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Circular Accelerators:
acceleration occurs at every turn!
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Circular Accelerators:
acceleration occurs at every turn!
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7 TeV proton beam against fix target 2115 GeV



Colliders: higher energy
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Colliders: higher energy
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The Large Hadron Collider

Calorimeters,

e
plate

= micws

27 Km length

Protons or heavy ions

Maximum 14 TeV center of mass energy
4 Interaction Regions for Experiments




Collider Luminosity L
is the proportionality factor between

the cross section Oevent AR
and the number of events per second
dt
dR P

—— = L X Ocpent UNILS :cm “s

dt

Luminosity is a machine parameter
—Independent of the physical reaction
—>Reliable procedure to compute and measure



Luminosity calculation

Ay

The overlap integral of two bunches < > < 2
crossing each other head-on is ' |

proportional to the luminosity and it N, P, (X,Y,5,-5,)
is given by:

NZ p2 (XﬂyﬁsﬁsO)

+o0
‘CO(KN1N2//// pl(xayasa_30)102(337?%87+30)dajdyd8d80

sp=c-1 Time variable

K — \/(27{ _ @)2 _ (U_1> > 175)2/02 Kinematic Factor



Luminosity formula

+oo
EO(KNlNQ//// pl(x7y787_80)p2($7y757—I_SO)dxddedSO

Uncorrelated densities in all planes
—> Factorize the distribution density as:
o1,y 5,—50) = pra(2)p1y () p1s(s — s0)
For head-on collisions where
- “Kinematic Factor” K = 2
To have the luminosity per second
—>Needs to multiple by revolution frequency f
In the presence of many bunches n,

£:2N1N2fnb
~+o00
////_ plx(x)ply(y)pls(S — SQ) . pr(CE)pr(y),OQS(S -+ So)dxddedSo



Closed solution for Gaussian distributions

Simplest case assumptions:

() = — —exp(y)
. ' ictributi 2(2) = exp
Gaussian distributions Pi,z o2 202
* No dispersion at the collision point Oy = /€ B,
e Head-on collision K=2
2
2N1 N2 ny _ =2 y—g _ 52 SO
L= oy 2f 202) “ie ve “ie °:dwdydsdsg
(v/27)8072 020;)
Equal Transverse beams “Round” beams
01y = 09y N1 N fny,
O1y — 02y L =
dro oy
Un-Equal Transverse beams “Flat” beams
or optics P Ny Ns fry,

O1x 7é O2x
2 2 2 2
Uly ?é 02y 27T\/01x T 0o \/le T 02y
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Different types of collisions

»They occur when two beams get closer and
collide

»Two types

»High energy collisions between
two particles (wanted)

» Distortions of beam by
electromagnetic forces (unwanted) (X1, Y1)

» Unfortunately: usually both go together...
»>0.001% (or less) of particles collide )
» 99.999% (or more) of particles are distorted



Proton Beams = Electro Magnetic potential

»Beam is a collection of charges
»Beam is an electromagnetic
potential for other charges

Force on itself (space charge) and 4
opposing beam (beam-beam effects)

Single particle motion and whole bunch motion distorted

Focusing quadrupole

Opposite Beam

A beam acts on particles like an electromagnetic lens, but...



Proton Beams —> Electro Magnetic potential

»Beam is a collection of charges
»Beam is an electromagnetic
potential for other charges

o—r_o
-

Force on itself: space charge

effects goes with 1/y? factor for high energy colliders this
contribution is negligible

(i.e. force scales LHC 1/y?=1.8 108)

Focusing quadrupole Opposite Beam

A beam acts on particles like an electromagnetic lens, but...



Proton Beams = Electro Magnetic potential

»Beam is a collection of charges
»Beam is an electromagnetic
potential for other charges

Electromagnetic force from opposing beam (beam-beam effects)

Single particle motion and whole bunch motion distorted

Focusing quadrupole

Opposite Beam

A

beam acts on particles like an electromagnetic lens, but...



