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OVERVIEW AND ACTUAL UNDERSTANDING OF THE ELECTRON
CLOUD EFFECT AND INSTABILITIES IN THE FUTURE LINEAR
COLLIDERS *

M. T. F. Pivi’, SLAC, Stanford University, Menlo Park, California 94025, USA

Abstract a cloud in a significant fraction of the rings or beam lines

The electron cloud i tentially an important effect i will have deleterious effects. We have estimated the equi-
line N eﬁ% 0 CN(I)U f)fpt(;s ffa 3{ ah ept()) ant € Iec ¢ n{gbrium density level as well as the threshold for the single-
inear cotiders. any etiects have been evallateqy, ., instability in both linear collider damping rings and

Actions to SUPPress th_e electrqn Cl.OUd are required for tqﬁe coupled-bunch instability in the X-band main damping
GLC/NLC posnron main damp'”g ring (MDR or DR) and ing. For example, we have estimated the electron cloud
the low emittance transport lines as well as for the TESL/%

. ) ) . ensity threshold for the single-bunch fast head-tail insta-
_damplng fing. There_ IS an ongoing R&D program StUdybility in the X-band and TESLA damping rings. The re-
ing a num_ber of possible rem_edles to reduce the_secpnd%rmts have been benchmarked with three different simula-
electron yield below that required. For more detailed infor:

mation and development, refer to the paper by M. Pivi ant on codes, namely HEAD-TAIL [8], QUICKPIC [10] and

K. Ohmi [1], following the proceedings of the ECLOUDO4 " 1o 1]

kshop.
workshop LINEAR COLLIDERS DESIGN

INTRODUCTION Damping Rings

The electron cloud effects are known limitations in stor- Damping rings are necessary to reduce the emittances
age rings with positively charged particles such as protof§oduced by the particle sources to the small values re-
or positrons [2]. The electron cloud was identified as 4uired for the linear collider. A summary of the main pa-
possible limitation in the damping rings of a future lineafameters of the damping ring is given in Table 1. A con-
collider in the ILC TRC document [3]. Extensive studiesceptual layout of the TESLA positron damping ring (5]
on the possible electron cloud effect have been performé?i Shown in Fig. 1, with the long straight section, injec-
at SLAC for the GLC/NLC, also referred as X-Band, andion/ejection sections, wigglers, and RF placed in the main
the TESLA positron main damping rings (MDR) [4, 5, 6]Iinac tunne.l. The TESLA main dgmping ring stores 2.820.
as well as the positron Low Emittance Transport which inPunches with a 20 ns bunch spacing. The bunch spacing in
cludes the bunch compressor system (BCS), the main lindf® TESLA DR design is compressed to reduce the length
and the beam delivery system (BDS). The results are oBf the DR. In particular, the rise and fall time of the injec-
tained by computer simulation codes [7, 8, 9, 10, 11] ddion/extraction kickex 20 ns determine the b_unch_spacing
veloped to study the electron cloud effect in particle acceRnd the 17 km length of the TESLA damping ring. Re-
erators. Electron cloud studies for TESLA as well as fop€arch is underway to develop a faster kicker that may al-
CLIC are also discussed in [12, 13]. low reducing the length of the damping ring. The vacuum

Our studies usually proceed in two steps: first, the efthamber in the long TESLA straight sections is a round
fects of the electron cloud on the beam are studied to detéUminum pipe with a radius 50 mm, while in the arcs and
mine limits on the allowable cloud density and, second, th&i9gler sections it is reduced in size. The actual design
cloud generation is studied to determine the level of rem&l©€s notinclude an antechamber in the arcs.
diation required. If the cloud is not suppressed, it will grow The NLC damping ring complex is shown in Fig. 2. The
until it reaches an equilibrium density close to neutralizaNLC and GLC Damping Rings are very similar in concept
tion, ratio e/p, but in most cases the interaction of the clou@Nd Parameters. _
with the positron beam sets a much lower limit on the ac- The NLC positron MDR stores 3 trains, separated by 65
ceptable cloud density. The electron cloud can have thr&§ With each train consisting of 192 bunches havinga 1.4 ns
primary effects on the positron beams. It can cause coRUnch spacing. The aluminum vacuum chamber is round
pled bunch instabilities, coherent single bunch instabilitiegVith @ radius 20 mm and includes an antechamber to re-
or incoherent tune spreads that lead to increased vertidPVe most of the synchrotron radiation.
emittance much as the space charge tune spread can lead to ] ]
beam size increases. In general, the electron cloud effeét®W Emittance Transport Lines

in the linear colliders are so severe that the generation of The punches are extracted individually from the TESLA
DR. In the low emittance transport lines from the damp-
ing ring to the interaction point (IP), the bunch spacing is
T mpivi@slac.stanford.edu 337 ns or 176 ns, respectively, in the 500 GeV or 800 GeV
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Table 1: Simulation parameters for the GLC/NLC or X-band and the TESLA positron Damping Rings.

