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Important Beam Effects

Beam-beam effects

Space-charge effects

Instabillities

Collimation

Cooling

Diffusion and Intrabeam scattering
Beamstrahlung

Polarization

Synchrotron radiation
etc etc etc (20 — 40 topics at USPAS/CAS)



Beams as Moving Charges

 Beam is a collection of charges
* Represent electromagnetic potential for other

* charges

* Forces on itself (space-charge, wake-
flelds/impedances) and opposing beam
(beam-beam effects)

—Main limit for present and future colliders

— Important for high density beams, i.e. high
intensity and/or small beams = for high
luminosity !
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EM Forces in Beams: self fields B,=BE,

same charges repel each other (opp attract) F=eE
same currents attract each other (opp repel) F=BeB=-3?eE

Qualitatively: Balance of These Forces

¢____>Q

F-=(+Q,-Q) attracts
Fg=(+J,+J) attracts

g *Q

=0

_both Fg Fgrepel

J

4 beam-beam ) (. space-charge) ( . induced fields)
= =
Q _ J +Q +J Q _ J
H ] H H .
+J j +J conducting surface 6

F=(+Q,+Q) repels
Fg=(+J,+J) attracts

Total F¢ - Fg repels
= Fg- B ?Fg = Fg/y?

F-=(+Q,-Q) attracts
Fg=(+J,-J) repels
Diff Fg - Fg attracts,

\§ J

€9 skin-eff AF ~ F.2

ER)




BEAM-BEAM (1)



Beam-Beam Effects

* A beam acts on particles like an electromagnetic lens,
but:

— Does not represent simple form, i.e. well-defined multipoles
— Very non-linear form of the forces, depending on distribution

— Can change distribution as result of interaction (time
dependent forces ..)

* Results in many different intensity dependent effects
and problems:

— unstable betatron oscillations
— growth of beam sizes
— particle losses
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Beam-Beam Fields: Start with a Cylinder

.—>. ......................................
il
Baa=Y
€0
long cylinder l g
2 L 3
Inside: F .2l = Trap B = L,’E
€0 2¢€(
1
Outside: Ew27T$L — QtOt Em = QtOt —
€0 27TL€() €T x/oy

I.e. force is linear inside, nonlinear outside




Kick from a Round Gaussian Beam

- (i.e. focusing) for opposite charged beams
'/ + otherwise

ro = €2 /4regmc?

2N r2
Axr =+ 1D 5122 (1—e_¥f)
v or

* The strength of the beam-beam force is
usually characterized by the slope at the
center - focal length fbb

AX’/UK'

cos(2m(Qo + A@BB)) = E:raarrnn-:tiim
cos(2mQo) — 2?23 sin(27Qo) | l
N’I“() \

* For small shifts and away from integer and i AQ BB & F —
half-integer resonances we have: i

_________________________________

* In these conditions the beam-beam tune shift is independent of the beam
energy and of 3



Beam-beam kick in reality

Deflection scan (LEP measurement)
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Beam-beam Detuning with Amplitude

1.2
s |
G Non-linear force -
<! tune depends on the
o amplitude of betatron
£ 08 oscillations
"E large effect for A<sigma
Q 06 small effect for A>>sigma
04
02
U | | | |
0 2 4 6 8 10

amplitude in units of beam size
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Qy

Linear tune shift - two dimensions

“bare lattice” tune

0.311 '

0.31]

0.309 |
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Qy

“bare lattice” tune + linear

shift due to beam-beam

0.311

0311

0.309 ¢

0.308 |

0.307 [

0.306 |

(=core particles)

0.305 : -
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Non-linear tune shift in two dimensions

Tune footprint for head-on collision

0.31
0.31
Qy
0.309; 4 Hl Tunes depend on x and y amplitudes
0.303- | Bl No single tune in the beam
B Compute and plot for every amplitude
0.307r (pair) the tunes in both planes
M In 2 dimensions:
0.306L (0,0 ’ plotted as footprint
core
0.305 ' L L ! I
0.275 0276 0.277 0.278 0.279 028 0.281

Qx
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e+e- LEP vs p-pbar collider Tevatron

LEP

Tevatron

Beam sizes

160 - 200pm - 2 - 4um

30 pm - 30 pm

Intensity N

4.0 - 10" /bunch

3 - 10''/bunch

Energy

100 GeV

980 GeV

g - B

1.25 m - 0.05 m

0.28 - 0.28 m

Beam-beam

parameter (&)

0.0700

0.012 x2 IPs
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Observations (Reality of Beam-Beam)

« Remember: , ]\/’.1 szB

Ao, Oy

* Luminosity should increase [V, /V,
for:

Ny=N,=N = o N?

 Beam-beam parameter should increase oc /V
* But:
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Beam-Beam Limits : et+e- Colliders
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Beam-beam Limit on Luminosity

16

beam-beam parameter and luminosity

2N

-+

L o N

0 0.2 0.4 0.6

bunch intensity
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0.8

First - Beam—-beam
parameter increases
linearly with intensity
Saturation above some
intensity

Then — luminosity
increases only linearly
with N above the
so—-called
beam-beam limit



What’s happening?

g B NTOﬁy (0 ,->\,> Oy) T0 6?] N
v 277’0;@/(0;‘1" ¥ Uy) - 2”7(0:13) Oy
N°fB NfB N J
dro .0, Ao, Oy

* Above beam-beam limit: 6, increases when N increase
— to keep  constant = equilibrium emittance !

* Therefore:

. IS NOT a universal constant !

— depends on tunes/WPs, damping rates, etc
— difficult to predict exactly for hadron machines



pp/pbar Colliders

Imits:

Beam-Beam L

Tevatron Collider Run Il

0.04

* antiproton
* proton

P rP
A

NIP

E=

0.03

PIYS dunj], weag-weay [ejo],

3/9/07 9/9/08 3/13/10 9/14/11

9/5/05

Date
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Tevatron Tune Footprint “Confinement”

20.600

20.590

Qy

20.580

5% order resonances:

1 Q=3/5=0.600 —

EMITTANCE BLOWUP

protons
antiprotons

12t order resonances:
Q=7/12=0.583 -
BAD BEAM LIFETIME

7" order resonances:
Q=4/7=0.571 -
HIGH LOSSES

20.590

20.580
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Resonances matter! ... Diffusion

0.325

0.320—
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» 0.310

0.305

0.300

028?280 0.285 0290 0.295 0.300 0.305 0.310

Tune map: LHC (simul)
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1—-11

=12

= ‘i-'/
Z

-13

-14

Q-

Shown resonances up to
order 20

20

- §,=0.03 ,Q,=0.31,Q,=0.325

N,, = 1e5 , 4D BB
MuColr'25] c&ii&FEV8ZD (X.y)