Beam-beam Force derivation

General approach in electromagnetic problems Reference[5] already applied to beam-beam
interactions in Reference[1,3, 4]

AU — | Derive potential from Poisson equation for
- g p(z,y, z) charges with distribution p

Solution of Poisson equation

U(‘,I: Y, 2,04,04,0 )= 1 /// p($07y0720)d$0dy0d20
R e V(@ —20)2+ (y — y0)% + (2 — 20)?)

—_

E = —VU(CE, Yy 2y Ogy Oy O'z) Then compute the fields

— e YO From Lorentz force one calculates the force acting on
F = Q( VoK ST B) test particle with charge q

Making some assumptions we can simplify the problem and derive
analytical formula for the force...



Beam-Beam Force for Round Gaussian distributions

Gaussian distribution for charges

Round beams: Oz = (273/ :20 )
Very relativistic, Force has only radial component : b1 ro=x" +vy
2
F & . 1 . [1 _ e—m} Beam-beam Force
o (8
Ayl — 1 /Fr('r s,t) dt Beam-beam kick obtained
meSBy T

integrating the force over the

collision (i.e. time of passage
Npro r r2 ( P ge)

Ar’ = — [1— e 247
r r2 ) i
R N Only radial component in
® X ‘@ relativistic case
™ / \\ // \\\
.............. | L \
1,’“2 — -l— . " r T . -=— - o= .
O : | | How does this force looks
\ | |
/ V' g like?
\\y/ \\ /



Beam-beam Force

0.5
0.4;
0.3;
0.2;

Beam-beam force
o

0.1

PR — Opposite charges

Y R Equal charges

-0.1 I
-0.2 /‘,./"'
-0.3 .//
./
-04 R
B R 5 o 5 10
Amplitude (units of r.m.s. beam size)
2
(]' + ,8 rel) T

2TE€Q r 202



Beam-beam Force

Beam-beam force

Amplitude (units of r.m.s. beam size)
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Why do we care?

Pushing for luminosity means stronger beam-beam effects

L ox

Ny Fox—.—.]1—e 202
Ox 0y o r

Ng N, 1 { r2]

Strongest non-linearity in a collider YOU CANNOT AVOID!

2 | S & gt B | s meas 4 0w YN "’a’ . . . aa | Aemerte | Beass Caree W

Tribune

C— Strong non-linear
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beam quality (particle
losses and emittance
blow-up)

Physics fill lasts for many

hours 10h — 24h




Crossing angle operation

~ NiNajfny

L = . -
4770'x0'y Num. of maximum bunches 7T, = 2808

Multi Bunch operations brings un-wanted interactions left and right of
the 4 Experiments

Headé-On

A finite crossing angle has to be applied to avoid multiple collision
points
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Two type of interactions:

Other beam passing in the center force

- HEAD-ON beam-beam interaction

- LHC has 4 corresponding to the 4
experiments ATLAS, CMS, Alice, LHCb

o = 9
M N o

o
(S}

Beam-beam force [ a.u. ]
o

<
~

-range

|
2 9
o o

Other beam passing at an offset r _ |
- LONG-RANGE beam-beam interaction | L .

-8 -4 0 +4 +8

—> LHC has up to 120 LR interactions Pitance from beam cener ]

—_




Multiple bunch Complications
N1Nafny,

Ao, Oy Num. of bunches

[ —

ny — 2808

Head?-On

& ~
L
.......

Due to the train structure of the beams = different bunches
will experience a different number of interactions!
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Long-Range separations

Multi Bunch operations brings un-wanted interactions left
and right of the 4 Experiments



Luminosity Geometric reduction factor

Due to the crossing angle the overlap integral between the two colliding
bunches is reduced!

[ — N1 N2 fnp . S S is the geometric reduction factor
4o, O'y
—l—— c.¢
\/1 Ze tan \/1 o> tan 5 )2
Always valid for LHC and HL-LHC N o .20
Os >> Og,y oc,=17-7 ym,c,=7.5 cm
Q i ——

e

LHC design: ¢ = 285 prad, 6, =17 pm, o, = 7.5 cm, S=0.84
LHC 2018: ¢ = 320 prad, o, = 9.3 um, 6, = 7.5 cm, $=0.61

/2, ¢l



Luminosity Geometric reduction factor

Due to the crossing angle the overlap integral between the two colliding
bunches is reduced!

