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Overview I=5s 1l

The case for accelerators and projects
Space charge effect in nonlinear rings
One dimensional resonances

The coupled resonances

Experiment and simulations

Conclusion / Outlook
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Motivation: the FAIR project iI= 5= 1L

SIS 100

Super - FRS

/ SIS100 beam parameters:
Every ion fromp to U

U28+ -jons for RIB
production:

5x10" / cycle
Rep. rate: 0.5 Hz
Energy: 400-2715 MeV/u

p-Bar-Target
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Injectors for FAIR I= = Il

Unilac
INAIN
SIS18 NN\
S1S100 R T | N S1S100:
Beam on Target proTT———— ; 5x10™ U28* jons per cycle

' 3x10™" U%8*jons per second
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Accelerator case

High intensity bunch stored for many turns

Particles subject to
Space charge

Space charge tune-shift
Amplitude dependent detuning

Structure resonances
Collective effects
impedances
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Particles are subject to the
nonlinear motion

Error and structure resonances
Dynamic aperture

Chromatic effects
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Single particle nonlinear dynamics

Error / Structure Resonances
SI1S18

4 41 42 43 44
Q,

Lattice induced nonlinear resonances

nxQ:c() + nyQyO = m
G. Guignard, CERN 78-11, (1978); A. Bazzani et al., CERN94-02 (1994).
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Al Dynamic Aperture: LHC

0.1

DA inferred from measured loss data +—

Simulations: |C]=2x10" =

14 T
IC'|=4x10" =

0.08

Oy lcnominaI:I

E. H. Maclean, R. Tomas, F. Schmidt, and T. H. B. Persson
Phys. Rev. ST Accel. Beams 17, 081002
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Space charge vs. magnets force iI= 5= 1L

Example in a focusing quadrupole Space charge tune-spread
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The space charge limit iI= 5= 1L

Tolerable space charge
tune-shift in order not to
overlap with resonances

If resonances are too many,
or the incoherent tune-shift is
too large there is always a
resonance overlapping

Textbook wisdom:

maximum space charge
tuneshift is of 0.5

What happens if
space charge tune-spread
overlaps a resonance?

a
v
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Example: Coasting beam and 1D

resonance iI= 5= 1L
PIC simulation
0.02 initial 0.02 final
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Interpretation

3.26

Ql
3.25

3.24

3.23

3.22

30, = 13

32] i R BTN B M T B

428 43 4.324.344.364.38
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Interpretation iI= 5= 1L

Q,=4.34
3.26 _
S R T c)
_ S
325F S T
I = 10
i S I
3.24 B Z i
[ 8 O
323}
322 I -10 —
: < -
3.21-||||||||||||||||||||||| -||||||||||||||||
428 43 4.324.344.364.38 20,00 T 0T 20

O,

x [Vmm-mrad]

Above the resonance: Large stable 3 order islands are created

GSI Helmholtzzentrum fur Schwerionenforschung GmbH G. Franchetti 1.12.2022 11



The quest of the incoherent

effects of space charge iI= 5= 1L
12 days
1 week (as users)
2002 2007
study of the study of the
space charge space charge
on 1D 4t order on 1D 3t order
resonance resonance: proof|
of principle

PS

SIS18
c@
\ =

NS
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1D third order resonance I= 5= 1l

Experiment
S 0.25
Q
35 0.2
=,
0.15 =
34 %
Resonance
0.1
3Q,=13
0.05
3.2
0
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The GSI Campaign (2007-2010)
Bunched beam at high intensity = 5 I

Large emittance growth

[/]

i 9
LN | ——
4.3 4.35 4.37
X
The bunch is shorter ! M. Kk T Motlio. 60
Phys. Rev. ST Accel. B
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Space charge and resonances iI= 5= 1L

Pipe X

If tails extend beyond
acceptance, slow
beam loss take place

<

Slow diffusion )
1 0

ANAAA AL Z

VVV\‘i

>

NN
UL

/ Bare tune
Lattice error Resonance

Periodic crossing or

of a resonance Space Charge
Structure Resonance
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Space charge and resonances iI= 5= 1L

Pipe X

If tails extend beyond
acceptance, slow
beam loss take place

Slow diffusion )
1 0

Z

ANAAAAE L
STy v v\

|

>

Hare tune

Periodic crossing
of a resonance

One dimensional
Lattice error Resonance
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pC/0

Scattering

200

Fast resonance crossing -
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,scattering” of the invariant
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Trapping

Slow resonance crossing =2 , Trapping”“ in the island
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Periodic crossing in a scattering regime

