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Beam-Beam Interactions

d Beam: relativistic moving charged particles
1 Beam acts on other beam as electromagnetic lens, but:

» Itis not expressed by a simple form " BEAM-BEAM FORCE (round beams)
T HEAD-ON
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» Can change distribution as result of o8 L

interaction (time dependent) € 4 2 o0 2 4 6

ICAP2006 T. Pieloni, p.3



wWhy a new BB code for the LHC?

d Luminosity in a collider:

N. = bunch charge \ Head-on /
L = N1N2be N, = num. of bunches - .-
T 4 f = Repetition freq. Lang-range ,x\
O g ay o, = beam sizes g C—y,

J Beam-beam interactions:

» Strong effects (high intensity 10! p/bch
and/or small beam sizes 10® m)
» Multi bunch beams lead to multiple BBI

(LHC 2808 bunches and up to 120 BBI
per turn)

» Beams and collisions not regular:
different damping properties due to

presence of PACMAN and Super
PACMAN bunches
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PACMAN and Super PACMAN bunches

Time structure of the LHC beam Bunch crossing at the interaction region
At, At At, At Super
\__ PACMAN __/
\“-:.-- > __d
RLURIIRIRORIIRORR IR i | PAGMAN
At 1 8 bunches missing ___, : ~‘§:~:~:~:~:‘:‘:~L\\
ﬂtz 38 bunches missing
At, 39 bunches missing > PACMAN bunch_: misse_s one or
At, 115 buches missig more long range interactions
... | » Super PACMAN bunch: misses
72 banches total number of bunches: 2808 a head_on CO”ISIOﬂ

For the LHC, we need a new BB code that CAN:
¥ Predict bunch to bunch differences (diagnostic)

¥ Investigate BB effects for different filling schemes and collision patterns
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How do we proceed?
(1) Simulation type: Strong-Strong

 Only one beam affected (weak-strong):

» BBIs affect and change only weak beam, strong beam static
» Examples: SPS collider, Tevatron, HERA...

 Both beam affected (strong-strong):

» BBIs affect and change both beams
» Examples: LEP, RHIC, LHC ...
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How do we proceed?
(2) Methods

d Could solve Vlasov equation but:

Analytical solution not always possible (perturbation theory needed)
dNumerical solutions difficult (may not converge)
dVery difficult to apply to multi bunch beam and multi interactions

d COherent Multiple bunch Beam-beam Interactions
code (COMBI) :

4 Analytical Linear Model (ALM)
4 Rigid Bunch Model (RBM)
 Multi Particle Simulation (MPS)
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Analytical Linear Model

Solve eigenvalue problem of 1 turn map
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Analytical linear model

Solving the eigenvalue problem, like for a system of coupled

oscillators:
» eigenvalues give the system eigenfrequencies of

dipolar modes (tune): 0 aI‘CCOS(/\Z')
» Mode frequencies calculations for bunches vt QT
» Stability studies
E "
g
:";5
‘ I -
Qn Tune Qo 'S}
) I
> elg_leln\_/ectors give the system >, =0
osclillating patterns: E S
< <
» To understand bunches oscillation
patterns (0]
» With other simulations to understand
bunch to bunch differences ] 1
Bunch Number Bunch Number
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IPS

ALM: more bunches

Inputs: 1P1
« Beam 1 =4 equispaced bunches @ T T T T : ; :
. c . . ¢ o)
« Beam 2 =4 equispaced bunches 2 : 1 1) ) 5
Lo i ‘(60 .................................. Q 0 ......... SRR o 444444 OQ2
* HOcollisioninIP1-2 and LT £ T 6 $ oo
5 .