N1 N3 fny

. S S is the geometric reduction factor
4waxay

[ —

.9 x10%

\/1 7z tan \/1 o= tan 5 £)2 l

Always valid for LHC and HL-LHC
c,=17-7pm,c,=7.5cm

=

LHC design: ¢ = 285 prad, 6, =17 pm, o, = 7.5 cm, S=0.84
LHC 2018: ¢ = 320 prad, o, = 9.3 um, 6, = 7.5 cm, $=0.61

LHC TDR

Og >> Oz y

0.4}

LHC Today

I%
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0 500 1000 1500 2000
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LHC operates at finite crossing angle

HL-LHC will have bunches of 2.2 10! protons per bunch
¢ =590 prad, o, = 9.3 um, o, = 7.5 cm, $=0.26 > 73% of luminosity lost!

Courtesy of R. Calaga

j.L_

1 Crab Cavity Crab Cavity

)

Crab Cavity Crab Cavity

J.F_

Crab Cavities used to tilt the bunches longitudinally and
compensate for the crossing angle at the collision point!
Testing of crab cavities on-going in SPS!

[}




Beam-Beam Force: single particle head-on collision

Lattice defocusing quadrupole Beam-beam force

Linear force

(=}
!
(=]
T

Arbitrary units
Arbitrary units

i i i i I i
-8 -6 -4 -2 0 2 4 6 8 - -
Amplltud :'r: unlts of beam S|ze o)

Amplitude in units of beam size @
2
F:_k‘r FOC— — |:1—e 202:|
g T
For small amplitudes: linear force
For large amplitude: very non-linear

The beam will act as a strong non-linear electromagnetic lens!



Beam-Beam transverse kick

Gaussian distribution for charges Op =0y =0
Round beams: ) ) )
Very relativistic, Force has only radial component : B ~ 1 ro=x" +vy

Fi(r,s,t) = YOLEA) 1 [1 —exp(— } - [exp((smf)]

(2m)3epos T 202

Radial deflection on single particle at r from the center of opposite beams

1
Ar' = F.(r,s,t) dt Beam-beam kick obtained
mepy integrating the force over the
N,rg r 2 collision (i.e. time of passage)
Arf = -2 . [1—e_m]
rooor? . .
A - Only radial component in
‘ / N // \\ « o ne
I , \ relativistic case
1 J \ / \
/ \
/ \
Iy /AR — 7 I .
’]"2 | | I I
o ¥ 7\
\ | |
\/ / |
\ I
\ / \ /
\\E_/// \ /




Can we quantify the beam-beam strenght?

Quantifies the strength of the force but does NOT reflect the

nonlinear nature of the force
Beam-beam force

| I I I \ I I I I I

Beam—-beam force [ a.u. ]

| | | . | I
-8 -4 0 +4 +8
Distance from beam center [ ]

For small amplitudes: linear force

Foc—=¢E-r

The slope of the force gives you the beam-beam parameter f



Beam-Beam Parameter

1
Afr/ — /FT(T,S,t) dt
mcﬁry 10
3l
For small amplitudes: linear force j
Nyrg T _ 2 :
AT/:_ pO, 2.|:1—e 20‘2i| %D_
r T L
2N,rg 1 re 7
Ar = pO_'1_<1__2_|_>] ali
~ r 20
4
Nror 1
&Tflr—a-ﬂ 2 - T f T ;
Yo

_ 5 5(Ar) ~ NrgB*

S 4 or

B Amryo?

5 0 5
Distance from beam center [o]

10



Beam-Beam parameter:

For round beams: For non-round beams:
*k ! *k k
¢ = 5] | 0(Ar )  Nrgf £ NroBs ,
— — T,y —
47 or Arryo? 205,y (0x + 0y)
Examples:
ETE T EE S LHC TDR LHC 2012
Energy GeV 7000 4000
Beam size V 16.6 um 16.6 um

Crossing angle prad




Beam-Beam parameter:

For round beams: For non-round beams:
e B 5(AT)  NroB* e __ Nnb,
- Arn or  Amwyo? Y 2my0, (0w 4 0y)

