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Outline ' Te'e

The CERN Accelerator School

Introduction to macroparticle models —
implementations, applications and examples

* Part 1 — numerical modelling < Part 2 — electron cloud

* Initialisation * Modelling of e-cloud interactions
e Simple tracking * PIC solvers

e Chromaticity and detuning * Application for e-cloud

* Wakefields with examples instabilities

e Constant wakes
* Dipole wakes
e TMCI & headtail modes
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Qutline (‘:\')

The CERN Accelerator School

* Part 1 — numerical modelling
* Initialisation

G ]
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Why numerical methods? ' Te'e
* Computational physics is somewhere between experimental and
theoretical physics
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Macroparticle models 0D

The CERN Accelerator School

* Macroparticle models are used to study the dynamics of multi-particle systems, i.e.
plasmas or beams

* Macroparticle models permit a seamless mapping of realistic systems into a
computational environment — they are fairly easy to implement
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Macroparticle models 00D

The CERN Accelerator School

* Macroparticle models are used to study the dynamics of multi-particle systems, i.e.
plasmas or beams

* Macroparticle models permit a seamless mapping of realistic systems into a
computational environment — they are fairly easy to implement

* A macroparticle is a numerical representation of a clustered collection of physical
particles = this increases the granularity of the numerical system (i.e. one must
beware of numerical noise issues) but allows to treat large systems within the given
limitations of computational resources

G |
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Accelerator-beam system — modelling

e Possible program layout

0

The CERN Accelerator School

Main memory

(7898MB)

Storage

momenta

Socket P#0
L3 (4096KB)
L2 (256KB) L2 (256KB)
s L1d (32KB) L1d (32KB)
“ ] :
N EL- ................ L1i (32KB) L1li (32KB)
C P#0 C P#1
[ Propagate ] ore ore
PU P#0 PU P#2
PU P#1 PU P#3
A function
knows hov Processing
update th
coordinates and
momenta
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{
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Accelerator-beam system - modelling 00

The CERN Accelerator School

e Possible program layout

By closing the loop, we introduce collective effects which can act as a

feedback mechanism:
* New equilibrium solutions
* Damping or growth of the stationary solutions = instabilities

momenta coordinates and
momenta

G ]
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Numerical representation of the beam ' Te'e

The CERN Accelerator School

Memory (assume g, m are identical):
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/ 7
Yi _
, Can. conjugate 8
(51) coordinates and
g momenta

G ]

> 06/11/2015 Numerical Methods | - Kevin Li 10




Numerical representation of the beam ' Te'e

0.0003

0.0002

0.0001

~%  0.0000
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—0.0002

-0.0003

o, =1.99e—03

e, =2.00um

ol =3.64e—05

-0.015 -0.010 -0.005
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x [m]

’

count X X

N

The CERN Accelerator School

* Initial conditions of the beam/particles

Profile Size Matching
Gaussian Emittance Optics
Parabolic

Flat

* We use random number generators to
obtain random distributions of
coordinates and momenta

* Example transverse Gaussian beam in
the SPS with normalized emittance of
2 um (0.35 eVs longitudinal)

1 = B/~ ]
= Y00y

Po
gl = Ao, 05—
e
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w The CERN Accelerator School

* We have identified with the beam and allocated a field of memory and filled
this with the can. conjugate coordinates and momenta in accordance with
our specifications for beam profile and emittance and machine optics.

* We are now ready to investigate how to implement the beam dynamics

* Part 1 — numerical modelling

e Simple tracking

CERN
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Numerical representation of the linear lattice CA')

The CERN Accelerator School

* Dipoles = orbit
* Quadrupoles = focusing

* Particle dynamics along the linear
periodic lattice is described by Hill’s
equation

'+ K(s)r=0, K(s)=K(s+L)

 Hill’'s equation can be solved to obtain
the linear transfer map from one point
to another along the ring:

M — ( V51 0 ) ( cos(Apo_1) Sin(Augél)) \/% 0
—sin(Apg_1) cos(Apg_1) \?‘g_o VBo

CE/RW E. D. Courant and H. S. Snyder, Theory of the Alternating-Gradient Synchrotron, Annals of Physics 3 (1958)
\