13 -

L1F oo,
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Long term beam loss

> -
= ;
0.5 -
0.25F
E Wi,
i
0.25
0.5
|
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x/0
Halo
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The scattering regime
creates a nonlinear diffusional
regime eventually

leading to long term slow
beam loss

E
1 100
0
PIX. SINT
75

50 e
“| G. Franchetti et al. PRAB 6, 124201 (2003)
0170 400 600 800 1000 1200 1370
(o]
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Trapping iI= 5= 1L
a 5
48] B
™~ 151 .  MICROMAP
E i  SIMPSONS ‘3 724!
12.5 F MADX+fsc3d g
N {tim’!
- i
10 - ’gf “4 If trapping takes place
- i fast beam loss
/7.5 ? ‘é would appear quick and
B sz i large!
5E |
2.5F
0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 | 1 1 |
0O 02 04 06 08 1

synchrotron oscillations
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1D resonance and space charge
Summary iI= 5= 1L

Resonance strength:
« Island size
* Tunes around fixed-points

Determined by
ngzo + AQy(X)] = N

a

Halo size is determined
by the outer position
of islands

Longitudinal motion and space charge drives islands away too fast

« : o (Role of chromaticity,
scaflenngiredime left out in this talk)
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The difficulty of the coupled dynamics iI=5= 1l
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The difficulty of the coupled dynamics

Near the resonance Q, +2 Q, = 11

Q, = 4.27,Q, = 3.3575

Orbits become fuzzy

< f
0.0 F ff
02—% <
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X
0.01
0
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y
Very difficult to
understand what
is going on.
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The 2012 CERN-PS measurement campaign

Machine experiment
campaign to investigate
coupled nonlinear
resonances

and space charge

Vertical tune
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Magnetic field [G]

Vertical tune

3000 TABLE 1. Beam and machine parameters.
Parameter Value
2000 1 Intensity N, [10° p] 55
: : Normalized horizontal rms emittance ; [mmmrad] 3.6
1000 t I | Normalized vertical rms emittance &}, [mm mrad] 2.2
| | Rms bunch length oy [ns] 33
0 I . . [ Rms momentum spread %B [1077] 0.95
0 500 1000 1500 2000 Horizontal maximum tune spread AQ.:, max" -0.05
Time [ms] Vertical maximum tune spread AQy, max" -0.071
Sextupole current Isx [A] 2
6.5 Harmonic number h 8
RF voltage Vir [kV] 20.5
Horizontal linear chromaticity &." -0.83
Vertical linear chromaticity &," -1.12
6.45 Energy of stored beam [GeV] 2
Turns stored 497646
Storage time [s] 1.1
6.4 Relativistic g 0.948
Relativistic + 3.14
Synchrotron tune 1163
Horizontal flying w. (SS68 at 422.8 m) 8. [m] 12.40
6.35 Vertical flying w. (SS64 at 397.7 m) 8, [m] 21.75

6.0 6.05 6.1 6.15 6.2 6.25 6.3
Horizontal tune

GSI Helmholtzzentrum fur Schwerionenforschung GmbH

® The tune spread is calculated according to Ref. [18].

b g, = Qiy _ AQuy/Quy
Ty = Qm‘y - Ap/p
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PS campaign results iI= 5= 1L

3.9

z0 = 6.104 [ 5acf/€:1:i

Ratio final/initial

6.05 6.1 6.15 6.2 6.25
Horizontal tune
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Comparison with simulations iI= 5= 1L
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Signal [1]

Beam Profiles for ()9 = 6.104 I= 5= 1l

— initial — initial
L't — final L't — final
0.8 0.8 }
0.6 0.6 t
0.4 } 0.4 }
0.2 0.2 }
0 : - : 0 - .
—20 -10 0 10 20 —20 -10 0 10 20
Horizontal position [mm] Vertical position [mm)]
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Signal [1]

Experiment-Code

Beam Profile benchmarking Qz0 = 6.104 iI=5= 1l

1.4 1
— measured
1.2 |— MADX 1.
MICROMAP
1 |t
=y
0.8 — 0.
o
0.6 | & 0
0.4 | N g,
0.2 0.
O a

—20 —10 0 10 20

Horizontal position [mm]
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MICROMAP

A

—20 —10 0 10 20

Vertical position [mm)]
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Resonant particles:
usual approach does not explain findings iI= 5= 1L

A= 0Cr+20,0-19 Ao = 0.056
=~ -0 -
S I
A %/ Y Ao = 0.056
ﬁ -0.05 -_ X Oy // ) r0 .
+>< I ] “resonant detuning
g _0.]E ] cancel A, and
QL B makes particle
< I . resonant”
0.15F -
g | Yo | Xy
T’SC...I.I\.H...I...I...—-
0O 2 4 6 8 10
amplitude
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The coupled dynamics
on the resonance

DANGER!