5 differentEigen-values ot 2 s 4 s S T T
. T - R SR

8 different

Arbitrary Units
o
o}
—+
g SRRRR ¢
o
O
a
[\N]
o
<+
+
—+
4
O
a
wW

0 1 2 3 4 5 0 1 5
1 : 3 3'
Q,'-mode: Dol . S — Q. | — BlBinigion
all bunches exactly out of phase £ 6 0 i "
. . < : ﬁ : : : I : f
Q,>3*mode (intermediate o 1 2z 3 4 s o 1 2 3 4 s
modes): 2 ; :
Q,-mode: %o 5 g é %0 § o Grommisfisscsihimcd Q]
all bunches exactly in phase g R N S
0 1 2 3 4 5 0 1 2 3 4 5
Bunch Number Bunch Number

ICAP2006 T. Pieloni, p.10



ALM: Adv & Disadv

J Advantages:
Easy definition of any beam filling scheme and
collision patterns
Fast calculation speed
Get all modes frequencies (eigenvalues)
Give information on bunch pattern (eigenvectors)

1 Disadvantages:
LNon-linear terms not treated
ULandau damping cannot be included
Higher order modes cannot be evaluated
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Rigid Bunch Model

Bunches: Gaussian with varying
barycentres (X,Y) and fixed (o,,0,)

At BBI bunch at (X,,Y) receives a
transverse kick from the opposﬂe bunch at

(X,,Y,) and transverse sizes (o,,0,) and
vice versa
’ 27, N. T
A(Xl) = Z:Y pO,/BZ FXz(Xl_X2aY1_Y270§{2a0%/2)
X2

Between BBI: linear transfer (rotation in
phase space) and can be anything else
(transverse kick from kickers, collimators,...)

dFourier analysis of the bunch barycentres turn by turn gives the
tune spectra of thedlpole modes |

T. Pieloni, p.12
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ALM vs RBM: multi BBIs

Inputs:
4 bch beaml vs 4 bch beam 2 equi-spaced

« Different collision schemes (only HO)

AQp™ = Nips * Epp

MULTI HO collisions ococvcee 'S oo
' 1HO!P1 4HOIP1,8,5,7_
P o e Same number of
2 : . modes
£ 5 £ | | « Same tune shifts
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ALM vs RBM: intensity effects

Variable _
4 3 2 1 1 2 3 4 Intensity Inputs:
ocoe 's oo « 4 bchvs 4 bch

e same collision scheme
e intensity variation of b,

ALM:;
« All modes visible

o Sliding of modes with
the intensity variation
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ALM vs RBM: bch to bch differences
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RBM: Adv & Disad

J Advantages:
Easy definition of any beam filling scheme and collision
pattern
dBunch to bunch differences can be predicted

dGood calculation speed
Non-linear effects treated only for Gaussian bunches

1 Disadvantages:
LNon-linear terms partially treated (field calculation not
correct)
dLandau damping cannot be included (rigid bunches)
Higher order modes cannot be evaluated
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Multl Particle Simulations

dBunches: N, (104-10°) macro particles

At BBI each particle of bunch (X;,Y,)
receives a traverse kick from bunch
(X,,Y,) and vice versa. Barycentres (X,Y)
and sizes (o,,0,) change and are
calculated from the particle distribution
(assumed Gaussian) just before a BBI

/ 27, NN. ,8 T °
A(z1) = {; ? Uzm Fx,(z1 — X2,71 — Y2,0%,,0%,) \‘:';:.’
X2

Between the BBIs: linear transfer (rotation in phase space) and
anythlng else (transverse kICk from klckers colllmators etc)
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MPS outputs:

[ Coherent effects: Fourier analysis [ Incoherent effects: studies of
bunch barycentres turn by turn gives emittance behavior in different
tune spectra of dipolar modes conditions

4 bunches 10° macroparticles
» 2-4 HO collisions
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RBM vs MPS vs Analytical solutions

4

Inputs:

= 1 bunch beams 10°
macroparticles
= 1 Head-on collision, 1 LT 25

3.5

3

Qbeaml = Qbeamz 2
= Run of 32000 turns

Q/ &

1.5
1F

0.5

4 Benchmark with
analytical solutions
of simple cases 0 0.5 1 15 2 25 3

0 ==
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RBM vs MPS: Super pacman bunches

[ all bunches
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modes inside their different
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MPS: Adv & Disad

J Advantages:
Easy definition of any beam filling scheme and collision
patterns

Non linear terms properly treated
dLandau damping can be reproduced

Higher order modes can be reproduced
dCorrect field calculation (depending on field solver used)

Incoherent effects can be studied (emittance growth,
beam lifetime

1 Disadvantages:
Does not give all mode frequencies due to damping
UTime consuming
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Need for Parallel Computing!!