N2
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Numerical representation of the linear lattice @

The CERN Accelerator School

1. The optics functions can be obtained
from a Twiss file (e.g. MAD-X)
2. We can make the smooth approximation

B, = constant

_C ~nC
Qr = B, (Qs - 27?52)

L

L: Segment length

C': Ring circumference
M — ( V51 (1) ) ( cos(App_s1) Sin(Augél)) \/% 0
75 e/ \—sin(Auosi)  cos(Aposi) ) \ 7= VBo

* The numerical implementation is then
simply the matrix product applied to all
0 macroparticles in all panes

» All matrix elements are constant

CE/RW E. D. Courant and H. S. Snyder, Theory of the Alternating-Gradient Synchrotron, Annals of Physics 3 (1958)
\

®
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Numerical representation of the long. motion @

The CERN Accelerator School

* Particle dynamics in the longitudinal
plane are described by the longitudinal
equations of motion

/
2 =-no
PO "
5 e VRr . [ 2mh
= sin (| — z
myB2c? C C
T - ol e Vrr: RF voltage
e h— %: harmonic number
o e wq:. Revolution frequency
nc s Revolution f
Rik+1/2 = Zik — —2 ik
e (. circumference
5 5 i € VRF ) 2mh
i k+1 — Oik T ——5 5 S| —=— %4 k4+1/2
Lt ‘ m~y 32 c? ¢ ThkE
nC * These can be solved numerically via a
“ik+1 = Zik+1/2 — 5 Oi k41 symplectic integration scheme —
. iterative turn-by-turn advancement of
1=1,...,N .
the coordinates and momenta
k: iteration/turn
CERN W. Herr, Tools for Non Linear Dynamics, CAS Poland 2015
\ E. Forest, Beam Dynamics: A New Attitude and Framwork, 1998

N2
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Example: SPS — transverse and longitudinal (‘:\')
* We can now input the optics functions along with the RF parameters and
observe the oscillations
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0.00005 < —
~= 0.00000 =
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2[m] Turn .



Example: SPS — transverse and longitudinal (‘:\')

The CERN Accelerator School

* We can now input the optics functions along with the RF parameters and

observe the oscillations

0.00015
0.00010
0.00005

g 0.00000
—0.00005
-0.00010
—-0.00015

-0.010

—0.005 0.000

0.006
0.004
0.002

< 0.000
—-0.002
—-0.004
—0.006

0.45
0.40
0.35
0.30

'20.25

210.20
0.15
0.10
0.05
0.00

60 80 100 120
Turn

60 80 100 120

Turn
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Example: PS Booster hollow bunches @
e : I 127815
bk { ™ 630077 =
= 0 ; 0 g

5P/P0 [10—3]

z |m]
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Example: PS Booster hollow bunches 00

The CERN Accelerator School

=0 [ 1@ 127815 =
B | I 630077 & * Generation of ‘hollow’
T o : E bunches for mitigation of

S0

transverse space charge

* Modulation of the
reference phase at 490 Hz
with an amplitude of 18
deg (reconstructed from

op/py [107°]

1t o H 3.4 mm amplitude and
| ) il | ol the waterfall plot) for 4
—_— — synchrotron periods
F I I R T R N S R
Simulation + [ 10" p] 1 | < Simulations are capable
A o 2 T s of reproducing as well as
q predicting
A. Oeftiger et aI- -150 -100 -50 U:rm: 50 100 150 200 % % % é % é % =
mos i LS monet Measurement
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* We have implemented a beam to initializing a field of memory with the
beam’s can. conjugate coordinates and momenta.

Signpost

* We have implemented linear transverse tracking as a 2D matrix
multiplication looped over the set of macroparticles in the beam.

* We have implemented longitudinal tracking as a second order symplectic
integration scheme looped over the set of macroparticles in the beam.