Examples:
LHC 2012

Parameters LEP (e*e) LHC(pp)

Energy GeV 7000 4000

290

Beam size V

Crossing angle urad




Linear Tune shift due to head-on collision

For small amplitude particles beam-beam can be approximated as
linear force as a quadrupole

Beam-beam force
Fox—€&-r

I [ \ I [ I [ I

Focal length is given by the beam-
beam parameter:

1  Ax" Nrg §-4m

fooxz  q0? B

Beam-beam force [ a.u. ]

Beam-beam matrix:

| | | | -\ | | |
1 O = _[?istance from t?eam center [ :54] *
-4
B 1

Equivalent to tune shift




Perturbed one turn matrix

For small amplitudes beam-beam can be approximated as linear
force as a quadrupole

Froc =&-r
/
Focal length: 1 _ Az _ Nro _ § - 4m
T yo? B*
Beam-beam matrix: ( 51_47T (1) )
— &4

Perturbed one turn matrix with perturbed tune AQ and beta function

at the IP [3*: ( cos(2m(Q + AQ)) Brsin(2m(Q + AQ)) )
—%sin(Zw(Q + AQ))  cos(2m(Q + AQ))

(1) (e ) (1)



Tune shift and dynamic beta

Solving the one turn matrix one can derive the tune shift AQ and the
perturbed beta function at the IP 3*:

Tune is changed

Bo - 4mé

cos(2m(Q + AQ)) = cos(2mQ) — 5

sin(2mQ)

...how does the tune changes?



Tune shift due to beam-beam interactions

Tune shift as a function of tune
0.z

- &=0.01 : | :
1y | - — - =003 ................................. ..................... S S — 4

. e=0 06 i

018+

[ [ . ................................. .................. .......... S . |

I .. ................................. ............................ - “HiLumi LHC 3 IPs

. HL-LHC

: .
.

- —| LHC design
0.2 " 0.3 0.4 0.5

Larger§ ==  Strongest variation with Q

Effects of multiple Interaction Points does not add linearly
(phase advance between IP..)




Linear head-on Tune shift

Tune shift in 2 dimensional case equally charged beams
and tunes far from integer and half

e S & =0.02

/ Zero amplitude
N particle will fill an
<$0.30; |

extra defocusing term

0.28 |
0.26! AR = &y

0.24 0.26 0.28 0.30 0.32 0.34
Q.




A beam is a collection of particles

Beam-beam force

I | I | I | I | I

Beam-beam force [ a.u. ]

-8 -4 0 +4 +8
Distance from beam center [ ]

Beam 2 passing in the center of force produce by Beam 1
Particles of Beam 2 will experience different ranges of the beam-beam forces

Tune shift as a function of amplitude (detuning with amplitude or
tune spread)



Beam-beam force [ a.u. ]

A beam will experience all the force range

Beam-beam force Beam-beam force

Beam-beam force [ a.u. ]

-8 -4 0 +4 +8 -8 -4 0 +4 +8
Distance from beam center [ ¢ ] Distance from beam center [ ¢ ]
Second beam passing in the center Second beam displaced offset
HEAD-ON beam-beam interaction LONG-RANGE beam-beam interaction

Different particles will see different force



Detuning with Amplitude for head-on

Instantaneous tune shift of test particle when it crosses the other beam
is related to the derivative of the force with respect to the amplitude

5F

(=}
T

Arbitrary units

i i i i i i i i i i i i i i i i
-8 -6 -4 2 0 2 4 6 8 10 -8 -6 -4 -2 0 2 4 6 8 10
Amplitude in units of beam size @ Amplitude in units of beam size @

AQquad = const AQw =~ const

*
For small amplitude test particle lim AQ(r) = N”'OIG
linear tune shift 50 dmryo?




