Electron-Cloud Simulations

Giovanni Rumolo & Frank Zimmermann, CERN
(1) e cloud build up

— distribution, line & volume density, doseA{ scrubbing), energy ¢
trum, heat load, various fields (dipole, solenoids, electrodes,...

(2) coupled-bunch instability

— bunch-to-bunch wake, growth rate
(3) single-bunch instability

— single-bunch wake, threshold, growth rate, coherent tune shift
(4) incoherent effects

— Incoherent tune shift, potential well distortion

(5) synergetic effects: beam-beaspace-chargempedance
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Schematic of simulation recipe
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Simulation recipe:

e represent— by macro-particle$2000/bunch), split
bunches and interbunch gaps ist@es

e for each bunch slice, creapdotoelectronandaccelerate
existinge™ in beam and beam-image fields

e if ¢~ hit the wall— secondary—; change macro charge

e at each gap slice the are propagated in the magnetic
field; kicks frome~ space-charge ared image charges
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Transverse aperture in the LHC arcs. The solid line describes the actual
cross section of the LHC beam screen. Sometimes we approximate it by
the inscribed ellipsee.g, for accurate modeling of image charges.
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Left: initial azimuthal distribution of photoelectrons for 10%

and 100% photon reflectivity; right: initial photoelectron
energy distribution at the moment of emission and after the

first bunch passage.
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Schematic view of electron motion in a strong vertical dipole field. In the
simulation, often only a net vertical kick is applied, sin%é% 2%= ~ 120
for LHC. Larmor radius @m for 200 eV.
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O e vacuum chamber

proton bunch

A  aqutonomous

vacuum chamber

Electrons at large amplitudes do not move much during the bunch passage
and simply receive a kick. Electrons near the bunch oscillate in the beam
potential. The two situations are callédack region’ and‘autonomous

region’, respectively [S. Berg, 1997].
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Energy Gain of Stationary Electron (No Magnetic Field)
LHC: 6.=0.2 mm, 6,=7.7 cm, N=1.05x10""
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Maximum energy gain vs. initial particle radius for nominal LHC
parameters [S. Berq].
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ENERGY DISTRIBUTION OF SECONDARY ELECTRON EMITTED BY COPPER
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Normalizedsecondary electron energy d|str|but|tm
conditioned copper, revealing three componetntge
secondarie§El < E,), elastically scattere(l?’ ~ £,) and
rediffused(in between). [N. Hilleret, 2001]
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Secondary emission yielor perpendicular incidence vs.

primary electron energyith and w/o elastically scattered

electrons Parametrization based on measurements for LHC
prototype chambeflan Collins, 2000]

CERN

F. ZImmermann Electron-Cloud Simulations



Secondary emission yield;. = s + 01

‘True secondarieqSeiler et al.]:
Otse(Ep, 0) = Omax 1.11 270 (1 — 6_2'35”1'35) exp (0.5 (1 — cosh))

wherefl angle w.r.t. surface normal,
r=F, (1+0.7(1 — cosf))/emax [Furman, 1997]. Yield for
elast. scattered / rediffused pgFurman, 1997].

E2
5e1(Ep) — 5e1,0 + 5e1,E eXp <—g%1> :
Recent measurementsip Colling 2000]: 4.0 ~ 0.0,
5el,E = (.90, andael — H2 eV.

When e hits wall, throw coin:
rand < dq/dse — elastic reflection
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Alternative expression fotrue secondariedM. Furmani:

S X X
Otse(Ep, ) = Omax 1 P (0.5(1 — cosf))

wheres ~ 1.35 (N. Hilleret), # angle w.r.t. surface normal,
r=FE,(14+0.7(1 — cosf))/emax [FUurman, 1997].