* Part 1 — numerical modelling

e Chromaticity and detuning

CERN
\W ¢
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What else do we need? ' Te'e
* We have learned or we may know from operational experience that
there are a set of crucial machine parameters to influence beam stability
—among them chromaticity and amplitude detuning

* Chromaticity

o Controlled with sextupoles — provides chromatic shift of bunch spectrum wrt.
impedance

o Changes interaction of beam with impedance
o Damping or excitation of headtail modes

* Amplitude detuning
o Controlled with octupoles — provides (incoherent) tune spread
o Leads to absorption of coherent power into the incoherent spectrum = Landau
damping

* Of course, to study intensity effects, these need to be included in our
model — fortunately, this is pretty simple!

CERN
\W ¢

~Z_~
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Chromaticity and amplitude detuning 00

The CERN Accelerator School

p0
Y
M — (\/ 1 (1) ) ( cos(Ap ) sin(Ap )) \/}3—0 0
— 75 75/ \—sin(Ap ) cos(Ap ) = VB
T _[m T * The numerical implementation is then
! . B T 0 simply the matrix product applied to all
macroparticles in all panes
i=1.... N P P
» All matrix elements are constant

22
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Chromaticity and amplitude detuning 00

The CERN Accelerator School

e Chromaticity or detuning with
amplitude are implemented as a phase
adjustment of each individual
macroparticle

p0O
y Chromaticity: Detuning with amplitude:
coupling to longitudinal continuous detuning
. < pl f A}uiNAMO,E’+£6i+a$$JQZ,i+a$ny,i

(G D) (o, ey (& 1)

T _[m, T * The numerical implementation is then
! . i 0 simply the matrix product applied to all
1 N macroparticles in all panes
1= yt
» All matrix elements are macroparticle dependent

CE/RW
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Example: filamentation as result of detuning (A’)

The CERN Accelerator School

0.0004 6
0.010
0.0003
5
0.0002
0.005
4
0.0001
£ ) T
~y  0.0000 —. 0.000 3 3
|/
-0.0001
2
-0.0002 ~0.005
1
-0.0003
-0.010
-0.0004 0
-0.02 -0.01 0.00 0.01 0.02 0 20 40 60 80 100 120
m[m] Turn
°
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Example: filamentation as result of detuning CA')

The CERN Accelerator School

0.0004 — ‘ 5
0.010
0.0003
5
0.0002 | 0.005
4
0.0001
T B
~%  0.0000 = 0.000 3.2
= &
-0.0001
2
-0.0002 —~0.008
1
-0.0003
‘ , -0.010
-0.0004 0
-0.02 -0.01 0.00 0.01 0.02 0 20 40 60 80 100 120
z[m)] Turn
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Example: filamentation as result of detuning (A’)

The CERN Accelerator School

1.0

Spectral power
[normalised]

© © o

B [#)] oo

o
(N

o
oo
o
S]

Spectral power
[normalised]
o o o =
Ei (o)) oo o

o
N

g
oo
o
)

| 0.010
N
J \L 0.005
0.05 0.10 0.15 0.20 0.25
Q.’n ke
0.200
)00
0.195
0.190 305
o 0185
0.180 D10
0.175 -
0.170

0.120

0.125

0.130 0.135 0.140 0.145 0.150

Q;

Iy

Taking an FFT of the centroid motion
(black curve) reveals the tune —
interestingly there is a spread

In the simulation we have access to
the trajectory of each individual
macropartice — we can equally
perform an FFT of every
macroparticle and plot the horizontal
vs. vertical tune to obtain the tune
footprint

06/11/2015

Numerical Methods | - Kevin Li
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w The CERN Accelerator School

* We have added chromaticity and detuning with amplitude to our transverse
tracking.

* We now have all the necessary single-particle dynamics implemented to
serve as platform onto which we now will add collective effects interactions.

