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The case for accelerators and projects
Space charge effect in nonlinear rings
One dimensional resonances
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Experiment and simulations
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Motivation: the FAIR project iI= =1L

SIS 100

Super - FRS

/ SIS100 beam parameters:
Every ion fromp to U

U28* -ions for RIB
production:

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

p-Bar-Target
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Motivation: the FAIR project iI= 5= I
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GSI Anschluss FAIR I=5= 1l
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Intensity Requirements in SIS18 for FAIR

FAIR stage Today Stage 0 Stage 1 Stage 2
(Existing Facility after (Existing Facility supplies (SIS100 Booster)
upgrade) Super FRS, CR, [HESR])
Reference lon y7s+ y7s+ U73+ 28+
Maximum Energy 1 GeV/u 1 GeV/u 1 GeV/u 0.2 GeV/u
Maximum Intensity 4x10° 2x1010 2x1010 1.5x10M
Repetition Rate 0.3-1Hz 1 Hz 1 Hz 2.7 Hz
Unilac
INAN
SIS18 AVAVAVAN «
SIS0 I Y N sis100:
Beam on Target :. ------------------ =| 5X1 011 U28+ IOI‘\S per CyC|e
' ' 3x10" U2+ jons per second
4s
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G. Franchetti

17.05.2017 6



Accelerator case =P

High intensity bunch stored for many turns
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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

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

G. Franchetti

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
SIS18

4 4] 42 43 44
0,

Lattice induced nonlinear resonances
Ny Qzo + 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:g =
Cl=4x10™" m=

14 -

0.08

Ox [Snominall

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

Example in a focusing quadrupole

VA
4 N

- NS

-

- = T
T %’ -—

'Q.'\\R‘\,-: —
NS «

force

=\ |
=y g
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Space charge tune-spread

Gaussian
distribution

P
<

AQ, ~ —0.2

SIS100 O g3
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The space charge limit iI= =1L

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

-
<N
<ANANAN N

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

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

A
v
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Example: Coasting beam and 1D

resonance =5 1l
PIC simulation
0.02 initial 0.02 final
ap) =Y =U.
— = I “* I ot
I [ i -
0.01 F 0.01 F
S of
3.3t : _
: 0.01 | 0.01F
3.25| [ i
[ 0020t 1y 0.02 L
: 20.02 -00] 0 001 002 .02
3.2 *
B QU.UA : S‘U-UZ ;
3.154.2 0.01 - 0.01 b
0F
0.01 | 0.01F
'O.OZ-IIIIII'I']""I"'J -0. -'lll]llll|l||||||[.
20.02 001 0 001 0.02 008 02" 001 0 001 002
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Intrepretation iI= =1L

Q, =4.34

3.26 [ 20 |
3.25F l

[ . 10

[ B [
3.24_— § i

I S 0_—
3.23 S I

3 g = l
3.22F I L -10

3 R :
3.21'.|...|...|...|...|...|. _20-””“.”'””'“”

4.28 4.3 4.324.344.364.38

0. -20 -10 0 10 20

x [Nmm mrad]
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Interpretation
2
Q}ﬁ 6 |
325
3.24
3.23F
322+ I
i 4
.12]-"""”-'---l---ln.l.
4.28 4.3 4.324.344.36 4.3Q8

p, [Vmm-mrad]
~
S
|

10}

2D I N B B
QZO -10 0 10 20

x [Vmm-mrad]

Above the resonance: Large stable 3™ order islands are created

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

G. Franchetti 17.05.2017 13



The quest of the incoherent

effects of space charge iI=S= 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 3" order
resonance resonance: proof
of principle

PS

SIS18
cw
\ G

NS

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 14



1D third order resonance I=5= 1l

Experiment
S 0.25
QA
3.5 §0.2
2z,
015 =
34 %
Resonance
3Q, =13 0'1
0.05
32

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 15



Bunched beam at high intensity iI= =1L

Large emittance growth

INI i :. )
— 2 - E Sx/8x0

15F Py 25

[/]