Fixed-lines

Fully coupled 4D dynamics

GSI Helmholtzzentrum fur Schwerionenforschung GmbH G. Franchetti

F. Schmidt PhD thesis, and others
G. Franchetti and F. Schmidt

Phys. Rev. Lett. 114, 234801 (2015).

G. Franchetti and F. Schmidt
http://arxiv.org/abs/1504.04389

1.12.2022
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Fixed point: 1D resonance (x-px) iI= 5= 1L

GSI Helmholtzzentrum fur Schwerionenforschung GmbH 88



Poincare‘ section of the 1D resonance
(stable) iI= 5= 1L

| <

Island
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Fixed line x-px iI=5= 1l
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Fixed line x-y
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G1Era62Betti
Fixed lines in the physical space iI= 5= 1L

(a)
X 4:_ X
1"{ 2:_ =
O
2_
4_
\/ CO‘; ,)[ +]{M), AR ETEPI R IPRPET R T I S W R R
4 2 0 2 4 15 -10 -5 0 5 10 15
x x 107 y x 107
\/ , cos( (c) (d) .
"E 155— 'Té E
x 10F X
» 5;_ -
oF
st
10F
G.Franchetti & F. Schmidt _155_..|.......|.......|..
Phys. Rev. Lett. 114, 234801 (2015) 4 2 0 2 4
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G1Pra02Betti
Infinite fixed lines I= 5= 1

Q+2Q,=m
i G. Franchetti and F. Schmidt
] E Phys. Rev. Lett. 114, 234801 (2015).
0.8 F
i . (2:rA,)3 (1 )
1, = (1l —7
0.6 Y T aAN212
zd;) (2]?Ar)2 _ "
04 ~ = 55 l— -
G =Teaz 7Y
0.2
[ 0< <1
0'...|...|...|...|....

0 02 04 06 08 1

~

Qg
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G 1BraozBetti

Fixed lines with space charge iI=5= 1l
PS-Exp.
parameters

Qx +2Qy =19

: DQx =-0.05

2060405003 04 06

x/a

Analytic prediction
of the secondary

# tunes for resonance:
| of any orders ...
(hence the stability)

. et i
T FEETE FRE T T Fewey | - - L 1

L1 ] . rare el TP P M, 9w
-1.5 -1 05 0 05 1 15 04 -02 0 02 04 0 200 400 600 800 1000

1
x/a x” [mrad) turn
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G1Era62Betti L
Effect of space charge on the “infinite”

fixed lines: third order resonance === II
Pure Q,+2Q,=19. No space charge, Collection of fixed-lines Q,+2Q,=19
no additional detuning in presence of space charge
- 15

1
[ 12.5 ]
0.8 i = 10
0.61 % 751
< 04 3 sl
0.2 | 2.5
0:||||||||||||||||||| | 0:|1|||11|1|1|1||111|||11|||1
0 02 04 06 08 I 0O 25 5 75 10 12.5 15
(g Uz (= ag/€z)
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GIERREBRthigher order resonances,
fixed lines and space charge

2Qx +2Qy=19 (normal)

GSI Helmholtzzentrum fur Schwerionenforschung GmbH G. Franchetti

3 Qx +2Qy =19 (skew)
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G1E%NRPR'higher order resonances,

fixed lines and space charge iI= 5= 1L
3 Qx + 3 Qy = 29 (skew) 3 Qx + 6 Qy =49 (normal)
6 C=-10
4
2
L
> o
-2
-4
Gl o TP i TP TR B P wararal RS TP o
-4 -2 o 2 4 -4 -2 0 2 4
x/a x/a
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G.1Br262Betti
Similarity with 1D resonances I= = Il

This term is an “amplitude dependent resonance detuning”

Ar — ATO + @r sch%
’ da

1D resonance Coupled resonance
A ButdependonC
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SPS campaign on May 2015

===
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Erroneously believed torbe

observed in 2015. 4

the campaign was'repeated

for 5 years before 'pinning it down ... -2
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Does fixed-lines play a role with space charge? K== 1L

longitudinal motion is kept frozen, so to retrieve Poincare’ section orbits

20 = 142

Zlgs =0

\ l |/ :
\\ > 7 0 7 .
2 e3nn
’*5 e \
gf Q S
Q 6.1 | Q : K
@) 5 6.1 6.2 6.3 6.4 6.5
([5 C=U Horizontal tune
E =
LL 7))
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Largest resonant orbits at 2 / o, =0 I= = Il

o 4
N i
>\

2_

No

. The two larger resonant
chromaticity 0

orbits...