Alternative expression for the yield efast. scattered /
rediffused part
5el(Ep) — f5se(Epv 9)

f obtained from measurements
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Initial (Gaussian) energy distribution of the true
secondary electrons.
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Other energy distributions of true secondaries can
be optionally selected.
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Initial angular distributioni N/df of secondary
electrons vs. the polar anglew.r.t. surface normal.
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Electric field patterrior a beam centered in an
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Image charges
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Horizontal electric beam fields. horizontal position aj = 0 for an
elliptical chamber with 22 10 mm half apertures andogam offsebf 4.3
mm in both transverse planes.
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with image charge

4Ey (MV/W)

Vertical electric beam fields. horizontal position at

y = 0 for an elliptical chamber with 2210 mm half

apertures and beam offset of 4.3 mmn both
transverse planes.
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Sre=2.0, ¥,.=0.2, R=10%, £,,=300 eV
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Horizontalelectric space-charge fietd electron
cloud vs. horizontal position after the passage of 8
bunches in the LHC. Parametebs;.. = 2.0,

Yye = 0.2, R = 0.1, enax = 300 eV.
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Longitudinal Electron Motion I

Contributions: emission angle, beam magnetic figld¢ B driftin dipole
field, typical longit. velocities10°—10° m/s

z coqrdinate (m),
coordinate (m)'-;
3

Longitudinalcoordinate versus time for twaample electron
trajectoriean a field free region (left) and in a 1-T dipole field
(right). Sometimes neglected.
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symbol LHC (init.) LHC (fin.) SPS PS KEKB
FE [GeV] 7000 7000 26 26 3.5
N, 10t 10t 101 101 3.3 x 101°
Oy [MM] 0.3 0.3 3.0,2.3 24,13 0.6-1.0,0.(
o, [cm] 7.7 7.7 30 30 0.4
By [M] 80 80 40 15 15
hz ., [Mm] 22,18 22,18 70,225 70,35 A7
Ormax 1.9 1.1 1.9 1.9 1.8
€max [€V] 240 170 300 300 300
R [%] 10 5 100 100 10—100Y
d\./ds 1230 615 0.25 0.05 2000-50
[107m~1]
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e—cloud charge (10" /meter)
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Simulated electron-cloud build Upr an SPS dipole
chamber, with and withowglastic electron
reflection Saturatiorat A, sat ~ Np/Lgep ~ 1.3 x 1019 m™! —
‘neutralization’ density... ~ N, /(7hyhy Leep) = 3 x 1012 m=3,

AQz.y = Ny 2054Crppe/(y(hy + hy)) = 0.01 —0.04
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e~ cloud build up(total charge per meter) vs. time (s) irfi@d-free region
of theKEKB LER for N, = 5 x 10%, 1.5 x 109, 2.5 x 101?), 4-bucket
spacing,Y = 0.05/e*/m.
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2.5e+12

I 4 bucket spl)acing, no fieldl, 14-bunch tralins, 32-bucketlgap
at moment of bunch passage  +
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e~ cloud density [nT?] (total charge per meter) vs. time (s) iffi@ld-free
regionof theKEKB LER for N, = 3.3 x 10'°, 4-bucket spacing,
Y = 0.005/e"/m andR = 100%.
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e~ cloud density [nT?] (total charge per meter) vs. time (s) iparodic
guadrupole configuratignvith peak gradient of 0.5 T/m, minimum 0.1
T/m and period 10 cnlleft) and in a sinusoidal solenoid field with a peak
field of £50G and 1-m longitudinal period (right), of tHeEKB LER for

Ny = 3.3 x 101°, 4-bucket spacingy” = 0.005/et/m andR = 100%.
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field-free region, no clearing electrode —— field-free region, 1 clearing electrode, -1kV ——
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e~ line densityin units of nT ! in a 1-m long magnetic field-free region of
KEKB vs. time in seconds, during and after the passage of a 40-bunch train
without clearing electrodes (left), and witlsangle clearing electrodeear

the top of the chamber at approximately kV (right).
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variable symbol CLIC NLC
beam energy E 3.5 GeV 1.98 GeV
bunch population Ny 4.2 x 10° 1.5 x 10'°
rms bunch length o 5mm 3.6 mm
rms transv. beam size O,y 18, 1.5um 41.5, 9.0um
average beta function By 5m 5m
norm. hor. emittance VEq 45x100"m 3x10°m
norm. vert. emittance Yey 3x107"m 3x10"°m
bunch spacing Lgep 0.2m 0.84m
chamber radius ha .y 5 mm 16 mm
primary electron rate in wiggler d\e/ds  0.075 /€ /m

primary electron rate in arc d\./ds  0.0025 /&/m 6.1 /€ /m
photon reflectivity R 10% 10%—-100%
maximum secondary emission yield Omax 1.1-1.7 2.75
probability of elast. reflection foE, ~ 0 del, B 0.56 0
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Electron line densityn units of 10! m~* vs. time in
us, for the periodic wiggler in CLIC DR (left) and
the field-free region behind wiggler (right).
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4 b 10% of photo—e— uniform, including elast. refl.

e—cloud charge (10"°e /meter)

100% of photo—e— uniform
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Central electron densiiy units of nT? for a
bellows section in th&lLC damping ring
(Parameters courtesy of M. Pivi)
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central electron density (10"e /m?)