Parameter Symbol, unit X-Band TESLA
Ring circumference C,m 299.8 17000
Bunch population N,, 100 0.75 2
Number of train/bunches 3 x 192 1 x 2820

Circulating current I,, mA 690 160
Bunch length o,, mm 55 6.0
Bunch size in arc sections Oz, 0y M 49,6 103,7
Bunch size in wiggler Oz, Oy M " 93,5
Bunch size in long straight sections Oz, Oy M - 345, 345
Arc chamber semi-axes a,b,cm 2,2 22,18
Long (TESLA) straights chamber semi-axes:, b, cm - 55
Beta functions at kick sections Bz, By M 2.2,4.6 35,65.7
Long. mom. spread Ap/p 9.7x107* | 1.3x1073

Mom. compaction a 1.33x 1072 | 1.22 x 1074

Synchrotron tune v, 0.0118] 6.59 x 102

Horizontal tune Vg 21.150 76.31
Vertical tune vy 10.347 41.18
Chromaticity &2y €y correct. correct.
Arc dipole

Dipole field B, T 0.675 0.194
Dipole length [, m 2.0 9

Horizontal bend angle Af, rad 0.2 0.1047
Critical photon energy E., keV 1.7 3.2
Radiation power per horizontal mrad W/mrad 15 16
Damping Wigglers

Strength wiggler K-value K 54 59.7
Magnetic field gap center By, T 2.1 1.6
Wiggler sections in ring 2 2

Wiggler section length L,,m 30 250
Wiggler period Aw, M 0.27 0.4
Chamber semi-axes a,b, mm 8,8 16,9

c.m. configurations. The number of bunches per train imiled model described elsewhere [17]. The electron re-
2820 with a repetition rate of 5 Hz. In the X-Band lowflectivity at low electron energy is assumed 50%, or
emittance transport lines from the damping ring to the in§(0) = 0.5, when the peak SEY value dgax = 2.0. In the
teraction point (IP), the bunch spacing is maintained 1.4 riSEY model, the energy valug,ax at which the SEY peaks,
with bunch trains consisting of 192 bunches and a repeiis assumed to vary with,ax [18] due to conditioning. Typ-
tion rate 120 Hz. Synchrotron radiation analytic estimateigally, Fnax = 240 eV atdmax = 1.7 and Enax = 170 eV at
for the damping rings and simulations for the low emittancénax = 1.1. The electron cloud develops under conditions
transport lines of both linear collider designs, are presentathere the average SEY of the electrons hitting the beam
in [14] and for the TESLA design also in [13]. pipe wall is larger than one, and increases until an equilib-
rium electron density level is reached.

GENERATION OF THE ELECTRON
CLOUD MODEL DESCRIPTION SYNCHROTRON RADIATION IN THE

- . DAMPING RINGS

Parameters determining the cloud formation are the sec-
ondary electron yield (SEY), which is the number OfTESLA DR Arc Dipole Magnet
secondary electrons generated per incident electron, and
the energy spectrum of the secondary emitted electrons.The cold option damping ring (at the moment of printing
The SEY 4(Ey) and the corresponding emitted-electrorthis paper, the cold option is based on the TESLA design)
energy spectrumd/dE (Eo, =incident electron energy, is designed to operate at a beam energy 5 GeV [5]. The
E =emitted secondary energy) are represented by a darc lattice is designed as a minimum emittance cell with
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Figure 1: TESLA Damping ring conceptual layout.
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s s — The total number of photons radiated in the bend per
//J 30 m Wiggler L5 beam particle per radian is given by the well known for-
) mula
% - 110
Spin \ Transfnmr N'y,tot = MJAQ (1)
Rotation \,\\ Line 2V/3
Y\ where Af is the angle subtended by the magnet ¢
% 1/137 is here the fine structure constant). The total number
m,:g!oﬂl: N = of photons emitted per bend is given By, 1ot ~ 10.7 with
_5g " tina \ '/ Af = 0.2 rad. The angular photon flu),, is given by
231 m 2 2.2 2
5\ picdsmnl d*Ny  3remeyw (1 9, 212
ping = — 1 (1 0
l\ Hng ) 1od0 —  drzhe o) (ET0)
\ 2 Trains of 192 / 7202
bunches
A K2 — 4 _K? 2
\ [ 53 (&) + 1+ 202 1/3(5)] (2)