Arbitrary units

Detuning with Amplitude for head-on

Beam with many particles this results in a tune spread

\
e Aroé—F
) or

Arbitrary units

i i i
2 4 6 8

AQquad = const AQpp # const
Q(QZ) 4,”,,)/0_2 (%)2 (exp (2) 0(2) )

Mathematical derivation in Ref [3] using Hamiltonian formalism and in
Ref [4] using Lie Algebra



Head-on detuning with amplitude

1-D plot of detuning with amplitude for opposite and equally charged beams

AQOC(S—F 16—

or .l

Small Amplitude Particle of
beam 2 centered at 0 o

0.8r 1

0.4 ]

- | Large Amplitude Particle of '1 !
-0.8F| beam 2 centered at 0 o A f |

Derivative beam-beam force
¢ - .
. —— : .
|
1]
|
|
(
|
gr
|
|
1
|
|

~1.2} (N 1

.\'.f

T T 4 2 o0 2 4 8 8

Amplitude (units of beam r.m.s.size )

Maximum tune shift for small amplitude particles
Zero tune shift for very large amplitude particles

And in the other plane? THE SAME DERIVATION



Head-on detuning with amplitude and footprints

1-D plot of detuning with amplitude

|
_C)
~

I
o
o

Detuning (A Q/ €)

Tune footprint for head-on collision

| 0.31

B T e T STt
Amplitude (units of beam size o) 0.31 € — X
0,6)
Qy
0.309}
0.308]
FOOTPRINT 0.307-
2-D mapping of the detuning with
amplitude of particles 0.306) (00 (1,0) v
0.305 .

0.275 0.276 0.277 0.278 0.279 0.28
Qx



Long Range detuning with amplitude
1-D plot of detuning with amplitude for opposite and equally charged beams

1.6 T T T T T T T T T T T T T T T T T T T T T v T T T T v 7 T T T 4 T T T T T T
1.2¢ Small Amplitude Particle of 1
© ! beam 2 centered at5 o
o
:é U B N -+ n
=
$ 0.4t .
-ﬁ? .
E U_-——""'___‘_‘w. e e
3 : —
0 A /
S 04} \ ’ )
E ! , % ; -
5 —0.8F ‘.H I | Large Amplitude Particle of .
0O x J’ beam 2 centered at 5 o
-1.2} L -
'-._ ,."
. .
_1 6 L z L L . . 5 L L L . 5 L L L N 5 | L L 5 L L L L " L L L

% 4 =2 0 2 4 6 8 10
Amplitude (units of beam r.m.s.size )

Maximum tune shift for large amplitude particles
Smaller tune shift detuning for zero amplitude particles and opposite sign



etuning with amplitude

Tune shift as a function of separation

2-D Long Range ¢
In the horizontal plane long range tune shift

in horizontal plane
In the vertical plane opposite sign!

8-g_
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Z | | I/ 0.312
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N 0.309 |
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Beam-beam tune shift and tune spread

Head-on and Long range interactions detuning with amplitude

0.320

30315

0.310

(0,0)

Footprints depend on:

 number of interactions (124 per turn)
* Type (Head-on and long-range)

* Separation

* Plane of interaction

Very complicated depending on collision
scheme

Pushing luminosity increases this area
while we need to keep it small to avoid
resonances and preserve the stability of
particles

Strongest non-linearity in a collider




Beam-beam tune shift and spread

Higher Luminosity = increases this
area

We need to keep it small to avoid
resonances and preserve the long
term stability of particles

0.320

0315

6)

0.310

0.29? 0.298 0300 0.302 0.504 0.306 0308 0.310 0.312
X

(0.0

| A
N 1" 033 [ The footprint from beam-
= \ ] .
o6 Q. 031 b | beam sits in the tune
o8 diagram
04 0.29 E jig\‘\:
2 Q - 02‘7 | R W =T =T
"""" =027 029 031 033 035

0
0 0.2 0.4 0.6 0.8 1 Q
X



LHC Footprints and multiple experiments

Luminosity Evolution

LHC 2012
Legend . LHCb+ALICE(LR)
) o LHCb
ATLAS+CMS+HCh+ALICE(LR) /)
Or 0.31 /
ATLAS+CMS
/
0305{ ?:
8
z
...operationally it is even more complicated!
...different intensities, emittances...