* Part 1 — numerical modelling

* Wakefields with examples
e Constant wakes

* Dipole wakes
e TMCI & headtail modes

CERN
\W ¢
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Accelerator beam system - wakefields ' Te'e

The CERN Accelerator School

e Qur first ‘real’ collective interaction from
impedances

T———
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Introduction to the general problem ' Te'e

The CERN Accelerator School

- e e -
—
\ Multi-bunch beam s /
Equ-ations of Interaction with the
motion of the external environment

beam particles

T - (E g) ™

Additional electromagnetic field
acting on the beam, besides RF
\and external magnetic fields /

ZN

G ]
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Introduction to the general problem ' Te'e

The CERN Accelerator School

/= -
o & & &
—

\ Multi-bunch beam S /

Noise Equ-ations of g E @ Interaction with the
>l motion of the external environment

beam particles

T (£, B) p

Additional electromagnetic field
acting on the beam, besides RF
\and external magnetic fields /

When the loop closes, either the beam will find a new stable

equilibrium configuration ...
)

N2
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Introduction to the general problem ' Te'e

The CERN Accelerator School

/~ -

>
adll» 00 - a»
V| < -
\ Multi-bunch beam s /
Noise Equ-ations of @ Interaction with the
>l motion of the external environment

beam particles

4z L N
T (£, B) )
A

Additional electromagnetic field
acting on the beam, besides RF
\and external magnetic fields /

... or it might develop an instability along the bunch train ...

G ]
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Introduction to the general problem ' Te'e

The CERN Accelerator School

ﬂ/“Nﬁ ............. VA

\ Multi-bunch beam S /

Noise Equ-ations of g E @ Interaction with the
>l motion of the external environment

beam particles

T (£, B) p

Additional electromagnetic field
acting on the beam, besides RF
\and external magnetic fields /

... or also an instability affecting different bunches
CE/RW independently of each other

\\

N2
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Reminder of wake functions 'Te'e

The CERN Accelerator School

L . Source, q;

. Witness, g,

. T Ax, (or Ay,)

——————————————————————————————— > >
. z ‘Fsz(orAyz)

* Longitudinal wake fields

/Fs(z, s)ds = —q1q2 (W“(z)‘—I— O(Azy) + O(Azsy))-

I_¢

Zeroth order with source and test centred

usually dominant v
Higher order terms

Usually negligible for small offsets

G ]
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Reminder of wake functions ' Te'e

The CERN Accelerator School

- . Source, q,

. Witness, g,

. j Ax, (or Ay,)

——————————————————————————————— ——>----d-f-—----->
2b . Z ‘L—sz (or Ay,)

We have truncated to the first order,
thus neglecting

= First order coupling terms between
x and y planes

* Transverse wake fi = All higher order terms in the wake

expansion (including mixed higher
/ F$(Z’ 8) ds order terms with products of the
dipolar/quadrupolar offsets)

Zeroth ord ole wakes —
asymmetric structures depends on source particle  depends on witness particle
- Orbit offset - Orbit offset - Detuning

G ]
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Numerical implementation of wakefields @

The CERN Accelerator School

* We have learned how to track a
macroparticle beam through a linear
periodic lattice and how to include
chromaticity and detuning with

00 amplitude
y Chromaticity: Detuning with amplitude:
coupling to longitudinal continuous detuning
X “ pl f A}ul NAMO,1+£51+05$3: Jm,i+a$y Jy,i
. 1
M, — ( \//51 (1) ) ( cos(Ap;) SlH(A/,LZ‘)) 75 U
T T : [0
- \/é_l VB — SID(A[J@) COS(AM,&) \/570 \/50
) - [Ty
(x"a) 1 - (37;) 0
1=1,...,N
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Numerical implementation of wakefields (0.')

The CERN Accelerator School

* We have learned how to track a
macroparticle beam through a linear
periodic lattice and how to include
chromaticity and detuning with

00 amplitude
Chromaticity: Detuning with amplitude:
coupling to longitudinal continuous detuning

f AIUJZ ~ AM(},E‘ —|—£(51 + |y Ja:,i _|_Odaty J’y,i

Now, we want to add

a wake field interaction at p1

that applies a kick, i.e. updates

the momenta of each macroparticle

36
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Numerical implementation of wakefields

* To be numerically more efficient, the
beam is longitudinally sliced into a set of
slices

* Provided the slices are thin enough to
sample the wake fields, the wakes can
be assumed constant within a single
slice

* The kick on to the set of macroparticles
in slice ‘i’ generated by the set of
macroparticles in slice ‘j’ via the wake
fields now becomes:

62

Ax'[i] = _W
Nj] - Weeli — j]

N z) 3] - Wpali — j]
N[j] - Wquli — j] Axli]

n_slices

<D
j=0

<A‘>
e The wake functions are obtained
externally from electromagnetic codes

such as ACE3P, CST, GdfidL, HFSS...