, Q' =0

10

A,

Amplitude map: LHC (simul)
Shown diffusion rates vs Ax/Ay

d 7'i2 (1-1,‘2
D,-:logw\/ Qi + Q.

dturn dturn

Measure tune of a particle based on (here) 4096 turns -Calculate
linear change over 10 measurements, separated by 10k turns



harmonics of
0, O O}
Lo
* Nonlinear terms in the force F(x,y,t)~x" y"p o(t-kT)
lead to appearance of driving terms oscillating with

frequencies mQ,+nQ,, and therefore open
opportunities for nonlinear resonances if

Non-linear Resonances

1 —
AW/ mQx+n Qy_p
Y 41}"1 .
08 KN |m|+|n| Is order
e
06 LN of the resonance
= 49}’ i.e. resonance diagram up to
- ‘Lﬂﬁg fourth order; importance of the
XN
0.2 resonance depends on the force
shape and order (low order = more

serious; often longitudinal deviations

0 02 04 06 08 1 _ a
matter if MQ,+nQ, +/Q =p
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How to control beam-beam effects?

* Find 'lenses' to correct beam-beam effects
 Head on effects: force is ~r
— Linear "electron lens" to shift tunes
—Non-linear "electron lens" to reduce spread
— Successful e-lenses at FNAL and RHIC
* Long range effects:
— At very large distance: force is ~1/r
— Same force as a wire !
* Overall - success with active compensation
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Attempt #1: Four beams e-e+ e-e+

four-beam collider Dispositif de Collisions dans I’lgloo (DCI, 1970s)
at Orsay with two 0.8 GeV electron beams and two positron
beams of the same energy, all meeting at the same interaction

point (J.LeDuff et al) Q1+Q2+Q3+Q4=0 J1+J2+J3+J4=0
E=B=0
V g Y ¥ V
Vv V
V s —mmm— "
-
'
v &
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Attempt #1: Four beams compensation

05 Y /0 Y
7 b No improvement of performance was
i S0} V4 .. ?" 26 {1 obtained in the four-beam configuration
g °/o g re o compared to collisions of just two beams of
& gl 7w * | electrons and positrons.
s A
5 ml | Atransverse dipole feedback as well as a
o detuning of the two rings did not help.
© 4 Equal beaxa
- A wer Rin E . . .
2 o { 2 tqual beans The compensation is believed to be
L] er Rin;
. unsuccessful due to the loss of beam

§ 0 3 2 % ¥ % stability, both for dipole and higher order

Intensité (mA) modes of coherent motion.

Fig. 12. Comparison between four beams and two beams: £ versus

current at E = 800 MeV and v = .725
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Approach #2: Electron lens

Protons focus pbars +

e-profile same as p+ N, = NjpN, /(1 + Be.). Electrons defocus

1.0 — T | Net effect = zero
Footprint compressed
— U 5 Coasiderations en compensation of beam -beam effects im the Tevatron with dectron beams
=
=
2
@ 0.0
B
A ]
D —
oF
= ] Gaussian
- -05 7 head-
& 0_3_5 ead-on __
S. 06— ]
-1.0 ®© ]
3 7
I : 1 . 1 . I : I 0.4— =
4 -2 0 2 4 1 ‘
Amplitude 2] / 7]
1 @
000001 0I2| |0I4l | BT | l0|6| T |0|8l LI I1I0
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Electron Lens Compensation

[ | Y 1] ¥ 1 | . !
| longitudinal |
magnetic field

1 = Antiproton bunch il Flectron beam

LOF [

1.0 - proton beam

S
n

_ rpNtot

Son = d7e,
TEVATRON

S
S

Charge density distribution

- Bdam
n= A
]_5.1.1A.|.,.n.i.1.
S5 -4 3 -2 -] 0 | 2 3 4 5
transverse coordinate (x/o)
_p., 15 J.-L -7,
— > e
dQ,, =%~ I
X,y

2r B, e-c-a, -y,
“...to compensate (in average) space charge forces of positively charged
protons acting on antiprotons in the Tevatron by interaction with a
negative charge of a low energy high-current electron beam

(V.Shiftsev, 1997)



Some Facts on Electron Lenses

~4 mm dia 2 m long very straight beam of ~--“"°*~(

~1A electrons (~10'2) immersed .27
oy ettt N\\'Im
ain SC solenoi 03 e :

~

.;.=;z

_____ \ 26m
corre

,.cc(r’o?\.be@ |
. Dipole

o« .\ :
co*° ™~ Gun solenoid

ctor colls

Collector solenoid Collector

MuColl'25 | Colliders VS2 7



1
+
2
C
D
-l
C
O
—
d
O
@
LL
o=
O
—
wid
©
W
-




TEL2 in the Tevatron Tunnel (A11)
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0A55 04590 04595 0600 06058 0610

d

0.600

0.595

0590

0424

0430

0474

0.600

04945

0.5490

04245

0.As0

0474

Tev Run |l: 36x36
bunches in 3 trains

compensate beam-
beam tune shifts

— a) Run |l Goal

— b)one TEL

— c)two TELs

— d) 2 nonlinear TELs
requires

— 1-3A electron current
— stability dJ/J<0.1%
— e-pbar centering

— e-beam shaping



Electron Charge Distribution
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Figure 2. Three profiles of the electron current density at the electron gun
cathode: black, flattop profile; red, Gaussian profile: blue, SEFT profile. Symbols
represent the measured data and the solid lines are simulation results. All data
refer to an anode-cathode voltage of 10kV.

Shiltsev et al., PRL 99, 244801 (2007).
Shiltsev et al., NJP 10, 043042 (2008).
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Electron gun
Copper anode

top view

side view

X (mm)

Tungsten dispenser cathode

with convex surface
Rl B

G. Stancari, et al., (2011)
Phys. Rev. Lett. 107, 084802

Y (mm) X (mm)

) (auw)



TEL e-beam aligned and timed on protons

ln space In time

4 - TekRun | g [ : ] Trig'd
3 TEL-2 f
, : Electron Beam

] Proton Beam

] - lo, 20, 30

0- i . i

1 Antiproton Beam
'l__ lo, 20, 30
=
3
” N f
=31 P, P10 1 i

_ P P11_ ¢
-6 +——————————i—r i [ - it =

Chll 100mV  Ch2i 100mV M 200ns A Chd v 228V
4 -3 2 -1 0 1 2 3 4 5 6 100mV  &Chd] 2.00V
X, mm W+~ [1.46800us |