Atlas

| LHCb

\

LHC Fill 2651

/

Luminosity potential exhausted
= Beams head-on,

0

25 5 75

10 125

i P A
15 175 20
Physics [h]



Dynamical Aperture and Particle Losses

Dynamic Aperture: area in amplitude space with stable motion
Stable area of particles depends on beam intensity and crossing angle

Frequency Map Analysis

HL_15 590 2.2 6D _cc_hllhc HL_15 590 2.2 6D _cc_hlihc

0.33 8 : : -2.0
;?..
7 i -2.4
0.32 ) 28
~ 2 TNy 6 ;: —
4 i 1-32
]
3 1 5 [
0.31 -' ’ H_368
‘ @
\ [F I
3 } 2 af 1-40¢g
\ﬂ aa
=
0.30 : {-24E
-4.8
' 2
0.29 =52
2 —56
0.28 0 -6.0
0.27 0.28 0.29 0.30 0.31 0.32 0

Qx

Stable area depends on beam-beam interactions therefore the choice
of running parameters (crossing angles, 3*, intensity) is the result of
careful study of different effects!



Dynamical Aperture and Particle Losses

Beam-beam linear dependency with Intensity

be 0.¢ Np

Stable Area (o)

\V]
T
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11
Bunch intensity [10  part.]

Our goal: keep dynamical aperture above 6 ¢ = all particlesupto 6 &
amplitude not lost over long tracking time (10° turns in simulation)
equivalent to 1 minute of collider

Example collider collision time : 24 hours
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AT high intensity the beam-beam force gets too strong and makes particles unstable and
eventually are lost
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Smaller beam-beam separation at parasitic long-range encounters
stronger non linearities = smaller dynamical aperture
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DA (o)
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How does it look like in the LHC?

. . . Beam-Beam separation at first LR
Relative intensity decay 2012 experiment P
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Particle losses follow number of Long range interactions



Do we see the particle losses?

Regular Physics Fill of 2012 RUN LHC Beam-Beam separation at first LR
ill NQ. 2710 Bunch by bunch luminosity decay rate 0-1 hours LRs comﬁaris
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Particle losses follow number of Long range interactions
Machine protection implication and beam lifetimes gets worse...

Best peformance of collider always a trade off between beam-beam and
luminosity



Long-range Beam-Beam effects: orbit

Long Range Beam-beam interactions lead to several effects...

Long range angular kick Aaz'(x +d,y,r) = _2N7'0 (z + d)

2
- 2 [1 —exp (_ﬁ)

For well separated beams d>o

The force has several components at first order we have an amplitude
independent contribution: ORBIT KICK

’ »,

Az £

In simple case (1 interaction) one can compute it analytically



Orbit effect as a function of separation
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Orbit effect as a function of separation
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Orbit can be corrected but we should remember PACMAN effects



Vertical Separation [pm)]

LHC orbit effects

Many long range interactions could become important effect!
Holes in bunch structure leads to PACMAN effects this cannot be
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1-2% Luminosity loss due to beam-beam orbit effects



...not covered here...

Beam-Beam compensation schemes
Landau damping and beam-beam
Beam-Beam coherent effects
Asymmetric beams effects

Noise on colliding beams

Van der Meer scans

Leveling luminosity



Thank you!

Questions?
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From the potential of charge beam to the
Beam-beam Force

We need to calculate the field E and B of opposing beam
In rest frame only electrostatic field: E+#0,B=0

We can derive the electrostatic field

In the lab frame the electric and magnetic fields can be obtained:
Ey=E, E =+-E with: B = gxE/c
Lorentz force gives: _ﬁ — q(E -+ g X E)

Ultra-relativisticcase ). = ¢ | (1 + 3°)

Beam-Beam Effect is mainly a TRANSVERSE EFFECT



Beam-beam potential and force

General approach in electromagnetic problems Reference[5]
already applied to beam-beam interactions in Reference[1,3, 4]

We need to calculate the field E and B of opposing beam

In rest frame only electrostatic field: E 7é 0, é — 0

i Scalar Potential can be derived from Poisson
AU = — 5,0(-’17, Y z) equation which relates the potential to the
charge density p
—_
I = —VU(Q;, Y32 Oy O o'z) Then compute the Electric Field from Gauss Law

Then back to the Lab frame we can compute the force

Lorentz force gives: ﬁ — q(E_" -+ g X E)