=108

wherew, is the critical photon frequency,, is the angle

of observation in the vertical plané) the solid emission
angle,r. is the classical electron radius,is the Lorentz
Figure 2: NLC positron DR complex layout. The NLCfactor, K, are the modified Bessel functions of the second
and GLC Damping Rings are very similar in concept angtind, and the parameteris

parameters.
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a6° dipole flanked by quadrupole doublets. The resultinyVe now consider an antechamber design and define the

cell length is 15.2 m and the dipoles are made long 9 finimum vertical emission anglni, for the photon to hit

to increase the momentum compaction factor. The benée chamber. Integrating Eq. (2) over the frequency spec-

ing radius is 85.9 m, thus the bend anglevis = 0.1 rad.  trum and over the vertical angle one obtains the number of

At the moment, the TESLA design does not include an arhotons hitting the inside of the vacuum chamber per ra-

techamber. Electron cloud studies, see also below, suggéitn and beam particle

that an antechamber design should be provided to remove

most of the synchrotron radiation from the arc chambers. N, (Omin) =2 / dw /
We estimate analytically [14, 15, 16] the number of pho- wm

tons intercepted by the antechamber and the photons emitherew,, is the minimum photon frequency. The result

ted at sufficiently large angles to hit the vacuum chambef the integration is shown in Fig. 4 where photons of all

Oy dwdQ “)



energies and photons with enery > 4 eV are consid- parts of the electron trajectory adds incoherently in a wig-
ered in the calculations. In this latter case we have agler magnet, it is usual to consider that synchrotron radi-
ation is similar to that produced by an individual bending

. ) e magnet, bug N, times as intense due to repetitive electron
E i bending over the length of &V, -pole wiggler.
& oo We assume that synchrotron radiation emitted off axis
£ ool and with small cone aperture is soon intercepted by the an-
y 0.00001 techambers, on both sides of the wiggler vacuum chamber.
; }i}gv In our calculation, we will consider the angular photon flux
F e phctors =4 ¥ S emitted in the horizontal directiofy, = 0. The related
Exigf Lrequency spectrum in the forward direction [16] is given
E Lx1p" y
%iiiiﬁiﬁ 43S, 3a ,11
“rare] | | . oty |y, =N 0 G ) ®
0 0.001 0.002 0.003 0.004 i
O (rac) where we have considered the envelope of the peak spectral
lines maxima

Figure 4: Number of photons of all energies and with an S
energy> 4 eV hitting the vacuum chamber per beam parti- Hy(y) = y"Ky5(y/2) and y=e/ec=w/we. (9)

cle and per radian as a function of the emission afigi¢ To study effects related to the synchrotron radiation in

article accelerator as the electron cloud effect or photon
jas desorption, one is interested in the generation of elec-

ons at the wall by photons with sufficient energy. An im-

ortant consideration is that in a wiggler, the opening radia-
ion angle of emission depends on the energy of the emitted
photons.

v5 Most importantly, radiation is emitted at a fundamental

Ny mag = 0 dp N (6min(2)) ®) angular wavelength; and its harmonics. The correspon-

wherey is the length of the dipole magnet expressed ijent angular frequency of the higher harmonics is given by

radiansy is the emission location inside the dipole in radi- e 272k
ans. We assume a full height= 10 mm for the proposed Wk =T K2/2+2(62 + 02)
antechamber in the TESLA arcs. Integrating Eq.(5) one v T Ty

obtainsN, mag = 0.24 for the photons of all energies hit- \yhere ), is the wiggler period and the dimensionless
ting the inside chamber per beam particle per bend [14§trength wiggler parametdf’ = 93.4)\,,[m] Bo[T]=59.7.
Considering only the photons with enertly > 4 eV, the | the forward directiond, — 6, = 0, the corresponding
integration givesV, mag = 0.0235. Finally, one may de- photon energy is in practical units

fine the photon flux as the total number of photons emitted

per second by the particle beam current 8or= N, I /e.
Thus, the average photon flux at the wall in a DR FODO

cell per meter and per second is
The spectral bandwidth and the polar opening angle de-
d3y zN%mag