* In the tracking code, the wake fields at
pl need to update the macroparticle
momenta (i.e. they provide a kick)

* The kick on to a macroparticle ‘i’
generated by all macroparticles j’ via
the wake fields is:

2
€
I __
Az, = — EE
n_macroparticles WC.’B(Z’L - Zj)
X Z ASCj : WD:E(Zi — Zj)
j=0 Wox(zi — 2j) Az,

CE/RW
{

N2
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Numerical implementation of wakefields (‘:\')

The CERN Accelerator School

* To be numerically more efficient, the * NJ[i]: number of macroparticles in slice ‘i’
beam is longitudinally sliced into a set of —> can be pre-computed and stored in
slices memory

* Provided the slices are thin enough to * WI[i]: wake function pre-computed and
sample the wake fields, the wakes can stored in memory for all differences i-j
be assumed constant within a single
slice

* The kick on to the set of macroparticles
in slice ‘i’ generated by the set of

. . . (7 H
macropartlcles in slice ‘j’ via the wake e | @ 1 ) 3 4 5
fields now becomes
N[i]
2 WI[i]
_ e
Ax'[i] = —

my 322

o stices [ N[j] - Wewli — j]

x> S N[i@)[j] - Wpa[i — j]
I=0 U Njl - Woeli — j] Ax[d]

G ]
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. . o . o o .
Relativistic vs. non-relativistic wakes 00
* Relativistic wakes only affect trailing * Nonrelativistic wakes can also affect
particles following the source particle particles ahead of the source particle
* Finite values range for negative * Finite values extend from (-L, L)
distances, i.e. (-L, 0) or “tail — head” or “tail -head” & “head — tail”
* L: bunch length * L: bunch length
0.8 lelb
gj Relativistic wake @ source
T 02 Witness
5‘3-8‘.2 ‘ trailing
® By ® Witness
08 ahead

) ]
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Numerical implementation of wakefields @

Bu Wake [field We,[i]

AN || -

Wil

o) ® 0 @
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Numerical implementation of wakefields (0.')

The CERN Accelerator School

1. Bin particles into B
: u
slices (apply after
each update of
longitudinal
coordinates) — S
binning needs to be /

Wake [field We,[i]

™
N AT

fine enough as to
sample the wake \ |
function

Macroparticle r slice| N[i]

oo | B h i

94}
i)
®

G ]

~Z_~
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Numerical implementation of wakefields (0.')

The CERN Accelerator School

1. Bin particles into
slices (apply after
each update of
longitudinal
coordinates) — -
binning needs to be /

Bu Wake [field We,[i]

-
N AT

fine enough as to
sample the wake \ |
function

2. Perform convolution
to obtain wake kicks

r slice| N[i] \\ /

Macroparticles |pe |
Slice index % %
e? :
i) = — 5z 2 Nl Weali -

7=0
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Numerical implementation of wakefields (O.')

The CERN Accelerator School

1. Bin particles into
slices (apply after
each update of
longitudinal
coordinates) —
binning needs to be
fine enough as to /
sample the wake \ |
function

Bu Wake [field We,[i]

//\\ A

2. Perform convolution
to obtain wake kicks

| N
3. Apply wake kicks —~ N L
(momentum N
update) \
Macroparticles per slicel Ni] N0 |
Slice index n
e? ?:
] = ———— N[l - Weli — 3],  2'li] = 2'[i|+ Az'[i], i=1,....n slices
i = o mm 2N Weali—g, @/l = 2l + A2/l i=1...n_

§=0
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Summary — where are we?

goe,

The CERN Accelerator School

* We are now ready to track a full turn including the interaction with wake

fields

Wakefield

Initialise a macroparticle distribution
with a given emittance

Update transverse coordinates and
momenta according to the linear
periodic transfer map — adjust the
individual phase advance according to
chromaticity and detuning with
amplitude

Update the longitudinal coordinates
and momenta according to the leap-
frog integration scheme

Update momenta only (apply kicks)
according to wake field generated
kicks

Repeat turn-by-turn...