Transverse e-p alignment is very important for minimization of noise effects and optimization of positive
effects due to e-beam. Ziming is important to keep protons on flat top of e-pulse — to minimize noise and
maximize tune shift.
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Tevatron Electron Lenses (2001-2011)

« Technology proven, tune shift ~0.01 demo’d
* First successful active compensation
* Head on effects compensation:

— Reduced emittance growth of a PACMAN
antiproton bunch (“scallops” effect)

» Long range effects compensation:

— Significant (x2) improvement of the lifetime of
most affected proton bunches

By shifting tunes of otherwise unfavorable
bunch away from resonances
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Tuneshift dQ,,,,=+0.009 by TEL

-66 . T
~63 11 |
- | |
78 = L f -
-72 ]
et o ’ | i
= .
; f‘ \ ]
e i il 1&1 | '_'_:
e i W U AL 1
TN W AR
i
—881 ' ! BERS
=RRE | l
_83 o QT I = ! | (4 S T ol Ty B AL i2Y Al LA ) Ao )
574 ,576 .578 .58 .5982 .584 .586 ,.588 .59 V992 JBY9¢
Horizontal avygs 8

Three bunches 1n the Tevatron, the TEL acts on one of them
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“Scallops” in Pbar Bunch Emittances
Too close to
8 30 —O 6

Bunches 1.12 Bunches 13-24 Bunches 25.36

onlh —_— N N

95% normalized vertical emittance, pi mm

L
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ittance Growth of A33 Suppresed by TEL

1 Store #2540
Tintt o ‘ May 12, ‘03

.8 I
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sInsEtl mm .95 L
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Mﬁnﬂﬁﬁ i IF%
— —
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______________________________________________________________________________________________________________________
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TEL2 on One Proton Bunch P12

T u T - 0.35
bunch 24 WA LT TR W
236 T, =8.66 £0.1 hr TEL current readback L 0.30
3\; . - .
Y SR I e 2 f:./
e e When TEL off:
= - s V8 T bunches #12 and #24
*Qa) bunch 12 "% o B R have same lifetime of
% 232 4 7,;=8:75£0.1 hr Mg 8.7 hrshrs=11%/hr loss
5 : : o
-© 5
= s -0.10=<4
5304 T, =17.440.1 hr =" VONEREY o0 L §
X 0.05
~2X - : : . ——=9% 0.00
10 15 20

ime in collisions (min)
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Approach #3: Head-On Comp’n in RHIC

p+ beam lens
defocuses

With e-lens, one can compensate
Head-On effect: not only the tune & _
footprint, but also the resonant =%z
driving terms if elens is placed 180

degrees (betatron phase) away from e —

the main IP (one IP compensation) e P




RHIC pp 2015 elens Success

1.00 . ——0pAl, 0 mA

0.90 F \\ ===-2x pAl, 0 mA

0.80 E \\ ———2x pAl, 365 mA

070 _ \ = = 2xpAl, 560 mA
= E \ ——2xpAl, 750 mA
= 060 \ = = 2xpAl, 890 mA
F 050 \e e+ 2xpAl, 1030 mA

= \

T 040F

0.30 f

0.20 f

0.10 - ' relp e S Sy AN

0.675 0.680 0.685 0.690 0.695

Horizontaltune

Figure 7: Tune distribution width reduction with the RHIC electron lens, mea-
sured in the proton beam with p+Al collisions. The distribution widens due to
two beam-beam interactions, and narrows again with increase of the electron
lens current to 1.03 A [9].



Electron lens parameiers

RHIC pp 2015 elens in Ops iwi™ & i 4

Kinetic energy E, kV 5 5

Relanvisue factor /i, 014 0.14

Relativistic fuctor y, 1.0002 1.0002

Current /, A 1O 043/0.60

Electron beam size at um 350 650
interaction

Linear tune shift 0.0147 0.01

1ol 0 Rmbspet _

. D W © o o |With0.6A,2.1m long,
® Runl2avg OW 1 5KkV e-beam,

| OQQﬁO °o© 1 essentially:

| - one out of 2 IP head-

on effect cancelled,

| - max allowed beam
intensity increased
by ~40%,

| . | | - peak average lumi

10 12 14 1 18 20 22 24 ~tripled, averaged

Bunch intensity [10'] lumi ~ doubled

FIG. 3. Peak and average store luminosity in polarized proton
operation at 100 GeV beam energy in 2012 and 2015.

Luminosity [10*%cm~2s~!]

0 L N - -




Approach #4 : Wire Compensation
of Long Range Beam-Beam Interactions

1.0

Fields of separated p+ beam: | | = —
ENNIPS Np /d 5l e + DC Wire _
B=E

Field of separated conductor
(wire):

E=0

B~2J,/d oy

| 3 |
—10 -5 0 5 10

Combined effects of p+ beam + e-
beam will cancel out if L g -

wire is placed at the same d
wire kick Jxlength matches NN,

0.0

Az'la.u]

=05 |

LR.LS

" weak beam

(J.P.Koutchouk, G.Sterbini et al)



Wire Compensation in the LHC (2018)

14th September 2018 - FILL 7169

250 4 —®— Regular bunch
—@8— Super-pacman bunch
—== Burn-off limit

MN/r [mb]

11:00 11:10 11:20 11:30 11:40 11:50 12:00 12:10 12:20

300 l

E’ m— \\ire IR1 left

E 200 _-— |IR1 rlght

8 — |R5 lgﬁ ‘

.g 100 4 =™ IR5 right

; u
0 -

11:00 11:10 11:20 11:30 11:40 11:50 12:00 12:10 12:20
UTC time [hh:mm]
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Proton losses in
collisons are
due to:
Luminosity burn
up dN/dt=-1x80
mbarn

and beam-
beam effects -
different for
regular and
PACMAN
bunches

So, plotted is
dN/dt/Lumi
for regular and
PACMAN
bunches



Beam-beam topics also include...

 Beam-beam effects in linear colliders
* Beamstrahlung

« Asymmetric beams

* Synchrobetatron coupling

* Crabbed and crab-waist schemes
 Monochromatization

» Beam-beam simulation codes

.. etc.
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BREAK (!...?)

SPACE-
CHARGE
EFFECTS



Intense Beams : Forces and Losses (1)

eE
l Electric Force Repels

l eB(v/c)=eE(v/c)?

Magnetic Force Attracts

Net Force: Repels
eE-eE(v/c)? =eE (1- B?)=eE/y?
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Intense Beams : Forces and Losses (2)
Defocusing Force is Non-linear

F

max

~eN/ag?y?