Evolution of central electron density in units tf'* m=3 vs. time inus,
for a field-free region behind the CLIC wiggler.
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Electrons Incident on the Wall: ‘Scrubbing’
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Simulated no. ot~ per metewith £ > 20 eV hitting the chambewall
during the passage of tl#.-bunch LHC batchhrough an SPS dipole
chamber, forV, = 4.3 x 101° (May 2000 parameters).
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Energy Spectrum of Lost Electron
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Simulated electron-cloudnergy spectrurfor differentbunch lengthsn a
field-free region of the SP3\[ Arauzq F.Z., 2000].
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Angular Spectrum of Lost Electron

7‘»/:HwuH\“H\H“\wai"\;TTTT'T:T'TT

0 0025 005 0075 01 0125 015 0175 0.2
¥ (rad)

Angular distributionof e~ hitting the LHC beam pipe. Red line: witheam
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magnetic field Black line: w/o it [A. Arauzg F.Z., 2000].

F. Zimmermann

CERN

Electron-Cloud Simulations



x 104
7000
‘(D
~—
O
o
< 6000 -
@]
-
O

5000 |

4000 |

3000 |

| F=14eV
2000 |- E:7OOGV
1000
Of MY I A, M
I N RN NN A NS NN NN NN N
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
¥ (rad)

Angular distributionfor different electron energies ahtHC beam
parametersA. Arauzg F.Z., 2000].

CERN

F. ZImmermann Electron-Cloud Simulations



Snapshots of the horizontal and vertieddctron phase spa¢®ep)
and their projections onto the position axes (bottom). (G. Rumol

2001).
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2e+18

1.5e+18

W,y (VICIm)
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5e+17 }F

ol
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o2 1 0.8 0.6 04 02 2(m O

Simulated vertical wake field in V/m/Gxcited by displacing var
slices inside th&aussian bunglvs. position in m, for an SPS field
region. The bunch center is at0.6 m, the bunch head§{.) on 1
right. (G. Rumolo, 2001). Multiply byiw/(Zyc) ~ 107" to get m
Ohmi fitted coasting-beam wake to resonatof (cRs/Q, Qr); then TMCI threslt
forwro,/c > 10 Np e = 3v/TQsQrY(wro./c)*/(cRs/Q) /B, /T (B. Zotter)
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Simulated centroid motion and vertical
maticity in the SPS{, = 0.2). Machinebroadband impedanas also in-
cluded. (Courtesy G. Rumolo, 2001).
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Role of Space Charge
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Simulated vertical bunch shageentroid and rms beam sizaffer

0, 250, and 500 turns the CERN SPS assuming an electror
cloud densityp, = 102 m~3 without (left) andwith (right) proton
space chargat 26 GeV/c. (G. Rumolo, 2001).
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4-Particle Model(inspired by K. Cornelis)

21 zécos(wss) , 29 = ZCOS (% + %),23 zécos(wgs —|—7r),

° + 37) wherez ~ o; z > 0: in front of center.

Awg z Awg 22
— 1 — _ _ E— E——
WB(Z> wﬁ,o [ ( Wﬁ ) ec o ( Wﬁ ) scC O-g]

A ec . S 1 A SC . 2 S
Agi(s) = (Bw) Sin (ﬁ + (/51',0) + L (Aws) sin ( “e% 4 2@',0)
W C 2 Wy
Yn = Yn €XP [_Z¢Z(S)] 3
~r ?:N’I“()W()C - ) )
o= iy, O T Pl (5) 4 i0n()]
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(1,4,2,3), (4,1,3,2), (4,3,1, 28 (23, 2) 1), (3,2,4,1),(2,3,1,4), (2,1,3,4),
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G2 (1 — vV2)a + 2b 1 0 —V2a T2 _ v
— - 1

73 (2 — V2)a (a—2b) 1 (V2—1)a—2b 73
0] a + 2b 0 0 1 g
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total matrix for one synchrotron period
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SPS: tune shift due toecloud AQ.. =~ 0.03, due to space charge
AQsc ~ 0.015; constant wakéV, = 8mp.C' /Ny — a ~ 19.7 andb = 2.5.