-
w
|

AQ, =-0.04/ - 0.045

I 1 1 I 1 1 I 1 1 I 1 1 I 0 i L1 1 I 1 1 L1 1 I L1 1
0, 0.
1 G. F hetti, O. Chorniy, I. Hofl ,W.B , F. Becker, P. Forck,T. Gi
The bunch is shorter ! M. Kirk,T. Mohite, C. Omel, A, Parfenova, P. Schuett
Phys. Rev. ST Accel. Beams 13, 114203 (2010).
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Space charge and resonances iI= =1L

Pipe X

If tails extend beyond
acceptence, slow
beam loss take place

Slow diffusion «
11|
|

Z
\\ A ' - ' . '. ’

Bare tune
\
Lattice error Resonance
Periodic crossing or
of a resonance Space Charge

Structure Resonance
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1D resonance and space charge
Summary (2000 — 2010) iI= =1L

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

Determined by
n(gzo + AQ(X)] =N

- ~ aWiIHEERL, Ny . mmeeseTLT
e

o
1L

Halo size is determined
by the outer position
of islands

,,,,,,

Longitudinal motion and space charge drives islands away too fast

“scattering regime”

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 18



The difficulty of the coupled dynamics iI= 5= 1L

2D resonance
Q, +2Q, =11

Q)>»\3.5 ;

3.4}F

33F
3.2F

3.1F

54 41 42 43 44 45
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The difficulty of the coupled dynamics

px

0.01

-0.01

S
Illl||lllllllllllllll[llllllll|l|

Near the resonance Q, +2Q, = 11

-IIIllIIIIIIIIIIIIIIIIIlIIIIIIlII!I

-0.01 0 0.01

X

=,

Orbits become fuzzy

0.02

0.01

-0.01

-0.02

o]

plov s by by by by s basaalay

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

-0.01 0 0.01
X

G. Franchetti

>,
=0.02

0.01

-0.01

-0.02

Q, =4.27,Q, = 3.3575

_|||||
0.02 -0.01 0 0.01 0.02
y
Very difficult to
understand what
is going on.
17.05.2017 20



The quest of the incoherent
effects of space charge iI=S= 1L

1 week 12 days (as users) 1 week ~2 days 4 days

2002 2007
study of the study of the study of the resonance Experimental
space charge space charge space charge compensation discovery of
on 1D 4t order on 1D 3t order on 2D 3t order with the fixed-lines
resonance resonance: proof resonance space charge
of principle

PS PS SPS
SIS18 SIS18
cﬁq/ (ﬁ@/) (ﬁW)
\ I="== I \\ I= =1\
NS NS o

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 21



The 2012 CERN-PS measurement campaigh =1L

Vertical tune
Losses [arb. units]

6.1 6.2 6.3 6.4 6.5

Horizontal tune

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 22



Magnetic field [G]

Vertical tune

3000 TABLE I. Beam and machine parameters.
Parameter Value
2000 1 Intensity N, [10'° p] 55
- - Normalized horizontal rms emittance e; ([mmmrad] 3.6
1000 | I I Normalized vertical rms emittance €], [mm mrad] 2.2
I I Rms bunch length o, [ns] 33
0 I . . [ Rms momentum spread %2 (1079 0.95
0 500 1000 1500 2000 Horizontal maximum tune spread AQ: max" -0.05
Time [ms] Vertical maximum tune spread AQ, max" -0.071
Sextupole current Isx [A] 2
6.5 Harmonic number h 8
RF voltage Vi [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 8 0.948
Relativistic « 3.14
Synchrotron tune 116371
Horizontal flying w. (SS68 at 422.8 m) 8. [m] 12.40
6:50 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 fir Schwerionenforschung GmbH

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

b bz y = 9_:;;1 . AQqz,y/Qu.y
zy Q.r.y Ap/p

G. Franchetti 17.05.2017 23



PS campaign results iI= 5= 1L

3.5

~—~
3t Eyf/Eyi

Ratio final/initial

6.05 6.1 6.15 6.2 6.25
Horizontal tune

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 24



Comparison with simulations iI= 5= 1L

—
~
—

lllllllll]]lllllllllllll

>
n
lllllllll

| \ | \ I \ | \
0 605 6.1 615 62 625
QxO
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Signal [1]