Beam-beam potential

In the case of Gaussian Beam density distribution we can factorize the density
distribution

p(Z0, Y0, 20) = p(zo) - p(Yo) - p(20)

22 42 2
NB (_ o &0 ﬂg)
3€ ’
Oz0,0,V 2T

P(mm Yo, ED) =

N is the number of particles in bunch

The poison equation can be formally solved using the Green’s function G(x,y,z,x0,y0,z0)

method [25
[25] Solution of Poisson equation

1
U("T: Y, E) — ; fG(Eﬂ Y, 25 Lo, Yo, zﬂ) ' p(j’;[}: Yo; Eg)d.ﬁgdy[}dﬁg

The potential get’s the form:

2 2 2
(EU_ED__U_

)
2r:rE 20;@, Ecrz dfﬂgdy{)dZ[}

1
U(z,y, 2,00,0y,0) = dmeo 0,00, m fff \/(-’E —20)? + (¥ — 1) + (2 — z.;.}?

This is difficult to solve but following [29] we can solve the diffusion equation.



Crossing angle effect

N1 N
7 — 1 anb.S

dro,0y

H{xsyzsa's IJ] g{x:?:ﬁssg]

S is the geometric reduction factor
For small crossing angle Og >> Oy y

Examples: LHC (7 TeV): ¢ = 285 prad, 6, =17 um, ¢, = 7.5 cm, $=0.84
HL-LHC (7 TeV) ¢=590 prad, o, = 7 um, &, = 7.5 cm, $=0.3

70% loss of luminosity if not compensated



S. Kheifets proposal

From the diffusion equation:

o AE ) 5—V — _lp("T’ﬂ y:z) (fDI' t = U)

&V {St B €n

We obtain the potential U by going to the limitofA>0 [/ = lim V
A—0

Solving the diffusion equation instead of Poisson gives a Green’s function of the
form: A3

G("T’ﬂ Y, <, t, 05 Yo, zﬂ) — y E_AEFH‘((R:_ED}E+(y_y“}2+(3_zﬂ}2}

(2V/mt)?

We can then compute the potential
U($, Y, 2,0z, Oya O-z)

2 2 2
N t _ T ¥y g ) A3, —A? [Ar((z—z0)%+(y—yo0)?+(2—20)?)
° 3 f ar f f f e( Sl EJ‘%) ° dzodyodzg
Oz0y0,V 2T €y /0

(@/77)



S. Kheifets proposal

From Poisson Equation:

1 208 20§ 20%) d
U(ﬂf Y, z, ﬂ'm:ugy:ﬂ-z) f‘/‘f.‘v/(. _______ dm@dy'ﬂ‘-%[}--_

LT N

-
—
T

From Diffusion equation:

U(il?, Y,2,02,0y, O-Z)

NE /t d'r f f f e(_ ;ﬁ% N ;fg - 21%3) AB € AE;‘iT_(Ei.:-—:-c-ﬂ-}_j—fg_yﬂJE_{_(z zﬂ} :I d.T: d d
3 P 3 0@Yol=2p
00,0,V 2T €y 70 C_ (2y/7T) ! o

~ -
- -
————————————

This allows to avoid the denominator in the integral and to collect the
exponential which can be integrated



The potential of charge beam: 2D case

Changing the independent variable T to g= 4t/A% and using the three integrations:
co _ 2 b —ac

/ emlau T2bute) gy, — /= T e(=2%) (for : u = zg, Yo, 20)
o a

Our potential assumes the form of:

2 2
-y =
1 Ne o E}{p( crz—]—r;r 255—]—@; 25§+Q)

imeo v Jo /(202 + q)(202 + q) (202 + g)

U(I’:ya Eagmugy:gz) = dq

Since we are interest in the transverse fields, in a two dimensional case

p(xy) = p(x) - p(y)

HZ

pu(u) = —w exp (_E) where u = z,y




2 dimensional problem

The two dimensional potential is then given by:

E 2
_ _¥
o0 E':Kp 25‘2 +q Eﬂ'2+q)

U(z,y,04,0y) f
’ 4’”‘ED V(202 + 9)(202 + q)

dq

n is the line density of particles in the beam
e is the elementary charge
€ Is the permittivity of free space

From the potential we can derive the field

l

E=-VU(x,y,04,04)



Radial Force

In cylindrical coordinates

rZ = 2 + y?

