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new concepts

beam-beam compensation

electron lenses & electro-magnetic lenses
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LHC: nominal, ultimate, and possible upgrades

nominal |ultimate |upgrade |upgrade '
#bunches 2808 2808 2808 1
rms bunch length | 7.6 7.6 7.6,4.2 7500
[cm]
rms energy 1.1 1.1 1.1, 3.7 5.8
spread [10-4]
beta at IP [m] 0.5 0.5 0.25 0.25
crossing angle 300 315 485 1000
[prad]
beam current [A] |0.56 0.86 1.3,1.3 1.0
luminosity [103* |1 2.3 7.3,9.7 9.0

cm2 s1]




LHC Upgrade Feasibility Study

(F. Ruggiero et al.)
— “LHC-II”, “SuperLHC”

CERN-LHC-PROJECT-REPORT-626

one possibility: Superbunches

[F. Ruggiero, F.Z., PRST-AB 5:061001 (2002);
see also K. Takayama/KEK & RPIA2002 Proc.]



superbunch hadron collider « rakayamaeta,
/_) (_\ PRL 88, 14480-1 (2002)
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for large Piwinski parameter 6c, /(26*)>>1, SuperLHC
with alternating crossing at two collision points

Lﬂat zm fCO”}/A/Q th
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F. Ruggiero, F. Zimmermann, G. Rumolo, Y. Papaphilippou,
“Beam Dynamics Studies for Uniform (Hollow) Bunches or Super-
bunches in the LHC : Beam-beam effects, Electron Cloud,
Longitudinal Dynamics, and Intrabeam Scattering”, RP1A2002
“Beam-Beam Interaction, Electron Cloud and Intrabeam Scatterir

for Proton Super-bunches”, PAC2003



luminosity increase in the long-bunch regime
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or hollow bunches, maintaining AQ,,,=0.01 with alternating x-y
crossing at 2 IPs [F. Ruggiero & F.Z., PRST-AB 5, 061001 (2002)



schematic of super bunch in rf barrier bucket

}// bunch

barrier rf barrier rf

alternatlve CERN scheme 3 rf systems

of RF systems, .

T2(%) dé 051 0?0 031 084 oae (H. Damerau, R. Garoby,

Luminositygan | 1.00 | 144 | 158 | 166 | 1.72 WEPLTO15)
Tot. voltage[MV] | 16 | 26 | 15 | 1.1 | 1.2
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mountain-range plot
llustrating the
formation of long flat
“superbunches” in the
LHC, by a sequence of
compressions and
bunch mergings

H. Damerau, R. Garoby,
WEPLTO015




beam-beam interaction
* beam-beam limit

e random & ground motion
 long-range collisions

e alternating crossing?

e crab crossing

* beam-beam compensation



‘weak' beam protons

head-on beam-beam interaction . jewse
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P emittance growth due to random offsets

2 2 .2 emittance growth
Ac  Npdr (AX)”“S o110 Frey from turn-by-turn

At Jo random offsets Ax

SuperLHC: %, ,=0.25 m, np=2, &,,5=0.005,
v=7500, ye=3.75 um

requiring less than 10%/hr emittance growth

> AX<12 nm ~ 103c"
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emittance growth from beam-beam offsets  lattice

caused by natural ground motion / et
2 2 2 D2 2
& - Np 87 (Ax)rms Sro R P(fo)fo
At B
ground 1 1 lower E
motion P(f )OC i cutoff 0 C
POWET f3 f4 frequency
spectrum
HACRE=20 Ag/At only several 10°
quiet LEP tunnel A per hour in SuperLHC
p(F) 107 m? however at HERA site:

" f[Hz]® Hz several % hour

E. Keil, CERN SL/97-61 (AP); J.M. Juravlev e tal., CERN SL/95-53.

lower frequencies may contribute for asymmeric optics as in LHC



long-range beam-beam collisions
e perturb motion at large betatron amplitudes,
where particles come close to opposing beam

e cause ‘diffusive aperture’ (Irwin), high
background, poor beam lifetime

e Increasing problem for SPS, Tevatron, LHC,...
that is for operation with larger # of bunches

#LR encounters
SPS 9
Tevatron Run-1I 70

LHC 120




LHC: 4 prlmary |PsS
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partial mitigation by alternating planes of crossing at IP1 & 5 etc.