= (6) crease with the harmonic number as

sumed that the minimum photon energy needed for ph
toelectron emission is 4 eV. Since the minimum emissio
angle is a function of the emission location inside the ben
Omin = Omin(), the number of photons hitting the chambe
is given by

(10)

k E[GeV)?
Aw [M] (14 K2/2)°

exeV] = hwy, = 9.4963 (11)

ds (& Lce"
whereLge = 15.2 mis the TESLA FODO arc cell length. AN 1 L1+ K2/2 (12)
The average photon flux i_s given in Table 2. In the limit of A kN, Ok ~ 5 2kN,,
no antechamber, we obtain
lim N N ) In the TESLA wiggler, the 13th harmonic of the fundamen-
g mag = Hytot tal frequencyw; corresponds to a photon energy 4.3 eV,

Note that the average number of photons per beam particle B B B
per meter with no antechamber in the ardMis ot/ Leen = ~ F='* (8V) = huwrkl_y3 =43 €V, 0op=15 =34 pm.

(13)
0.7 ph/m. Thus, only harmonics higher than the 13th correspond to

. - photons with energy higher than 4 eV, needed for photoe-

TESLA DR Damping Wiggler mission. An important consequence is that high energy
The beam sizes in the TESLA wiggler section are=  photons within the emission cone are transmitted out of

93 pym ando, = 5 pm. Since radiation from different the wiggler. In fact, at the end of the wiggler section of



Table 2: Average photon flux in the TESLA arc hitting the vacuum chamber. The photon flux per meter per second, Eq.

(6), at the chamber wall for different full height antechamhef he percentages are intended with respect to the flux of
photons of all energies and a vacuum chamber with “no antechamber”.

no antechamber| h=6mm | A =8mm | h =10 mm
Photons of all energies 7.1 x 107 ph/is/im|  4.6% 3.1% 2.2%
Photon of energyV > 4 eV 88% 0.75% 0.34% 0.2%

length L,, the emission cone dimensions are smaller thapresent paper, we also report about recent simulation re-
the wiggler beam pipe vertical semi-axis sults for the TESLA DR design. In particular, for the anal-
ysis of the electron dynamics in a wiggler, we have used a
cylindrical mode representation of the magnetic field [20]

Z Cmn 1), (nk.p) sin(ma) cos(nk, z)
m
Z Cmn mlm(nkzp) COb(’m,(ZS) COb(nkzz)

z

=— Z CmnIm(nk,p) sin(mae) sin(nk,z)

wherel,,, are the modified Bessel function of order c¢,,,,,

are the coefficients of the cylindrical expansion, and the
wiggler field is represented in our simulations by the first
10 and 60 modes, respectively, in the case of the NLC and
TESLA DR wigglers. The wiggler field used in our sim-
uéation code POSINST is shown in Figs. 5 and 6. A rect-
angular vacuum chamber profile with antechamber on both
gides is included in the simulations.

Lyor=13 =84 mm< b=9 mm. (24)
the photons within the emission cone are transmitted B, =
through the wiggler final aperture and are not able to hit
the wiggler chamber walls. Higher harmonics have evenBs =
smaller opening angles.

The number of photons emitted in the forward cone rep- B.
resents~ 90% of the total photon flux and it is obtained
integrating the frequency spectrum Eq. (8)

/.
where we have assumed that the radiation is emitted in
coné o2_,,. The photons emitted at larger angtes 0%,
will be able to hit the chamber wall. Then, the averag

number of photons per beam particle hitting the wiggler | Pl
chamber wall is ¥

(16)

3y
AR

= 4.4 x 10'7 ph/s (15)

field data (shown 1/4 period)
* fit

1.4 x 108 ph/m or 2.5 x 10'° photoelectrons/rh

where to estimate the photoelectrons we have assume:
constant photoelectron yield = 0.1 and vacuum chamber
parameters listed in Table 1.