£ _ ne 1) /0‘3 EXP(_ﬁ) Radial component
" dmey orJo  (20%2+¢)

2

B ~ nefcpg ‘ ) /DO EXP(_@;;—.W))
- 4w or Jo (202 + q)

Azimuthal component

dg

From Lorentz Force @ ' — q(E + U X B) Force has a radial component




Beam-Beam Force: round beams

For the case of gq=-e opposite charges

In cylindrical Coordinates rt = T° 4+ vy
ne’(1+3%) 1 | r
F.(r) = 1 =
() 27€ ro| exp(— 202 )
In Cartesian Coordinates:
ne*(1+03%) = | re |
Fm — . . |1 —
(r) 2T€ 2 exp(— 202 )
ne(1+6%) vy | re |
F — . 1 = N
() 2Te r? | exp( 204 )




Beam-Beam Force

If we normalize the separations in units of the beam transverse rms size:

Beam-beam force

05—
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0.3r
0.2f

01—

ol
0.1}
~0.2¢
~0.3+
~0.4+

2N —Opposﬂe charges
! ' - - Equal charges

05—

-10

-5 0 5 10

Amplitude (units of r.m.s. beam size)
2
(1 + ﬁrel) r

2T€Q P



Why do we care?

Tune shift has opposite sign in plane of separation

Break the symmetry between the planes, much more resonances
are excited

Mostly affect particles at large amplitude
Cause effects on closed orbit, tune shift, chromaticity...

PACMAN effects complicates the picture



Dynamic beta effect and beating

 The beam-beam collision at the experiment changes also the optics
of the machine

* This leads to changes in the phase Au and to an “optical error” AB*

* Source of force at the position s, and the effect at position s, in
perturbation theory is given by:

B(so) [77€
AB(s0) =—2m(;ﬂQ) ; B(s)Ak(s)cos [2(u(s) — p(s0)) — 27Q] ds

If our case if optics changes - beam-beam force changes - optics
changes - beam-beam force changes ...

Self-consistent calculation is required to evaluate the effect



Dynamic Beta effect

In a simple case with one beam-beam interaction and seen as a perturbatior
And taking the effect at the source of the error (s=s,)

B* sin(27Q) 1

B sin(2m(Q + AQ)) B \/1 + dmwécot(2wQ)) — Am2£2

Beam-beam interaction leads to optical distortion at

interaction point itself Dynamic beta

Beam-beam interaction leads to optical distortion at

all other interaction points Dynamic beating

Expression above not valid during scan or several interaction

points — needs optics code for calculation



beta*

Dynamic Beta effect single Interaction point

Dynamic beta™

. : ,
1.85 |- \\ _
T
\\ _ '::H"“H.x .
- xh’“‘-.__:--"'--.__ﬁ- H-""“:'“h"“_h%%%
s E = 0.001 |
-:_--:'-\-\.1-:-:: '-"-:.::r'-'----_---\--"-.__ Hh"'"\-\. --\----\-"'\-\....
= ~ "“‘H::.a

1.4 , I |

Q 0.1 0.2 53 e 1

p* sin(2m())

B3 B sin(2m(Q + AQ)) - \/1 + 4dmécot(2m(Q)) — 4mw3E?

Sensitive to:

Beam-beam parameter: §
Tune: Q
Configuration (IPS) and optics (phase advance)

LHC case has 1-2 %
HL-LHC 3-6 %
...Or more



Dynamic beta-beating due to beam-beam effects

Maximum beta change as a function of unperturbed tune

| AB) B 27E
e (F = sin(27Qo) Sop = 0.02
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V001 02 03 02 05
Q0

Maximum beating as a function of tune



Dynamic beta-beating due to beam-

15

beam effects

Evp = 0.02
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From optics codes beating along the accelerator

5000 10000 15000 20000 25000 30000

How will cleaning efficiency and machine protection deal with such

beating?