S

Space-charge effects (emittance growth, losses):
a) proportional to current (N)

b) scale inversely with beam size (o)

. . . Linacs 5-20 MeV/m
c) scale with time at low energies (y) Rings 0.002-0.01 MeV/m
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Space-charge: Core vs Tail

Without space charge:

With space charge:

47

Focusing quads
Defocusmg quads

Particle
orbit

NNVVVVIAAAAVVVVVVVVV
LHHU N AU TN T

J. Eldred Transverse Dynamics Accelerators

Beam envelope

electric field




Space-charge effects: Proton Rings

e SC tune shift

AQsc =

resonance conditions
—-—- skew sextupole
— sextupole

- = skew quadrupole
- quadrupole
— dipole

n+1.0

n+0.8 -

n+0.6 -

n+0.4 -

Vertical Betatron Tune Qy

n+0.2 |

n+0.0
7 i
7 "H E®

n+0.0 n+0.2 n+0.4 n+0.6 n+0.8 n+1.0
Horizontal Betatron Tune Qx
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Space-charge Tune-spread & Betatron Resonances

halo

v
~N

Space-charge

Tune-spread ' ‘
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Max SC tuneshift Achieved: -0.2...-0.5

)
E;JE, N, T P |AQ.. |%~, % C S T

ISIS 0.07/0.80 3.1 00ls 200 | 04 | 2 163 10 4.31/3.83
PS-B 0.05/1.4 025 1.2 n/a* | 050 | 5 20 157 16  4.3/4.45
CSNS 0.08/1.6 1.6 0.02 100 | 028 | 1 20 228 4  4.86/4.78
J-RCS 04/3 42 002 500 | 035 | 0.3 10 348 3  6.45/6.32
FNAL-B 04/8 045 003 84 | 060 | 5 20 474 24  6.78/6.88
CERN-PS 1.4/28 15 36 n/a* | 024 | 3 5 628 50 6.12/6.24
JPARC-MR  3/30 27 15 515 | 04 | 1.5 10 1568 3 21.35/21.43
FNAL-MI 8120 51 062 803 | 009 | 25 5 3319 1 26.46/25.38
CERN-SPS  28/450 09 19 n/a* | 021 | 5 10 6911 6 20.13/20.18
PSR 0.8 31 6e4 80 | 029 | 0.3 90 10 3.18/2.19
SNS-R 1 14 0.001 1400 | 0.15 | 0.01 248 4 6.23/6.20
FNAL-RR 5 52 0.84 54 | 0.09 | 25 10 3319 1 25.44/24.43

—

Figure 3: Operational high intensity RCSs and accumulator rings: injection/extraction kinetic
energies F;/E, in GeV, number of protons per pulse N, in 1013, beam acceleration/storage time
T in s, average beam power P in kW, maximum SC tune shift AQ,., fractional intensity loss
Jon, = AN,/N, and emittance growth %, = Ae/e in %, circumference C in m, lattice periodicity
S and tunes Q.. (¥ For CNGS operation in 2005-2012, the SPS delivered 510 kW average power

at 400 GeV). Figure and caption from [10].
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Ways to Increase “Protons Per Pulse”

* Increase the injection energy:

— Gain about N,~ £)°, need (often - costly) linac> - _}1/5_0\25
« Flatten the beams (using 2"¥ harm, RF): & - E
— Makes SC force uniform, N,~x2 §’ o =
« “Painting” beams at injection: c
— To linearize SC force across beams Np~x1 5 § : jj%?&”éﬂ

» Better collimation system beams: ‘
— From n~80% to ~95% N,~x1.5 Time (ns) ‘
 Make focusing lattice perfectly periodic:
— Eg P=24 in Fermilab Booster, P=3 in JPARC MR 2> N,~x1.5
* (to be tested) Introduce Non-linear Integrable Optics
— May reduce the losses and allow N,~x 1.5-2
* (tbt) Space-Charge Compensation by electron lenses :
— Electrons to focus protons, may allow Np~x1 D -2



Space-Charge Compensation R&D

60
charge
density
n(r)

50

net force:
e(E-BB)=¢E/y?

s> CE
evxB=efE

I, across the beam
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Instabilities

 Beam instabilities are driven by the electromagnetic interaction
with the accelerator environment (-> wakefields/impedances)
and by electron clouds.

« Above a certain intensity threshold the beam’s oscillation
amplitude increases exponentially and the beam is either lost at the
wall (transverse instabilities) or from the RF bucket (longitudinal)
and/or the emittance increases.

Presently, heat loads and instabilities are one of the main beam
quality and intensity limitation in particle accelerators for high
iIntensity and brightness !

Finding “cures” for instabilities is one of the major challenges in
beam physics and accelerator technology for future machines.

High energy beams: Beam instabilities are a ‘current effect'.
However, synchrotron radiation, photoelectrons or other high energy
effects affect instability thresholds.
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Maxwell’s equations and Lorentz Force

beam pipe
V-E=g s -\
V-B=0
VxE=-9
VxB=,unj+%% U " U

Image current
+ boundary conditions at the walls

Impulse approximation Rigid bunch approximation

cApzq[:(E+va)ds j=Bocpez

The EM force continuously acting on a test
charge is lumped in a single kick after the
passage through the structure.

EM forces due to : a) wake fields and impedances,

b) electron cloud, c) beam-beam, d) etc
6 MuColF25] Colliders VS2 See more in USPAS lectures

The beam traverses the structure rigidly.



Wake-fields

W (r5,11,2) = ——f [E+v X B](rz,z b= +S

T. Weiland and R. Wanzenberg, “Wake Fields and
Impedances,” in CERN Accelerator School (CAS),
1993. 20, 28, 99

L. Palumbo, V. G. Vaccaro, and M. Zobov, “Wake

Fields and Impedance,” in Cern Accelerator
School, 1994. 20
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)ds

g2 o—r .
S *—

L Z

-

Longitudinal:

9 _ _
Wi(z) = 0 E (I‘z =0,2,t =
Transverse:
W.(2) == [ " [E+vxBL(r

2.8
c )ds
=0,z,t= At




Wake-fields - Examples

0.100 T

5.000E-02

i [

1 I ( {
1 0511 MeV Hlf @
] v I.I

o= =200 .- ' A

Wake fields behind a bunch
: generated at a step-out transition
. : — from a small to a larger beam pipe

Wake fields in a cavity
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What if we have many particles

 Wake-functions

Longitudinal: KL F.ds=—q¢'W,(2) f\

For a test particle in a bunch:

/O‘Ldes =qV V= —qf W”(z—u)/i(u)du
(Voltage kick or Wake potential)

Line density: 1(z) = C;_N
Z
L )
Transverse: fo F.ds=—¢rW.(2)
For a test particle in a bunch:
1 L . _ q2 B _
70m02/0 F.ds = Az’ Az = 70mcszL(z w) A(uw)z(u)du
(horizontal kick) X = (x): local bunch offset
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Even “simple” resistive wall leaves wakes

//7/?/-////’ e

e A
Longitudinal:  W(z) = 77/ 54 zl|’3/2

—~ Cc
. A
Transverse: W, (z) = %3 = L - “Skin-
T ‘z ’ é effect”
A —EM
A field
[ 7
I penetra
I N S R B L | tion
. et : - . - depth
Figure 2.3. Wake electric field lines in o resistive wall pipe generated by a point charge g. The H
field pattern shows oscillatory behavior in the region |z| < 5(2x)"/3b (or |z| < 0.35 mm for an Sp= els
aluminum pipe with b =5 cm). The field line density to the left of the dashed line has been To

magnified by a factor of 40. (Courtesy Karl Bane, 1991.)