Largest eigenvalue of matrix/; ;4 is 15.5 (300us rise time).
Forb ~ 20 (AQs. =~ 0.13): 80 us.

Maximum eigenvalue vs. space-charge paranieter
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Field-Free Region vs. Dipole Field
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Simulated vertical wake field in V/m/@xcited by displacing
the 1st and 41st slice inside tR®ussian bunglvs. position in
m, for an SPSield-free region (leftanddipole field (right)
The bunch center is at0.6 m, the bunch head§,) on the
right. (G. Rumolo, 2001).
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Simulated centroid motion in the SP&®mparing a field-free
region (blue) and a dipole field (black). Space charge is
Included. (G. Rumolo, 2001).
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Simulated head-tail motion in the SR®mparing a field-free
region (blue) and a dipole field (black). Space charge is
Included. (G. Rumolo, 2001).
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Simulated emittance growth in the SE®8mparing a field-free
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Electron Energies, Angles & Heat Load
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Electron Cloud Heat Load for Shorter Bunch
Spacing (LHC Luminosity Upgrade)

W

At,,=12.5 ns

—_

average arc heat load dW/ds (W/m)
o Mo
I
+ e
e
e

TR IR
18 20
N, (10'°)

@)
N
~
[0}
0o
S|
o
IS
>

Average LHC arc heat loaals a function of bunch population for bunch
spacings of 12.5 ns, 15 ns, and 25 aisd a maximum secondary emission
yield 9,,.. = 1.1. Elastically reflected electrons are included.

CERN

F. Zimmermann Electron-Cloud Simulations



).

&
> e
= S
\_/ EEPA
% AN
© VAN .
/ \ —

\ ‘ .I. -\t-\ ’Nb_ll ¢7></“O
= ! W
o Py

! 5
S ] \
© 5 3y
4+ ) N
(@) ! W™
) ¢ A\
- \

\ e

g \:\.\
o Y
(D) \,
(@) 11 N,
o Ne=1.1x10 t .....
(- \.¢.
o T \._:‘_lz‘_ _______________
g O | L | Ll ’?.‘_'—"‘-:‘—._._._.—.‘

(@)
o)
@)
(@)
N
O
ol
@)
(ON
@)
W
@)
~
@)

Average LHC arc heat loaals a function of bunch spacing, far., = 1.1
and various bunch populations.

CERN

F. ZImmermann Electron-Cloud Simulations



LHCbeamscreen

Coolingtube

Beamscreentube

Longitudinalweld

"Sawteeth"
Slidingring

Copperlayer

Pumpingslots

LHCVAC
13/01/2001

Schematic o HC beam screenperating afl’ ~5-20 K. (lan Collins,
2001).

CERN
F. ZImmermann Electron-Cloud Simulations




0.02 T

delta_mlax=1.3, emax=4{50 eV, Y=0.025, IR=O.l

0.015

0.01

0.005

-0.005

-0.01

-0.015

-0.02 | | | | |
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Snapshot of transverse @listribution in an LHC dipole chambégF.Z.,
1997). Parameterd;,.x = 1.3, emax = 450 eV, R = 0.1, andY ™ = 0.025.

CERN

F. Zimmermann Electron-Cloud Simulations
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Conclusions

e simulatedroughly build up consistent with observatichos
SPS, PS, KEKBe.g, build-up time, density, eon wall

e simulation results fosingle-bunch instabilitpromising
(effect of ¢, agreement with K. Ohmi’s code).

e space charge strongly modifiee effect of € cloud (we
may assume the same fozam-beam

e dipole fieldchanges the single-bunch wake field &
Instability

e ¢ cloud could bdaheproblem forlinear colliders

e position of stripes reasonable, field-free regiengurther
studiesmissing physics
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