experience from Tevatron Run-II

“long-range beam-beam interactions in Run Il at the Tevatron
are the dominant sources of beam loss and lifetime limitations of
anti-protons ...” (T. Sen, PAC2003)

8y Vertical Pber Emittance st 160, ve tine LR collisions reduce the
- o s dynamic aperture by about
r 3o to a value of 3-4c;
c s little correlation between
s * tune footprint and dynamic
! . aperture
g '\
! : = drop in e, for first 4 pbar

bunches after injection; asymp-
totic emittance is measure
of their dynamic aperture




fractional vertical tune

0.324

LHC collision, IP1 and IP5 only
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fractional vertical tune

LHC nominal collision
+-150 murad, with and without pacman tOtaI L H C
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diffusion rate (log scale) as a function of amplitude
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long-range collisions long-range tune shift

head-on beam-beam tune shift 1
rpr,B* Glr = F2NrSHo q2
§HO ==+ 2
Aryo

o x=xiJp, |LHC: &, ~0.33¢,,

d

C B e) x=(ax+ BB,

Hamiltonian for horizontal crossing
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horizontal crossing: horizontal dipole, quadrupole, sextupole,...

vertical crossing: vertical dipole, quadrupole, skew sextupole,...
alternating crossing: less tune spread, but more resonances
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t
0= Q][ THa] for det(M ) < 0| inherently

unstable
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contour plot of det(M); determinant is negative for all
amplitudes; darker areas signify larger negative values



nonlinear ‘coupling’ between little motion at small

the planes? but stable amplitudes but particle
loss at 6 o
/o XX Crossin / '
g EXCIOSIG =~ yg Xy crossing
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all 2 \ ] n ’* v
2t e (I
L ‘
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sample trajectories projected on amplitude plane

tune spread gives incomplete characterization of the dynamics;
experimental simulations of the two crossing schemes will be
compared at the SPS



- R. Palmer, 1988
J Crab CaV|ty K. O?dr(:,eli. Yokoya

combines all advantages of head-on
collision and crossing angle

~ cE, tan(6, /2)
crab — -
ea)rf Vﬂ ﬂcrab

max
A ¢crab <

Vv

variable symbol |KEKB SuperLHC
beam energy E, 8 GeV 7/ TeV

rf frequency feran 508 MHz |1.3 GHz
crossing angle |©, 11 mrad |8 mrad

IP 3 B* 0.33m 0.25m
cavity B Beay 100 m 2 km

kick voltage Vi iab 1.44 MV |46 MV

|phase tolerance

0.06 mrad



historical attempts of beam-beam

‘simulation’ & compensation

4-pbeam collisions at DCI ~1970 charge neutralization;
limited by collective instabilities (J.Augustin et al., Y.Derbenev)

nonlinear lens at ISR, 1975 “simulation’ of head-on
collision, copper bars with 1000 A current (E. Kell, G. Leroy)
octupoles compensating BB tune spread for LEP, 1982
(S. Myers)

octupoles at VEPP-4/-2M & DA®NE, 1986, 2001
(A. Temnykh, M. Zobov)

plasma compensation for linear & muon colliders, 1988
(D. Whittum, A. Sessler et al.)

Tevatron Electron Lens, FNAL, operational since 2001
compensating intra-&inter-bunch tune spread (E.Tsyganov, 1993
V. Shiltsev, 1998)



PE F-6 LEP Note 400

25.8.1982

INCREASE OF THE BEAM-BEAM LIMIT BY COMPENSATION
OF THE BEAM-BEAM TUNE DEPENDENCE ON AMPLITUDE

S. Myers

Conclusions

Compensation of the vertical tune dependence on amplitude brings about a
significant increase in the beam-beam limit for LEP. Unfortunately the use

of magnetic octupoles to provide such compensation seems excluded due to the

large required integrated field strength.