Key points: a) longitudinal wakefield leads to particle energy
loss and pipe heating; b) transverse wake is defocusing for
svacuum beam pipe (focusing in case of electron cloud)



Consequences: two-particle model

In linacs: Beam-break up
(BBU) instability

,a:r\\\% Linac e

\ 7 —>
-~ -
-

) Z g In rings: Head-tail instability
Two-particle coupled betatron oscillations: (aka TMCI = Transverse
Mode Coupling Instability)

o+ xxr; =0
2

’ ¢’ N,W.(z) Q:

0T XT) = = —
v o 2LEU o X Rz m=1
New coordinates: *l
T = .ng"_'?,% [=1,2 Vmg
Solution: .
) 3 e Linear growth !
7.(s)=72.(0)e

sz ( ) N | 1

fﬁ‘? (S) — ilﬂ (O) e_ixs ﬂlz 4EULX -Tl (0) Se—m Beam current




Intensity Limits and Cures

Beampipe heating is important for cryo — may limit on N, /,

Instabilities severely limit either single bunch current /, or total

beam current N, 1,

Cures employed so far:

1) Reduce wakes/impedances — no discontinuities in beam
pipe, better conducting materials, etc

2) Inlinacs — BNS damping= introduce energy difference btw
head and tail of the bunch (RF phase choice) leading to
slight difference in the betatron oscillation frequencies

3) Inrings
1) Feedback dampers (might not work for single bunch instabilities)

2) introduce betatron frequency spread via chromaticity dQ=Q’(dP/P)
(does not always work) or octupoles dQ~Oct*s? (mostly worked so
far) or electron beams for Landau damping (next gen colliders)
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Intensity Limits and Cures
168 LHC octupoles for Landau Damping

Pa—
a

Tune shifts (integrated): | at these octupolse
Jare so nonlinear that they reduce
AQ. = a.J. = buJ, | Dynamic Aperture of the collider
AQ, = a,J,— b.,.J, - affect lifetime



Landay Damping by Electron Lenses

dc e-beam Similar to the beam-beam force !

Matched transverse beam radii.

Gaussian
- et Gaussian electron Tune shift induced by a
- 22i[s~. . beamprovides a counter-propagating electron beam:
'_'/:.:-:::;;::._-_E'fj_.'-__‘;- * nonlinear tune shift.
IR AQ: = 1+4. Llr,

’ B. 2mece,

/\ V. Shiltsev et al., PRL (2017)
20
I

Example: One e-lens (I=2 m, |.=1 A) in LHC would
provide a tune spread similar to the 168 octupoles.

64 MuColl'25 | Colliders VS2



Collimation

* To protect from enormous beam power (and power density) of
high energy accelerators and colliders — events and
processes:

— Injection errors

— Instabilities

— Losses due to beam-beam, beam-gas, intrabeam scattering, etc
— Synchrotron radiation photons

* Protect magnets, RF and detectors !

1000 T T T T1IT T T T TrIr T T 11Tt .II v ! I ! III I i
g 100 (top) - Beam Vb
= LHC [ : : .
> % | |
2 () W 'I' ) |
8 10 ISR o | I‘
(0]
e & SPS m HERA pd e .
g 1 ‘ < | |
2 TEVATRON | :
D
o) 0.1
P~ W SppS
L m SNS LEP2 m o
0.01 lllld 2. g 2 llllll A4 1183 | _-
o 0.1 1 10 100 1000 10000 6 4 . - ", [2 | 4 6
< ransverse amp itude [o
Beam momentum [GeV/c] N oS J




Collimators

 Tevatron 12 collimators:
_ Hor and Vert Damage to E03 1.5m Collimator

— Proton and antiproton
— 4 primaries
e 5mmW
— 8 secondaries
* 1.5 m stainless steel
* Flat to <25 micron

* As close as few mm to
the

« Efficiency 95-99%
— reduction of

background in CDF and
DO detectors x20-100

ss see lectures NM1-4




(Most Sophisticated) LHC Collimation

principle of multi-stage cleaning

67

cold
aperture

protection
devices

primary |

beam halo

circulating
beam

shower
absorbers

primary
collimator

secondary
collimator

tertiary

+ hadronic showers

secondary beam halo
+ hadronic showers

___fé:é?:‘:’:f:.

tertiary SC
collimators ftriplet

beam halo

bassannnanssncnsnsse Memssnusnsnsssnssannnone

Efficiency > 99.99%

l.e. <0.01% escapes
dedicated absorbers

cleaning insertion

IP



Collimation Challenges and Cures

« Too many, too close to beams - large wakefields/impedance
« Can be damaged/destroyed .... NEW METHODS

Bent crystal collimation

Crystal collimation

shower i

absorber ;
absorbers :

channeled
crystal halo beam
; %———?

* ........................... Few mm Si (100)
100’s of urad

Makes bigger deflection - better
interception of scattered particles

Tested at the Tevatron and LHC

\_circulating beam
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Hollow e-beam collimation

HORIZONTAL POSITION / o

6 -4 -2 0 2 4 6
| I (S I L | S

HOLLOW ELECTRON BEAM

VERTICAL POSITION / o
o
|

44 BEAMCORE .75

Few Amperes, few mm
dia, few m long e-beam

Soft “penetrable” & fast diffusor =2
undamageable. Tested at the
Tevatron and being built for LHC




Aperture and Dynamic Aperture

Physical beam pipe ~60-100 mm ...10’s-100’s o
Often coated (eg TiN) and/or grooved (ecloud)

Collimators - losest to beam — 5-10’s of ¢
Often coated (eg TiN) and/or grooved (ecloud)

™~
RF shield fingers around
body (GridCop?)