No doubt they have
a structure of fixed-lines

. ey

3

7| N S R PN P ST S

-0.05 0 0.05
x/ C,
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Largest resonant orbits at 2/0, = 1/2
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two larger resonant
orbits: now the

amplitude of the orbits

is smaller, but still have
the structure of fixed-lines

-0.
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Periodic crossing of fixed-lines iI= 5= 1L

4 kicks per
synchrotron
oscillation
2 — Scattering process
W OF
~ i
w 4.5F
T Resonance
4 214.5 215 215.5 216 216.5 Ccrossing
- kicks are
3.5F coupled
L in x-y
3t
2"5llllllllllllllllllllll
0 100 200 300 400
Sync. osc. %

214.5 215 215.5 216 216.5
sync. osc.
Giuliano Franchetti, Simone Gilardoni, Alexander Huschauer, Frank Schmidt, Raymond Wasef Phys. Rev. Accel. Beams 20, 081006 (2017).
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Halo asymmetry explained
with fixed lines I= = Il

X - axes

y - axes
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Periodic “fixed lines” crossing, alias

periodic resonance crossing === I

Q+2Q,=19 @, =6.104 A, =0.056 AQ,=-0.05 %, = —0.174.

Scattering
(trapping)

OIIIIIIIIIIIIIIIIIIIIII /

0 IIIIIIIIIIIIII IIIIIIII
0 25 5 7.5 10 125 15 0 55 5 s 0 125 15
Ayl &x ay/ &y
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04/BBdhBhetti
Resonance compensation and SC iI=5= 1l

G. Franchetti, S. Aumon, F. Kesting, H. Liebermann, C. Omet, D. Ondreka, R. Singh 2015
Proc. of IPAC2015, Richmond, VA, USA - May 3-8, 2015, MOPJE073, MOPWAO028, p. 159

Tune ramp

Acceleration

: >
1 second
4 4.] 4.2 4.3 Qy = 4.2 kept always constant
Q Beam always coasting
X

Intensity low
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gA/BEdmBhetti

The resonance Q, + 2Q, = 11 iI=5= 1L
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o4 /BBinBhetts
Driving term and beam loss I= = Il

The pair one pair of sextupoles

(A,Oé) ‘ (KQ’]_,KQ,Q)

Effective driving term

Agff = A* 4+ A2 — 2AA. cos(a — a)

Reduction/cancellation of » IS equivalent reducing beam loss in the

A £ resonance Crossing Process
e
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Best correction achieved I= 5= 1l
Experimental Data
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This method is now routine at CERN - F. Asvesta IPAC22
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%/B%H‘?mary of beam loss after 1 second as

residual current [normalized]

o

o

o

o

function of the machine tune I= 5= 1
3Q,=10 Q+2Q, =11 2Qy="1
1y AQ, = 0.05 AQ, = 0.05 *

<€ > <€ >
8 r O
'.O’ o9
°

6 O P

o L
° l, o
o % ®
4 r o o .O.
®
, .o. e | o
i ¢ ®ococes”’
O } | ] ] | |
3.3 332 334 336 338 34 342 344 346 3.48

GSI Helmholtzzentrum fur Schwerionenforschung GmbH

Tune Qy

56



04/BBdhBhetti
Effectiveness of the compensation iI=5= 1l

Experimental data compensation off @
compensationon @
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Conclusion / Outlook I= 5= 1l

A successful experiment-code benchmarking of the beam dynamics on the 3" order
coupled resonance is carried out for the full PS structure.

Outstanding asymmetric halo is formed well retrieved by the simulations
Thinking in terms of resonance detuning leads paradoxes

The “fixed-lines” or tori are the new objects that explain the dynamics of diffusion in a high
intensity bunch subject to a coupled resonance

“Fixed lines” are experimentally measured in the SPS (nhot shown in this talk)

Simulations show that the periodic crossing of the fixed-lines causes the
asymmetric halo as result of fixed lines geometry.

Particle seems to diffuse to “one” fixed-line = adiabatic limit (explained!)

-> Strategies to mitigate particle diffusion: emittance-ratio vs resonance type
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