _ | i
g c ] |"|||||i ”
-g 0.69 2-5 _‘g g |||,,‘r|‘),,|‘:||f* ﬂffllf"lb‘ I|‘”'|h E
| [e) =2
: 2 3
< 0.68 2092 £ o
c o = S
= ° =
B 1.5 =
g 0.67
©.
0.66 1.0
0.65 *lhlh i .| ! | I 8 "l"ll T :l 'p*l " II ‘ A || I|I Illl ”)I' " IIIIUI“I‘ 0.5
e, ”\E BRI b K
III H"' h |II I. i\ J' “ i, I l 4 ! Il&” 'I Al "‘] I" ( T T T T T 1
0.64 I "“ L ‘ 'f “ﬂ . “'h 0.0 7.310 7.315 7.320 7.325 7.330 7.335

7.310 7.315 7 320 7.325 7.330 7. 335

Exc. freq. f/frev
Exc freq f/frev
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Summary

The beam dynamics near the third integer resonance are well

described by the Kobayashi Hamiltonian

The measured BTF signal splits asymmetrically towards the

resonance into two peaks

The simulation shows that energy gain/loss induces a
phase-amplitude detuning

Initial conditions are key to understanding the underlying
non-linear dynamics

<L =
10.0 'SQ —==- Separatrix
4.0 [P *  Start
1 o
7.5 1
3.5
5.0 1
3.0
T 2:5
s 25 8 &
c S 1S
2 3 E 004 S5
£ 202 o
T g -2.5
5 1.5
—5.0 A 1
1.0 1
-7.5
1
0.5 1
-10.0 1"
0.0 =735 =50 =25 0.0 2.5 5.0 75 10.0

T T T T T 1
7.310 7:315 7.320 7.325 7.330 7.335

12
Exc. freq. f/frev X [mm1?2]
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40000
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C®+ BTF Measurement Eyj, = 124.25 MeV/u

0044 kil Resonance
= 0.00
0.60 T
0.03{— 078 I70
Heideberger onenst Srah Therapiezentrum. \ \\77/ /
g
g
[
E
£ -0.01 A
2
=
-0.02 A
—0.03 A
—0.04 A
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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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