06/11/2015

Numerical Methods | - Kevin Li a4



Examples — constant wakes 0D

The CERN Accelerator School

9 )
. € : . :
AIL‘,[Z] - _m’YBzCZ ZN[.]] ’ WCQ?[Z _J]
- 3:0\/ /

Slice dependent change of closed orbit

Dipolar term = orbit kick (if line density does not change)

0.0010 6
0.004
5
0.0005
0.002“ 2
T B
~%  0.0000 = 0.000 g3
= W
~0.002 2
-0.0005 h H “
1
-0.004
-0.0010 0
-0.04 -002 000 002 004 0 50 100 150 200 250
x[m] Turn
0.10 0.5
0.04
0.05 Uit
0.02
o = 03®
S, 0.00 — 0.00 oL,
¥ < 02
-0.02
-0.05
0.1
-0.04
-0.10 0.0
-1.0 -0.5 0.0 05 1.0 0 50 100 150 200 250
z[m] Turn

CE/RW

06/11/2015 Numerical Methods | - Kevin Li 45



Examples — constant wakes

o0

The CERN Accelerator School

0.0010 6
0.004
5
0.0005
0.002 4
£
~x  0.0000 0.000 | | | 3.3
| ) 1 (L)R
~0.002 e
-0.0005 | |
1
-0.004
-0.0010 0
-0.04 -0.02  0.00 0.02 0.04 50 100 150 200 250
x[m) Turn
0.10 0.5
0.04 Injected beam
0.4
0.05
0.02 o _
o Closed orbit distortion . 0375
£ 0.00 = 000 =
8 S -,
= 0.2
-0.02
-0.05
0.1
-0.04
-0.10 0.0
-1.0 -0.5 0.0 0.5 1.0 50 100 150 200 250
z[m] Turn
o

M‘ oo

Numerical Methods | - Kevin Li

46



Examples — constant wakes
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Examples — constant wakes
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Examples — dipole wakes 00
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5 i
. € ) . . )
Aw,[z]:—m,)/ﬁgch ZN[J] <x>[J]WD:U[Z_j]
— 7=0 —
v v
Offset dependent orbit kick
- kicks can accumulate

Dipolar term = orbit kick

* Without synchrotron motion:
kicks accumulate turn after turn — the beam is unstable = beam break-up in linacs

G ]
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Examples — dipole wakes 00

\ The CERN Accelerator School

Ax'[i] = 2 _INUI(@)l] - Wpali — j]
73=0

- myB22 O«
7 ~

ff it kick
Dipolar term = orbit kick 0 S?t dependent orbit kic
- kicks can accumulate

82

With synchrotron motion we
can get into a feedback loop

* Without synchrotron motion:
kicks accumulate turn after turn — the beam is unstable = beam break-up in linacs

e With synchrotron motion:
e Chromaticity =0
* Synchrotron sidebands are well separated = beam is stable
* Synchrotron sidebands couple = (transverse) mode coupling instability
e Chromaticity #0
* Headtail modes = beam is unstable (can be very weak and often damped by non-linearities)

G ]
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Dipole wakes — beam break-up
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Dipole wakes — beam break-up
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Dipole wakes — TMCI below threshold
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Dipole wakes — TMCI below threshold (‘:\')
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10
10t <=

10° Mode A Mode B
107
- As the intensity increases the coherent
modes shift — here, modes A and B are

approaching each other
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Dipole wakes — TMCI above threshold ' Te'e