Beam Profiles for (), = 6.104 I=5= 1L

— initial — initial
1} — final 11 — final
0.8 } 0.8 |
0.6 } 0.6 }
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 1.4
— measured — measured
1.2 }— MADX 1.2 |— MADX
— MICROMAP - MICROMAP
1} 1}
-
0.8 — 0.8
:
0.6 ¢ & 0.6
0.4 | N g4 |
0.2 0.2
1 S _ SN, V. 0 —
—20 -10 0 10 20 —20 —10 0 10 20
Horizontal position [mm] Vertical position [mm]

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 27



Resonance condition: discussion

No space charge

Distance of the resonance

Aro = Qzo +2Qy0 — 19

With space charge

Resonance condition

Arog=20

Distance from the resonance for one particle at amplitudes X,Y

Ar :ATO_l_
- AQsc,x(Xa Y) - ZAQsc,y(Xa Y)

ATO may be different from zero

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti

Resonance condition

A, =0

17.05.2017 28




Resonant particles iI= 5= 1L

Q.0 = 6.104 Ao = 0.056

. -0p _
Qif L Y/o, et
3 i X/o, : Ao = 0.056
(N '0.05 __ <€ 4
+>< i - “resonant detuning
S _0.1F 1 cancel A, and
Q s -1  makes particle
< i - resonant”
-0.15 -
9 A Y X, ;
r,8C 2
_I L1 I | l\ll ll/l l L1 1 l | I —

0O 2 4 6 8§ 10
amplitude

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 29



(1)

Comparison with simulations

without chromaticity

Q:cOZG

0.8 F

0.4 F

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

(1)

G. Franchetti

104

0.8
0.6 F
04

0.2 F

17.05.2017
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(1)

Comparison with simulations

without chromaticity iI= =1L
Q.0 = 6.104
Something seems wrong !!
I The -x- profile does not
I exhibit an halo that
0.8 - Extended up to X,
0.6 - 0.6 F
0.4 F X 0.4 Y
0.2 F 0.2 F
o-lll Illlllllllll | O-IIII lllllllllll Illl
6 4 2 0 2 4 6 6 4 2 0 2 4 6
x/0, y/ o,
GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 30



(1)

Comparison with simulations

including chromaticity == 1L
Q.0 = 6.104
_ - i
It ‘ ~ Ir
3 No halo in x, !
0.8 but only 0.8
- core growth -
0.6 |- 0.6 Only ~ 5.50, but a
- F detuning analysis
0.4 F 04" predicts 90 !
i A,/ &\L y _ j \\L
0 -1 1 R BT A R L1 O ) ' i B A B A A '
6 4 2 0 2 4 6 6 4 2 0 2 4 6
x/0, y/ o,
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(1)

Comparison with simulations

including chromaticity iI= =1L
Q.0 = 6.104
— — -
1F \ = IF
i No halo in x, I
0.8 but only 0.8
i core growth -
0.6 N 0.6 N Only ~ 5.50, but a
- F detuning analysis
0.4 F 04" predicts 90 !
0.2 \ 0.2 — // \
oL M/l y e lon I\ How do we understand j g lys k 1
5 4 -2 (0 2 thepuzzle? (2 0 2 4 6
Something is missing!

X

B y/Gy

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017 31



Missing: the coupled dynamics

on the resonance I= 5= 1
o
=
x 4 3
= 2 _
0
) _
4+
DANGER! o ] s
i ) 4 2 0 2 4 15 -10 -5 0 5 10 15
Fixed-lines x x 10° y x10°
() (d)
m  J5F m  I5F
S s S C
~ C T~ r
X 10F X 10F
F. Schmidt PhD thesis, and others > ' -
G. Franchetti and F. Schmidt 5 3 SF
Phys. Rev. Lett. 114, 234801 (2015). 0 - 0 E
G. Franchetti and F. Schmidt -
http://arxiv.org/abs/1504.04389 SE SF
-10F -10F
_]5:—.11..11.l.l,l.l...l.. _]5:—.11.,.1..1 PR T
4 2 0 2 4 4 2 0 2 4