Beam

@80

Mask head /

Coolina water

The dynamic aperture is the
stability region of phase

Off Ener A Super B Fact
A p/p =0

5 0 14: Sigma x =75 um \p/p=+1%
N Sigma z = 13 um Apip =-1%

0.12[

 Beta x=8.3m
0.1 Beta z=248m

0.08/

0.06

0.04(—

0.02F—

%3 04

X, cm

space in an accelerator —
dependent on nonlinearities
and chromatic effects

For proton machines -
stability over O(1e9) turns

For electron/muon machines
- stability over O(1e3) turns



Beam Cooling NN,

Beam Phase Space Density Increase L: — f coll Ao ot
* As needed for a collider Ky

« Forbidden by the Liouville theorem in non-dissipative systems

100 MeV electrons in IOTA ring
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Diffusion and Cooling (1)

Diffusion equation for beam distribution function f(/,¢), J- action

variable

of _ 9
ot

ot
In the presence of cooling:

dt
where for example: /}

Dipole noise For a single dipole steering error
randomly fluctuating each revolution of the accel-
erator with rms value f,,,,5, the emittance growth
rate is 1
(eN

Jt — —f() yv/c) 3() rms
where 3 is the J-functlon at the location of the
error, and f; is the revolution frequency.
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(10)

b

de,,

—\f En

Teool

Coulomb scattering If the scattering is due to
small angle Coulomb interactions between the
beam particles and other material in the beam

chamber, then
‘)
) = z {
Y (ﬁ "/ "‘)3 Xo

ley 1. 13.6 MeV
—N = ;fn(.f)( : .,(
(12)

dt

meoe=

where 1mc? is the rest energy of a beam particle,
2 its charge, and X is the radiation length of the



Beam Cooling Methods to Date

Synchrotron Radiation Damping — since 1960'’s
« common in all e+/e-rings

Electron Cooling — since 1970's

« Widely used to cool ions and antiprotons Do A el
+ 0.1-8GeV/n (50 keV — 4 MeV electrons DC) NS wtle
Stochastic Cooling — since 1970’s |

« Widely used to cool ions and antiprotons - e
+ 0.1-100 GeV/n (up to 10 GHz feedback BW) ¢ \
Laser Cooling — since 1990's Q2 = ywa (1 — B cosb) =y |

« Works for some highly charged ions | S

* 0.1-0.5 GeV/n, deep cooling, spectroscopy =g @i —t

72 MuColl25| Colliders VS2 Lectures VL13-14 izt e T



Recent Beam Cooling Breakthroughs

2019 - lonization cooling of )

72020 — “Bunched” electron )

muons (140 MeV/c, RAL, UK) || cooling of ions (y~5, BNL)
MICE A
~10% in »i i i

\one pass ™ oo

/2025 — Coherent Electron A /2021 — Optical Stochastic A
cooling of ions (26.5 GeV/n, cooling e- (100 MeV, FNAL)
RHIC) — ongoing PoP exp’t at BNL L _ S

CeC central section

Electron-beam density
amplifier and time-of-flight /| 5

dispersion section for
hadrons

V.=V,

THz

bandwidth
\_




Questions 1?



Literature

« W.Herr, CAS school
https://cds.cern.ch/record/941319/files/p379.pdf
 V.Lebedeyv, V.Shiltsev, Tevatron Book Ch.8

https://indico.cern.ch/event/774280/attachments/1758668/2915590/2014 Book AcceleratorPhy
sicsAtTheTevatro.pdf

* Proc. 2013 ICFA mini-workshop on "Beam-Beam Effects in Hadron Colliders"
https://indico.cern.ch/event/189544/

« Past schools :
— A. Chao, The beam-beam instability, SLAC-PUB-3179 (1983).
— L. Evans, The beam-beam interaction, CAS Course on proton-antiproton
— colliders, in CERN 84-15 (1984).
— L. Evans and J. Gareyte, Beam-beam effects, CERN Accelerator School, Oxford
— 1985, in: CERN 87-03 (1987).
— A. Zholents, Beam-beam effects in electron-positron storage rings, Joint
— US-CERN School on Particle Accelerators, in Springer, Lecture Notes in
— Physics, 400 (1992).

75 MuColl'25 | Colliders VS2


https://cds.cern.ch/record/941319/files/p379.pdf
https://indico.cern.ch/event/774280/attachments/1758668/2915590/2014_Book_AcceleratorPhysicsAtTheTevatro.pdf
https://indico.cern.ch/event/774280/attachments/1758668/2915590/2014_Book_AcceleratorPhysicsAtTheTevatro.pdf
https://indico.cern.ch/event/189544/
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Comprehensive JUAS-book (2371 pages — all topics!)
https://doi.org/10.23730/CYRSP-2024-003.

Instabilities:

A.Chao, Physics of collective beam instabilities in high
energy accelerators (1993)
https://www.slac.stanford.edu/~achao/wileybook.html

Many useful articles:

S.Myers, H.Schopper Accelerators and Colliders
(2013, open access)
https://link.springer.com/book/10.1007/978-3-030-
34245-6

MuColl'25 | Colliders VS2


https://www.slac.stanford.edu/~achao/wileybook.html
https://link.springer.com/book/10.1007/978-3-030-34245-6
https://link.springer.com/book/10.1007/978-3-030-34245-6
https://link.springer.com/book/10.1007/978-3-030-34245-6
https://link.springer.com/book/10.1007/978-3-030-34245-6
https://link.springer.com/book/10.1007/978-3-030-34245-6
https://link.springer.com/book/10.1007/978-3-030-34245-6
https://link.springer.com/book/10.1007/978-3-030-34245-6
https://link.springer.com/book/10.1007/978-3-030-34245-6
https://link.springer.com/book/10.1007/978-3-030-34245-6
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__doi.org_10.23730_CYRSP-2D2024-2D003&d=DwMGaQ&c=gRgGjJ3BkIsb5y6s49QqsA&r=99GqOH5YbxhUv7rqezft6w&m=BEC-fT8Q-VQYNBkDprSzl1zEk9L_L59POtlRoQ-JfTIfsIKw0wnK1skqBLUUD9xB&s=4fAN9XVA6G27kbSOAvYAdhUMF7_UGvTNoWI0uxKp1Bk&e=

Can also be used for Long-Range Beam-Beam Compensation

vary the currents bunch-by-bunch in two e-lenses installed at B,# B,
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Beam-Beam Effects

« Remember:

NN, B NNy B
— L[=—"7"2— = ——=

* Overview: which effects are important for

« present and future machines (LEP, PEP,

* Tevatron, RHIC, LHC, ...)

 Qualitative and physical picture of the effects
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Fields and Forces (1)

« Start with a point charge q and integrate over the particle
distribution.