(Courtesy A. Verdier)



V. Shiltsev

Fermilab Tevatron Electron Lens

s designed
to compensate
beam-beam
tune shift
of pbars

current: ~1 A
solenoid field:
35T

rms radius:
0.66 mm
length: 2 m

In operation
since 2001




Long-Range Beam-Beam
Compensation for the LHC

e To correct all non-linear effects correction must be local.
 Layout: 41 m upstream of D2, both sides of IP1/IP5

. current-carrying
wires

.
s
s
\
\
\
5
i /
1
;
/
!
/

average LR collision is 2.6°

/( Phase difference between BBLRC &
'mum:-?s /LRRS
(Jean-Pierre Koutchouk)




Qy

simulated LHC tune footprint with
& w/o wire correction L
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(Jean-Pierre Koutchouk, LHC Project Note 223, 2000)




In simulations LHC long-range collisions
& SPS wire cause similar fast losses at
large amplitudes

al
-

LHC at injection
long—range collisions

LHC beam

Q,

_ Ay (m) 5' 1 second.

<
1mm/s | EF
5; 3

SPS wire
beom dist, 14.5 mm
wire current 267 A

‘diffusive aperture’

105 1 2 5" 5 5 7 s 10 YR o 2 e TE 20 2525
amplitude (mm) omplitude (mm)

effect of the 1-m long wire at 9.5¢ from the beam
center, carrying 267 A current, in the SPS resembles
60 long-range collisions in the LHC
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measured vs. predicted changes in orbit & tunes
iInduced by SPS beam-beam compensator o 1045
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emittance shrinkage , dynamic aperture, lifetime drop
& diffusion induced by SPS beam-beam compensator

final emittance [um]

WEPLTO45 3. Wenninger, J.-P. Koutchouk, et al.
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Touschek
&
INntrabeam scattering
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Intrabeam scattering (IBS)

approximate IBS formulae developed by
K. Bane (further simplified) [SLAC-
PUB-9226 (2002)]

1 do, _ r’cN, log
D < £k -
S N T N e e
0%
&
102;
1 oD |
TX ﬁXgJ_ T5 102;_
"""""" LHC superbunch

0 0.1 02 0304 05 086 0.7 08 09
[103] 5



If iIncreased momentum spread requires larger energy
< bandwidth of low-beta optics
adapt Raimondi-Seryi final focus to hadron collider
[Phys.Rev.Lett.86:3779-3782,2001]

VOLUME 86, NUMEER 17 PHYSICAL REVIEW LETTERS 23 APRIL 2001

Novel Final Focus Design for Future Linear Colliders

Pantaleo Raimondi and Andrei Seryi

Stanford Linear Accelerator Center, Stanford University, Stanford, Calgornig 24308
(Received 25 May 2000)

The length, complexity, and cost of the present final focus designs for linear colliders grow very
quickly with the beam energy. In thiz Letter, a novel final focus system is presented and compared
with the one proposed for the Next Linear Collider (NLC Zeroth-Order Design Report, edited by T. O.
Raubenheimer, SLAC Report No. 474, 1996). This new design has fewer optical elements and is much
shorter, nonetheless achieving better chromatic properties. Moreover, the new system is more suitable
for operation over a larger energy range.

local chromatic correction
dispersion across the low-beta quadrupoles
tested for ring u-collider (CERN SL Note 2001-20)



electron cloud
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electron cloud in the LHC

20 nz 5w 20 ns g ns

schematic of e- cloud build up in the arc beam pipe,
due to photoemission and secondary emission

[F. Ruggiero]

in the background: simulation of bunch passing through e- plasma using the



R. Cimino, I. Collins, 2003: CERN-AB-2004-012
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bunch population [10'°]

1.00

blue: e-cloud effect observed
red: planned accelerators

VAV
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multitude of countermeasures:

e multi-bunch & intrabunch feedback
(INP PSR, Bevatron, SPS, KEKB)

e clearing electrodes
(ISR, BEPC, SNS)

e antechamber (PEP-II)

e TIN coating (PEP-II, PSR, SNS)

e high Q" (SPS)

e octupoles (BEPC)

 solenoids (KEKB, PEP-II, SNS)

e grooved surfaces (NLC)



LHC strategy against electron cloud

1) warm sections (20% of circumference) coated by TiZrV
getter developed at CERN; Iomseeendary emgsmn If

y elgctrons (hi g eross S tlcm\/
mnplng & pres Will even Improve ,ﬁ\

tr hotoelectrons | 1
gy‘dlpole f|eI%

3) pumping slots in beam screen are 'i:-___.o to prevent /
electron impact on cold magnet bore