-3 -3
GSI Helmholtzzentrum flir Schwerionenforsct G.Franchetti X X 10 17.05.2017 x' X ]@2



SPS campaign on May 2015

%~W do exist

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017
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Does fixed-lines play a role with space charge? = Z= 1L

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

oz =0 %0z = 142

\l |/

Vertical tune

6.1 6.2 6.3 6.4

Horizontal tune

O
7))
S
I

|
O
n
o
©
=
%)
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Largest resonant orbits at /0, = 0 == 1L

o> 4
N L
-3

2_

No

. The two larger resonant
chromaticity 0

orbits...

No doubt they have
a structure of fixed-lines

_4 lllllllllllllllllllllllllllllll

-0.05 0 0.05
x/ C,
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Largest resonant orbits at 2/0, = 1/2 === 1L

~ ..
b .‘. * & . ;.. ":o‘:"’ N . e :‘.5‘: ;
N s OO :
; . -

2F AT T AN T N
{. f \; ':- ... '. .: g

. O.é
“wiel

. . LY 0
a % 5%
H I ‘e . s 8 Gav 1 ,‘ % .";
- LI . - - CS f : » . -
oE Shk TR & e et L VR
o~ AW _7,'-.._':: 7 R TN AT 4o T
= (2ol SL AR P e T Ll AT g H K AG T A e
N LA . M. Yy -,’.d' ¢ Ve & -.} ~ R
— ~5 - Ve L h ~ Lad o®F Ty .y ® PR | b‘
Y o7 ? ST e . . ad LRl
v e P b i, PRRL e p LAY
N A ST X LI O P S A
- f & »* ‘f.'." . L ': [N N & 8¢ ) ““ .
L e e BT, LT
) ’, Ly ..'~ '-'}’ ):.." . s Ne -‘:
B Ry i’ 3.""-“ Py v

No ' R SRy <2 X s

ici ! AR ST RN
chromaticity VWS ;\:: Gadte
0r N SN N

s PR MR LR PR AR A
i R e ...,_l:.,_;{;:, WEDA P X two larger resonant
e e s e el Toe e T L .
i PRI MR | AR A% orbits: now the
e NS .:.;. AP R ) "...-" SRS ., . .
- P R .",c,-):’_.'s Sav s sy amplitude of the orbits
] - 1~ '_'.'.‘.._""{ :’;‘J,I ‘.: AR AT _'l-,'.- _"l“' o .
- Pl e Tl AT N 3T i 4 ¥ is smaller, but still have
= .'\:a."o ".':‘D.‘-. "",{dJ‘ .f. ‘.‘. b "‘ :.:x 9 ® .'.l/o : e " .
i ik S achphetala b i the structure of fixed-lines
i 2.5..u .:' ...: . ‘.'.0_:':. ."".: -.-‘.' '...' .-'.. .".-.".
.'n': N, LY .-;.\ 'O‘.v .."~ .}.. \...:' :‘ .." ‘.:0 .'.'l ".l~’
L ADATE AR B DR R T M e
“he, o St e L "iﬁ.::.‘ ::..p’}.:'.d'!" 'H
-2 | [ 1% ik i R R I H

01-0.005 0 0.005 0.01
x/0'x

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

g 3F
w><'
~
295
2 — Scattering process ——— 2.9F; 5 il
N - ' C & .
o 5 : 25t Br *°
—_ C C
w 45 2.8F #
N ||||
4 214.5 215 2155 216 216.5
K : 28F
35 S I
' > 26f
3 !
2'5 L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 2.4 B :
0O 100 200 300 400 |
sync. osc. 221 % 4
PR PR PR BT
_ 214.5 215 215.5 216 216.5
Extended paper to appear in PRAB sync. osc.
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Periodic crossing of fixed-lines

— Scattering process

IIIIIIIIIIIIIIIIIIIII

llllllllllllllllllllll

0 100 200 300 400

Sync. osc.