 In rest frame only electrostatic field: E+0 while B=0
« Transform into moving frame and calculate
« Lorentz force

—

E\=E), E =v-E, with: B = fxE/c

—

F=q(E+( x B)

 Note that F=0 if velocities are collinear
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Fields and Forces (2)

« Derive potential U(x, y, z) from Poisson equation:

1
AU, 11,20 = —g)-p(a:, 1 &)

* The fields become:

—

E = —VU(z,y,z)

« Example Gaussian distribution:

( ) il 2 Yy ¥
p ‘T? 'l/a Z) = 3 eXI) 5 2 2
Ox Uy OB AV 27T 20—;17 20‘@/ 2(7”
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A Common Example: Gaussian

* For 2D case the potential becomes:

« Can derive E and B fields and therefore forces

 Also easy for uniform distribution: £ and B scale
linear with r for r<a, and 1/r for r>a... easy for simple
easily integrable axisymmetric distributions

* For arbitrary distribution (non-Gaussian):

— difficult (or impossible, numerical solution required)
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Further Simplification: Round Gaussian

« Round beams: Or = 0Oy = O

« Only components Er and B are non-zero

« Force has only radial component, i.e. depends only on

distance r from bunch center, ie. |2 _ 2 , >
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Beam-Beam Kick

* Kick Ar" - angle by which the particle is deflected
during the passage
* Derived from force by integration over the collision

assume. m;=ms, a]fld 61262
Ar’
N€2(1 + 52) pe s+ '1_.?1‘.)2
i == (2m)3€gro, b eXp(_ﬁ) " [ Ao b )

y 1 Yoo
< Newton'slaw A,/ _ / F.(r, 5, t)dt
mc3y
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Beam-Beam Kick

* Using the classical particle radius: r; = 62/47%0771,@2

« we get radial kick and in Cartesian coordinates:

2Nrg r | r2
Ar' = c— |1 = ——
r e ~ exp( 52 )
A INrg = -1 ( r2 )
r = ; : |1 —expl——=
v 2 |l b Do ” |
VI LN N PRV
Yy = i — EREI
J Y | ¥ 2g-" |
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Kick(force) varies
strongly with
amplitude:

* linear inside >
like quadrupole
—> tune shift
amplitude
independent at
<< sigma

 1/r outside the

: beam core -
2 3 4 5 amplitude
dependent tune
shift

Highly nonlinear btw
1 and 3 sigma:
e contains many
high order
multipoles

Beam-Beam Kick

P
(=)
|

| 4 (B /anéa’)

x/oc
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Beam-beam strength parameter - tuneshift

» Slope of force at zero amplitude - proportional to
(linear) tune shift A Qu, from beam-beam interaction

» This defines: beam-beam parameter ¢
* For head-on interactions we get:

 so far: only an additional “quasi-quadrupole” BUT non-
linear part of beam-beam force scales with £

Note that for flat beams 6, >>¢, ¢, >>¢,
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Tune Spectra: with/w.o. Beam-Beam

12— .
simulations
08} ’
0.4t ‘
I
0 IR I I B
0.276 0.278 0.280

Qx
Linear force =

all particles have same tune
- one line in the spectrum of
transverse oscillations
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Qx

Non-linear force 2>

particles with different amplitudes
have different frequencies (tunes)
We get frequency (tune) spectra
Width of the spectra: ~¢



In Reality — Even More Complex

Tevatron 980 GeV p and
980 GeV antiprotons (pbars)
Colliding with {~0.028

Force is focusing -2 tuneshiftis
positive

Measured with 21MHz Schottky
monitors

RHIC 100 GeV p + 100 GeV p
Colliding with é~0.020

Force is de-focusinqg = tuneshift
is negative

Measured with BTF (beam transfer
function) monitor
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Complications : Strong-Strong vs Weak-Strong

« Both beams are very strong (strong-strong):

— Both beam are affected and change due to beam-
beam interaction

— Examples: LHC, LEP, RHIC, ...
* One beam much stronger (weak-strong):

— Only the weak beam is affected and changed due to
beam-beam interaction

— Examples: SPS collider, Tevatron (early in Run Il) , ...
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Incoherent vs Coherent Beam-Beam Effects

* |Incoherent (single particle effects):

— Single particle dynamics - treat as a particle passing through a static
electromagnetic lens

— Basically, non-linear dynamics effects:
» unstable and/or irregular motion (“chaos”)
» beam size blow up or bad lifetime
» Very bad: unequal beam sizes (studied at SPS, HERA, Tevatron)

« Coherent (bunches affected as a whole):
— Collective modes

— Bunch-by-bunch differences in:
* Orbits
* Tunes
« Chromaticities
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Coherent Beam-Beam: Modes

0O-mode
| -_—

T-mode
I L > I
TURN n TURN n+1

« Coherent mode: two bunches are "locked" in a coherent
oscillations

— 0-mode is stable (Mode with NO tune shift)
— m-mode can become unstable (Mode with LARGEST tune shift)
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Coherent Beam-Beam: Modes

1
beam—beam modes and tune spread
g - (single bunch case)
:-é 24 -
C T— mode
2 |
1.6 ':
1.2 i
o [ 0—mode
e W T R
Tune

P> 0-mode is at unperturbed tune

P> t-mode is shifted by 1.1 - 1.3 . &

92 ™ Incoherent spread between [0.0,1.0] d

LEP

0012 : : —
l ] | 'Q_FFT_TisG2_99_10_19.07_26 25 u 24
| 1 ] ] | s
| AT T 1]
| ] EREE
001 fonus
|
0008 [~} | |
1 i
L e e
I ol |
Ow‘..,..;.i. { EECY ST ST 7 =
l H { : ! H i ! ) H ! ;
T S R W O (0| | (|| YO S Y S )1 71 ' O -
i | | | | | i i |
“\ N ' b Ly Ll J :
ol 1 1 4 I i 5 ER el I O O Y |

i i 4 1 | 1
020210220230240250260270268029 03 031032033034035036037038039 04
Qx

Two modes clearly visible

Can be distinguished by phase
relation, i.e.

sum and dierence signals



Coherent Beam-Beam: Flip-Flop

Bunch sizes get
bigger or smaller

out of phase

(PEP-II, VEPP-
2000, etc)

The intensity

threshold for the

flip-flop depends

on:

e asymmetry in
beam intensities

e X-y coupling
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Pickup spectrum of the coherent oscillations

|

PV | PRSI PRI & W S PPN CIPPT PP RPUTIPTIPTIND B RPPOIUNT TP |

0.17 ' - 02 ' - 0256

VEP 2000
FLIP-FLOP

3D Flip-Flop effects triggered by non-linearities of lattice. n-
mode on 1/5 resonance. The effect have shown a strong
sensitivity to X-Y coupling, beta unbalance and bunch
length = main limitation in VEPP 2000.