WVertical wiggler field By (T)
=
t,

GLC/NLC DR Damping Wiggler

The GLC/NLC DR arc vacuum chambers are provider -z}
with an antechamber design. Following similar argument: 0
the number of photons emitted per NLC magnet is given by
Eq. (1) N4t = 8.1. Integrating the right-hand-side of Eq.
(5) one obtainsV, mag = 0.11 and0.023, respectively, for
photons of all energies and photons with endigy> 4 eV.
Thus only 1.3% of photons of all energies hit the vacuu
chamber while only 0.26% of the photons emitted hit thé& Aw=0.27 m.
chamber with/ > 4 eV needed for photoemission.

0.15 0.2 0.25
zm)

0.05 0.1

Figure 5: Vertical wiggler magnetic field model for the
NLC DR, compared with the field data (shown 1/4 period).
rI[}/Iagnetic field at gap centeris 2.1 T and the wiggler period

The most stringent requirements are in the wiggler sec-
tions of either the X-Band or the TESLA damping rings,
SIMULATION RESULTS OF THE CLOUD where simulations indicate thakt,.x must be below~

1.2+1.25 to avoid the electron cloud as illustrated in Fig. 7

GENERATION AND DEVELOPMENT
Simulation results for the electron cloud in the wigglersand In Table 3. Snapshots of the bi- and tri-dimensional
and arc regions of the NL/GLC X-Band positron mainelectroq cloud d|str|bu_t|ons are shown in Fig. 8 and F|g.9
damping ring have been reported previously in [19]. In th respecyvely. Thes_e S|mylat|on results have been obtained
' eé\\ssumlng a two-dimensional electron cloud space charge
1n the literature, the photon flux is usually expressed in units oftle€ctric field, averaged over the length of the simulated sec-
mrad-2 emission angle, in which case the flus3ig x 1020 ph/simrad.  tion. The exact electron dynamics in a wiggler would re-
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Figure 6: Vertical wiggler magnetic field simulation model2 TESLA DR wiggler.

fit for the TESLA DR, compared with the field data (shown

1/4 period). Magnetic field at gap center is 1.6 T and th&]

wiggler period is\,,=0.40 m.
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§ X / the energy valudinax at which the SEY is maximum is
£ w'E B e soean assumed to vary withnax [18]. The electrons in a dipole
9 F round chamber a =b = o mum . . . . . .
L // i o v 001 typically concentrate in vertical stripes. Simulation results
- T i i for a TESLA arc dipole section are shown in Fig. 11. The
; / e (g typical stripe distribution may be explained as follow. The
10 electrons are constrained to move along the dipole vertical

field lines. The electron energy gain depends on its hori-
zontal position with respect to the bunch axis. The hori-
zontal location at which the energy kick results in the max-

. . . . imum multiplication, or k SEY, shoul rr n
Figure 7: Simulation of electron cloud as a function of sec; u ultiplication, or peak SEY, should correspond to

o ~ “"the location of the stripes. Typically in a dipole, one single
ondary electron yield in GLC/.NLC and' TE.SLA. DR Wig- stripe is present for low beam intensity and two stripes are
glers. Photoelectrons are not included in this simulation.

present for high beam intensity.
In the X-band damping ring, the arc vacuum chamber is
quire a 3D space charge electric field, not yet implementdgfovided with an antechamber. In a dipole sectiiqx <
in the code. 1.3+ 1.4 is required to prevent the formation of an electron
There are also concerns for the arc sections of both ligloud.
ear collider damping ring designs. The arcs of the TESLA In the field free regions of the TESLA DR long straight
DR do not include an antechamber. In this case, the syRections, the large vacuum chamber radius 50 mm and
chrotron radiation generates a large quantity of photoelebunch spacing 20 ns set the threshold conditions for elec-
trons and an electron cloud is always present independéren multiplication atimax ~ 2.0 [19], which represents a
of the SEY, as shown in Fig. 10. In particular, in thesafe margin. Due to the short bunch spacing and smaller
TESLA DR arc dipoles and quadrupoles without an anvacuum chamber sizes of the X-Band DR the threshold
techamber design, a photo-electron cloud is present evlan the electron cloud in field free regions is lower at
for dmax as low as 1.1. Based on the electron cloud simumax = 1.5.
lation results, an antechamber design for the TESLA DR Simulations confirm the electron trapping mechanism in
arcs vacuum chamber is recommended. quadrupoles. The electron cloud decay time is very long
An antechamber design with full height h = 10 mm, fordue to the trapping of electrons in the quadrupole magnetic
the TESLA arc chambers has been considered in the simfield. Note that the beta functions are generally high in
lations. Results show that an electron cloud develops inquadrupoles and the electron cloud may have a greater ef-
dipole section fobmax ~ 1.3. Note that in our SEY model, fect on the beam stability in those regions. More estimates