Extended paper to appear in PRAB

4 kicks per
: 3F . synchrotron
@ oscillation
2.95 |
w -
2.9}
285 T
2.8F i
- ... ..., | Resonance
214.5 215 215.5 216 216.5 crossing
28 F kicks are
5 T H coupled
d in x-y
w 2.6
2.4}
2.2 i
-||‘.|||11|||11|||11:|||
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Prediction of the halo size:
the adiabatic limit R =P/

o 7.5
™~

- 5 x = +/Bra; cos(—2t —a+ wM)

e =T
\(—=O)) | | v= VA ety

2.5

0
-2.5

- For adiabatic synchrotron motion
o, all particles trapped are transported
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Halo asymmetry explained
with fixed lines iI= 5= 1L
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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.

« OQutstanding 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

« 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

 The doors are open for massive studies of all coupled resonances and space
charge

« > Strategies to mitigate particle diffusion
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Outlook

Open problems:
« Estimating the diffusion time
« Mitigation strategies:

1) Resonance compensation
2) E-lenses ?

 Coherent vs. incoherent...
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Simulations: the effect of chromaticity
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Something is missing!
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Resonant orbits I=5= 1l

QT 0 Each of these dots
<] identify a resonant orbit
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The difficulty of the coupled dynamics == 1L

Near the resonance 3 Q, =13 Q, =4.335, Q, = 3.27

=

=0.02 :
N s Q _

: 0.02 |
00T 0.01 4l 4

of 0f
i 0.01 F

: 0.02 F S~
0026t T ST R B BT B

001 0 001 0.02 0.0 0 001 0.02
X X
/ /
y=y =0 y7#y #0

X —Y coupling
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Modes of oscillation =5 1l
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Space charge vs. magnet force iI= =1L

Example in a focusing quadrupole

A N

55 l &\\\ o= ke
‘ F, = —ky

Quadrupole forces

7 ==  Space charge forces
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Space charge detuning iI= 5= 1L

'0'0-?)05 -0.03 001 0

AQ,

2
For a Gaussian AQ, = R” K 1

distribution Qo 2 /e (Ba)s(VEr(Ba)s + /7y (By)s)

GSI Helmholtzzentrum fir Schwerionenforschung GmbH G. Franchetti 17.05.2017

48



Lattice induced resonances =5 1l

Lattice induced nonlinear resonances Resonant dynamics

n:c@a:{) + nyQyO = m

G. Guignard, CERN 78-11, (1978);
A. Bazzani et al., CERN94-02 (1994). Resonance driving terms

A combination of optics, and
Magnets strength

27
- 1 Inx|/2 ,Inz|/2
= de g''"X B X
“ zn(ZR)(N/2)|nx\1|nz|:f X :
0

(--1)(|nZl+2)/2 KEN_I) for n_ even

X exp {l[nx”xmz“z-(nxmezQz-p)e] (_1)(|nz|—l)/2 D)
X z

Magnets nonlinearities drives resonances
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Including the chromaticity

Ar =00+ AQuca(X,Y) 4+ 2AQucy (X, Y) + Q0p/p + 2Q,,5p/p

¢ ) Y
effect of space charge
AMPLITUDE DEPENDENT
Bare tunes
Aa = 0.056 incoherent tune-shift
r0 — VY.

AQx,max = _0-057
AQy maz =~ —0.071

'@’I"SC

b
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v
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—0.19

G. Franchetti

J J
Y

effect of chromaticity
AMPLITUDE INDEPENDENT

consider a test particle
with maximum dp/p

+/- 0.037
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Resonant Particle including chromaticity iI= 5= 1L
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Position of the islands (1D resonances) iI= 5= 1L

4.35 -

@) I Resonance off

4.34 -
4.33 -

4.32

431 ¢
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Position of the islands (1D resonances) iI= 5= 1L

4.35

Resonance on

0

4.34

4.33

Approximate
location of the
fixed-point

4.32
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