The CERN Accelerator School

10°
107 >| 4
_ Mode A Mode B
0 —10”
When the two modes merge a fast 29
. - . 8.2 103 I
-, | coherentinstability arises —the transverse | s
mode coupling instability (TMCI) which g S 10 I
—_ -5
often is a hard intensity limit in many o 10
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Dipole wakes — TMCI above threshold
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Raising the TMCI threshold — SPS Q20 optics C 0‘ O

The CERN Accelerator School

* In simulations we have the possibility to perform scans of variables, e.g.
we can run 100 simulations in parallel changing the beam intensity

* We can then perform a spectral analysis of each simulation...
e ... and stack all obtained plot behind one another to obtain...
e ... the typical visualization plots of TMCI

10 Mode A Mode B

Mode number

Spectral power
[normalised]
|_\

o

5
0-0 0-5 . 1-0 1-5 2.0 0.00 0.05 0.10 0.15 0.20 0_25
;{L‘

CE/RW TMCI threshold .

\\
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Raising the TMCI threshold — SPS Q20 optics C 0‘ O

The CERN Accelerator School

* In simulations we have the possibility to perform scans of variables, e.g.
we can run 100 simulations in parallel changing the beam intensity

* We can then perform a spectral analysis of each simulation...
e ... and stack all obtained plot behind one another to obtain...
e ... the typical visualization plots of TMCI

N 0.7%
é e The mode number is given as
£
> =
c 058
S o Qa: - Q:CO
§ 0'4§ m = Q
035 N
0.2 The modes are separated
0.1 by the synchrotron tune.

5
0.0 0.5 1.0 16 2.0
Intensity [1ell ppb] lell

CE/RW TMCI threshold .
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Raising the TMCI threshold — SPS Q20 optics C 0‘ O

The CERN Accelerator School

* In simulations we have the possibility to perform scans of variables, e.g.
we can run 100 simulations in parallel changing the beam intensity

* We can then perform a spectral analysis of each simulation...
e ... and stack all obtained plot behind one another to obtain...
e ... the typical visualization plots of TMCI

Q 26 — Qs = 0.0059 Q20-Qs=0.017

07T
O

Mode number
(@)
(9]
no

Mode number

5
0.0 0.5 1.0 15 2.0 2 3 o 5
Intensity [1ell ppb] L Intensity [1ell ppb] L

CE/RW TMCI threshold TMCI threshold
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Example non-relativistic wakes 00

The CERN Accelerator School

Measurements * PSinjection oscillations show intra-
bunch modulations

* These can only be reproduced when
adding non-relativistic wakes caused by
indirect space charge fields

A. Huschauer et al

— turn 20

W — turn 23
—0.03 | _ turn 21 — turn 24 . Source
_004t— turn 22 turn 25

Vertical signal [arb. units]

. . . . - Witness
0 50 100 150 200 250 . trailing

Time [ns]

Witness
. . . . ahead

Non-relativistic wake

-g 1013

— loll
10

-3 -2 -1 0 1 2
Distance of target to source [m]

G ]
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Example non-relativistic wakes 00

The CERN Accelerator School

0.02 Measurements * PSinjection oscillations show intra-
bunch modulations

* These can only be reproduced when
adding non-relativistic wakes caused by
indirect space charge fields

] A. Huschauer et al
— turn 20

Vertical signal [arb. units]

W — turn 23
—0.03 } _ turn 21 — turn 24
_004t— turn 22 turn 25
0 =0 100 150 500 Macroparticle simulations
Time [ns] 3
c |
& s
© 0 -—% WJ
C
o
21 1
S
£ _> | — tun20 — turn 23 |
4]
> — turn 21 — turn 24
-3 — turn 22 turn 25
0 50 100 150 200 250
Time [ns]

G ]
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Dipole wakes — headtail modes 00
e As soon as chromaticity is non-zero, another ‘resonant’ condition can be
met as particles now ‘synchronize’ their betatron motion with the
synchrotron motion

* Headtail modes arise — the order of the respective mode depends on the
chromaticity together with the impedance and bunch spectrum

N, °
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Dipole wakes — headtail modes
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Example: Headtail modes in the LHC
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> LHC Beam 2 Head-Tail HDF5 Viewer