Multi-Bunch Operation: Need and Issues

~ NiN,f - B

Ao, Ty

L

* How to collide many bunches (for high L) ??
 Must avoid unwanted collisions !! Otherwise &22B¢

« Separation of the beams:
— Pretzel/helix scheme (SPS,LEP, Tevatron)
— Bunch trains (LEP, PEP)
— Crossing angle (LHC)
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Tevatron: 36 proton x 36 antiproton

Same beam pipe and P p
magnetic fields 2
same orbits 2
72 IPs

396 ns bunch 88 Need only 2
separation
-2 59 m btw IPs

- separate at 70
- Electric field
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Tevatron High Voltage Electrostatic
Separators

300 kV over 50 mm gap; 3 m ; 24 of them (H/V)
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24 electrostatic

Tevatron Helix separators are used
size 12-15 mm CDF detector
at 150 GeV [
abort .\ 5
6-8 mm
at collisions

DO
detector

vertical
horizontal
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All beam indicators become
bunch dependent due to long-
range beam-beam effects

, _ const .z T
Az’ = ¥ | g + O( d2) +
* Orbits L
* Tunes, couplings = | ax

* Chromaticities
* In both — protons and pbars
* Have 3-fold symmetry (trains of 12)
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Long-range B-B Seen at Low-Beta (980 GeV)

99

Pbar Hor. position (mm)

2.56

2.55

——

2.54

2.53

2.52

2.51

2.5

-‘IIII]UIIIIIIIIIIIIIIIIIIIIIIIIIIII

2.49

18.5 38
Bunch number
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*Synchrotron light monitors
show 40 micron b-by-bunch
hor pbar orbit variation along
the bunch train with 3-train
symmetry (4 microns for
protons)

*Also indicate coupling

differences =2

Bunch #1 Bunch #8§




Vertical Orbit (mm)

Antiproton Vertical Orbit

T T T

Meas. ——
0.05 Calc. @ -

0.03 | \
| n
. .
0.01 F ‘ /

\- In general — very good
agreement btw simulations
@ and measured Q, orbits, Q’s
-0.01 r .
0 2 4 6 8 10 12

Bunch Number 100



Pbar Bunch Tunes in Collisions
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Pbar Bunch Chromaticity in Collisions

20 -
& . N .
194 - AN SN
1o~ il N |
8™ A
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In the LHC

Head-on

Long-range o > 4
15+15 long range
interactions (6-12 o)
« 2808 p bunches in each beam, every 25 ns

* Two beams in separate beam pipes except in common chamber
around 4 experiments

* Local separation via two horizontal and two vertical crossing
and1é2§"'25 | Colliders VS2




Parasitic Beam-beam Kicks

r—-._________..---"
——
=
—_— AX’ d
i Qi}% I X SEp
25 ns _—___‘-—______{_;::_}
“-“-—__--—_"-—-_

For horizontal separation d:

ONTy (2 + d)

A:I;‘,(.I‘ “+ (/, Y, r) — —
~/ ,,_

Y

In LHC 15 collisions on each side, 120 in total!
Effects depend on separation, eg tuneshift
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PAMCMAN bunches due to gaps

* Average orbit and tune variations can be corrected, but:

At &tj &tE At ,

1

At 1 2 bunches missin

(1

AT, 38 bunches missin

At 3 39 bunches missin

m ™ M

At 4 119 bunches missin

total number of bunches=s: 2208

LHC bunch filling not continuous: holes for injection, extraction, dump ..
“Only” 2808 of 3564 possible bunches circulate | 1756 "holes"
"Holeg.coneel.ihlgs” at the interaction point - But not always ...



Effect of PACMAN bunches (end of train)

* Some bunches can meet a hole/holes (at beginning and end of
bunch train) -

* They see fewer unwanted interactions in total: between 120
(max) and 40 (min) long range collisions = Different integrated

beam-beam effect for different bunches
LHC

1 Y —— Measured —— TRAIN [

A

1100 1200 1300 1400
25ns Bunch Slot Number

0
—0.5

Vertical Separation |pum]
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Tune Spread - too large for safe operation

Tune along bunches

Qx slpread for bunches Iir1 beam 1 +
0.314 |- -
0.312 |- -
@
P T THHHHHHHHHEHHHHHHH
S 7 : # : # :
= F % ; ; ! 5
— + +
K -+ % + _halﬁﬁh + ﬁt’;
— 0.31 F + "—'[—|_ + 4;_LF + * -
S i ot o %
N # %
- _ﬂ_‘ -+
O I
I
0.308 - -
0.306 - -
| 1 1 1 1
0 50 100 150 200 250

Bunch number along bunch train
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Transverse Interaction of Co-Moving Charges

Electric Repulsion: Magnetic Attraction:

AT S

L y 2 J

(ALY -
@x 7

E, =qE|
glC:ﬁ(ZAXEL)

Weakened Repulsion with Acceleration:
I

® - e
o — Fi =q(E+vxB),

® _—— .  Fi=q0-pEL=

—
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Space-charge Core vs Tail

Transverse space-charge forces much

stronger than longitudinal space-charge.

Transverse and Longitudinal charge
distribution can be written as separable

f ions:
unctions: 2 4, 2) = AM(2)p.L (2, )

Gaussian cylinder for a line-charge:
E

AAT  Cylindrical Gaussian surface
AA4—J

Infinite

cylindrical
charge A = charge per unit length

09 J. Eldred Transverse Dynamics Accelerators

Relativistic Distortion of EM Fields
“Pancake-ification”

For r <R For r 2 R
E= AJ‘ . E - A
27[80R- 271'801"



Tune Diagrams

Vertical Betatron Tune vy

6.0 6.2 6.4 6.6 6.8 7.0
Horizontal Betatron Tune vy
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resonargce conditions

skew tupole
sextupole

skew quadrupo
quadrupole
dipole

Available Tunespace

Tune Footprint
(density of particles)



Summary

The linear transverse dynamics of a particle accelerator are governed by
Hill's Equation, which is a time-varying harmonic oscillator.

We calculate the trajectory of individual particles through the many
individual magnets of a particle accelerator using transfer matrices.

Transfer matrices are also used for the beam size and oscillation phase,
which are represented by Courant-Snyder parameters.

There are chromatic effects, resonances, and space-charge effects that
complicate the process of designing and operating a particle accelerator.

Some backup slides on longitudinal dynamics.
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