# Beam filling scheme #

Simplified LHC example.... 4 Traine © bunch eech
36 bunches per beam each N,,,=10% 91710 91710
» 4 Head-on collisions per turn 9 1 71 0 91710
* 64000 turns run (only 5-6 s of LHC) ™ ; ;
— Multi- partlcle : : ; : ]
# Collision Scheme # L A : .............. .............. ............ ........
A o | : : ; : : :
1(IP1) HO Ha g T T TR 1 O
a1 LT 6.940 >
81(IP2) HU % P R : .............. .........
202 LT 23.015 21.821 A <
321(IP5) HD ’L[/ E—— , .......... ........ ............ .-
441 LT 23.533 Y ] s z s : -
561(IP8)  HO W AUUPOE 0 A (NN % X NN T | VOO T OO . T
601 LT  7.716 7.870

(Q-Qy)E
d More than 1 week CPU time and
dFew bunches and only 104 macroparticles

No parasitic interactions included
EIOnIy 5-6 sec of LHC (not enough for emittance studles)
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COMBI MPS to Parallel mode

Cluster: EPFL MIZAR (448 CPUs)

\
» Bunch1l
>
J MASTER: =
. >
[ Steps the bunches through the machine Bunch2 | |~
. Check which action must be done and
send command to involved bunches Y et
d Slaves:
_ MASTER
O Store the macro-particle parameters and
perform calculation when an action is Y be oo )
required from the MASTER :
4 Single bunch action: do not need » Bunch 2 g
information from opposite bunch (i.e. LT) 3
d Double bunch action: need information o N
(barycentre position and distribution) opposite "o y

bunch.
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COMBI MPS in Parallel mode
preliminary results

Inputs:

*8 bch beams 106
macroparticles

«1-2 HO BBIs
*64000 turns

. ol VT
0.3 0.302 0.304 0306 0.308 0.31 0.312 0.302 0.304 0.306 0.308 0.31

Preliminary Results:

v’ Good results for simple cases (up to max 16 bch of 10% macropatrticles on
16 CPUs for runs of 64000 turns)

> Scalability studies on-going no numbers jet...
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CONCLUSIONS:

1 COMBI: flexible to any beam filling and collision scheme!
O Analytical Model (qualitative correct results)
L RBM (qualitative correct results)
O MPS (qualitative and gquantitative correct results)

LDipolar modes in complex multi bunches coupling cases

dAllows predicting bunch to bunch differences in tune spectra

dincoherent effects like emittance behavior can be addressed

L Damping properties of bunches can be studied

dKickers, instrumentation devices and collimator transverse kick are
Implemented

Higher order modes can be evaluated

d COMBI PARALLEL MODE:
d Same features as COMBI-MPS but faster!!!
O HOPE for a good scalability but still UNDER CONSTRUCTION !
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OUTLOOKS:

L ON-GOING

L Scalabllity studies of the COMBI MPS In parallel mode

dChange field solver from Gaussian approximation to HFMM
solver for fully self consistent BBIs

dMassive simulation campaign with COMBI to study multi
bunch BB coupling for different beam filling schemes,
collision patterns and different beam parameters

dBenchmark of simulation results with experiments where
possible (with RHIC on going, maybe HERA and Tevatron?)

O IN FUTURE
U Longitudinal motion to be included
Jd1If MPS scalability proved then move to EPFL BlueGene
machine for “realistic” LHC simulations
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