& &

==
[ > LHC Beam 2 Head-Tail HDF5 Viewer

—
i |

File System User Help

File System User Help

Auto: [ Load

H Delta

LHC Beam 2 Head-Tail

Auto: [ Load

LHC Beam 2 Head-Tail

H Delta

+3.0149e5

I
+3.0149e5

SoPoocooo
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Tt IS =]
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¥=301508
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End of part | ' Te'e

The CERN Accelerator School

* Numerical methods allow us
* to study conditions not realizable in a machine
 to disentangle effects

* to use unprecedented analysis tools

* Macroparticle models closely resemble real systems and are

relatively easy to implement

* We have learned how to model and implement macroparticle

simulations to study intensity effects in circular accelerators

CERN
\W ¢
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CE/RW

\\

N2

Backup

goe,
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Wakefields — rough formalism ' To'e

1 1 2
H = ip?: + iK(s)xQ + Zk: m'yﬁezc2 c /// p(xs, zs) w(x, x5, 2 — 25 — kC') das dzs dz
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Wakefields — rough formalism ' Te'e

The CERN Accelerator School

1 1 2
H = §p§ + §K(s):c2 + ; m'}/[;cz G /// p(xs,zs)w(z,xs,2 — 25 — kC') das dzs dx

62 T T
_'”+zk_:m'y,82c320///p(ws’%);x ' Wi (2 — 25 — kC) dx s dzs dx

e? -
= "'+Zm’yﬁzc202/x f/\m(zS)Wmn(z—zs—kC)dzsdx
k mn

Am(zs) = /p(ms,zs)w? dx

* Expansion
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Wakefields — rough formalism ' To'e

The CERN Accelerator School

1
H—ipxjt K +Zm7520202/ f (z5) Won(z — 25 — kC') dzs dx
Am(zs) = /p(ws,zs)x? dx

dg _OH(p,q) dp _ OH(p.q)

Baz? ... ith —
T, W ds  Op = ds Oq

H=-p2+C+Ax|+

A 4

Dipole term (nf1) = change of orbit

A 4

Quadrupole term (n=2) = change of tune

e Expansion — up to second order:

n__Im _ [type

0 0,1
1

Constant transverse wake (n=0, m=0)
Dipole transverse wake (n=0, m=1)
Quadrupole transverse wake (n=1, m=0)

G ]
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Examples — constant wakes

1 1
H=-

2 2
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e
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A 4

Dipolar term = orbit kick

\ 4
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(if line density does not change)
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Examples — constant wakes 00
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Examples — quadrupole wakes

1 1

H=-p2+ -K(s)z* + - - Z Azj) Woa(z — zj) Az;
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Examples — quadrupole wakes 00
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Examples — quadrupole wakes
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Examples — dipole wakes 00
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n slices-1

1, 1 9 e?
H = op} + 5 K(s)a +m762c20$ > Az (@] Wiz — z5) Az

7=0

A 4

Dipolar term = orbit kick

A 4

Offset dependent orbit kick
- kicks can accumulate

e Without synchrotron motion:
kicks accumulate turn after turn — the beam is unstable - beam break-up in linacs

G ]
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Examples — dipole wak ' Te'e
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1, 1 ; 02 slices—]
H = 5pg + 5 K(s)z el ; Wii(z = zj) Az
Dipolar terlickJ/
With synchrotron motion we Offset depende'nt orbit kick
can get into a feedback loop - kicks can accumulate

e Without synchrotron motion:
kicks accumulate turn after turn — the beam is unstable - beam break-up in linacs

* With synchrotron motion:
* Chromaticity =0
* Synchrotron sidebands are well separated = beam is stable
* Synchrotron sidebands couple = (transverse) mode coupling instability
* Chromaticity #0
* Headtail modes = beam is unstable (can be very weak and often damped by non-linearities)

G ]
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Dipole wakes — TMCI below threshold (‘:\')
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10
10t <=

10° Mode A Mode B
107
- As the intensity increases the coherent
modes shift — here, modes A and B are

approaching each other
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Dipole wakes — TMCI above threshold ' Te'e
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