4) rely on surface conditioning (‘scrubbing’);
commissioning strategy; as a last resort doubling or tripling
bunch spacing suppresses e-cloud heat load




e- cloud effect may also be
reduced by:

e larger bunch spacing

* high bunch intensity

e superbunches



predicted heat load in LHC vs. bunch spacing
100

on a vertical log scale
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saturation of e- build up

for high bunch intensities |; < Eo 13x10°m* E, ~1.9eV
: . ® rm.c? ~average
Cr e—d—erns—'—t}' — energy of
1 ZLl(Q T T T T T . i Secondary
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superbunch

secondaries no energy gain captured e

schematic of e- motion during passage of long proton
bunch; most e- do not gain any energy when traversing
the chamber In the quasi-static beam potential

negligible heat load [after V. Danilov]



outlook



another prime challenge for the future:
collimation & machine protection

conflicting requirements: high cleaning
efficiency, acceptable impedance,
collimator survival in case of poor lifetime
or kicker failure

possible solution: nonlinear collimation

(1) single-turn collimation with pair of
nonlinear elements

(2) multi-turn collimation with single element




schematic of single-turn two-element

nonlinear collimation
effect of 15t skew sextupole

Is cancelled by 2"d except

: for particles hitting spoiler

« >
pre-Sx Sx1 ‘ Sx2

spoiler

D,

[from CLIC design study

see A. Faus-Golfe, F.Z., similar layout should be
EPAC 2002] suitable for storage ring



many other challenges ...

cooling of high-energy hadron beams —
counteract emittance growth due to
IBS & beam-beam, reduce emittances
e.g.,
» e-cooling using 100-mA, 54-MeV, 5-MW
bunched e- beam accelerated by ERL will
Increase RHIC luminosity by factor 10
» bunched-beam stochastic cooling ~_
» optical stochastic cooling » control of
> SR damping rate > IBS rate in LHC Peam tails




... and second approach to high
energy scale:

linac-ring (e- 1on) colliders

e first proposed by P. Csonka &
J. Rees, 1971 (e+e-)

e recently ERHIC, ELIC, T(H)ERA

e at very high energy ...



QCD Explorer based on LHC and CLIC-1




QCD Explorer Colliding LHC with CLIC-1

bunch filling patterns

1 proton superbunch,
DU 2808 proton bunches, ___________ > <+ 30 m long i
spaced by 25 ns
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D. Schulte et al.,
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QCDE parameters

I parameter e- P

beam energy E, 75 GeV (or higher) 7 TeV
bunch population N, 4x10° 6.5x1013
rms bunch length Z 35 um (Gaussian) 12.4 m (uniform)
Spacing Lsep |0.66 ns N/A

# bunches n, 154 1

effective line density | A, 2.0x1019 m+ 2.1x10*? m-1
IP beta B 0.25m 0.25m
Interaction length lr 2m

collision frequency Feon 100 Hz
luminosity L 1.1x103 cm=2 st
beam-beam tune shift |&,, | N/A 0.004

rms norm. emittance |vyg,, |73 pm 3.75 um

IP spot size Cyy |11 pm 11 um




Summary of Beam-Beam

(1) prediction of beam-beam limit
for hadrons based on experience,
not on simulation

(2) small spot sizes & high collision
rate introduce IP-offset sensitivity
at 10-3 of the spot size; natural
ground motion safe

(3) still open questions concerning effect
of long-range collision schemes

(4) compensation experiments at FNAL
and SPS; proposal for (Super-)LHC




Summary of Touschek & IBS
(1) solid prediction by simplified theory
(2) larger momentum spread helps

Summary of e- cloud

(1) soon 40" anniversary

(2) causes heat load & instabilities

(3) suite of countermeasures

(4) may exclude certain LHC upgrade
paths & favors some others




Summary of Superbunches

(1) negligible electron-cloud heat load +

(2) no PACMAN bunches +

(3) reduced IBS +

(4) higher luminosity for the same tune shift
& smaller beam current +

(5) tailored to CLIC bunch structure

— maximum QCDE luminosity +

(6) not compatible with present detector
electronics & architecture?, disliked
by some LHC experimenters -
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