1.0 1.1 12 13 14 15 16 17 18 1.9 2.0 21

Peak Secondary Yield (SEY)



6x10° —— ,\ o — --ﬁ\mm and a patrticle-in-cell (PIC) algorithm are used to compute
W \ ’\ '\ Qn \ the electron cloud and beam potentials. The electrons os-
,W i \N\ 1y cillate in the linearized beam potential with an angular fre-
r\N quencyw,, given by

—_—

% ;
: T Dyt
I \ wfy = 17)
: AL Ay h v (o +0y)0y
£ 2 04 bbbkt die where )\, is the beam line density and, , the transverse
E \ —— TESLAarc dipole, sec. electron vield &, =1.9 beam Slze
S " 5 = . . . .
"7 — TESLAwequdupole, 53:1; Due to the electron cloud oscillation and pinching, the
. — ’ Sy =11 cloud density increases along the bunch. An electron cloud
i o o i i3 .\, wakefield is established which drives the oscillations of the
' ' Tt Giges) ' ' tail of the bunch. The interchange of the head with the tail

by synchrotron oscillations is a damping mechanism for the
Figure 10: Simulation of the electron cloud effect infast head-tail effect. Thus, the maximum allowed electron
the TESLA DR arc dipoles and quadrupoles without ancloud density depends on the synchrotron tune and the driv-

techamber. A (photo)e|ectr0n cloudis present eveﬁnf,lgf Ing force. AlSO, note that the head-tail effect depends on the
as low as 1.1. average electron cloud densjty, along the ring, given by

1
T P = fdspuls) (18)
: A
/ \ In the X-band MDR, an head-tail instability is observed

10

to occur for an average electron cloud density close to
2.0 x 102 e/m?, as shown in Fig. 12, with growth time
on the order of 10Q:s. The three codes show consistent
10 f bk A ’\ LA results. This is one order-of-magnitude lower than the ex-
\/ Py B pected cloud neutralization level if a cloud is allowed to
form as shown in Table 4. A slightly positive chromaticity
or a larger synchrotron tune increase the instability thresh-
‘ old as expected, but this is unlikely to provide the margin of
safety that is desired. In the TESLA DR the electron cloud

107

10
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Figure 11: Horizontal projection of the particle distribu-
tion (unnormalized) in a TESLA DR arc dipole with an an-
techamber design. Assumigax = 1.3 and Emax = 180
evV.
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are needed. 5
Secondary yield thresholds for the development of th
electron cloud in both linear collider DR design are listec

) T
in Table 3. 0.0 0.2 0.4 0.6 0.8 1.0

Time {msec)

SINGLE-BUNCH INSTABILITY
Figure 12: Simulation of single-bunch beam instability

The results for the single-bunch fast head-tail instabilitfrom electron cloud in GLC/NLC Damping Ring field free
in the X-band and TESLA damping rings have been obregion.
tained with the HEAD-TAIL simulation code developed
by G. Rumolo and F. Zimmermann at CERN [8] ands expected to develop in the arcs and wiggler sections. To
benchmarked against two other different simulation codetgke into account the electron distribution in dipole and
QUICKPIC [10] and PEHTS [11]. Since the synchrotronwigglers, we have used two different initial electron dis-
tune is small, the number of cloud-beam interactions peributions as input for HEAD-TAIL simulation code.
turn has been typically varied between 1 and 30. A discrete First, we have used an initially uniform electron density
Fast Fourier Transform (FFT) in two dimensional spacédistribution and the threshold of the instability develops



Table 3. Secondary electron yielé£y) thresholds and neutralization electron cloud density for the development of an
electron cloud in the TESLA and GLC/NLC linear collider damping rings.

Damping Ring location dmax threshold neutr. cloud density (e/f)

GLC/NLC field free region 1.5-1.6 2 x10%
" arc dipole 1.3:1.4 2x1013
§ arc quadrupole 1.2:-1.25 2x1013
g damping wiggler 1.2:-1.3 6x10'3

TESLA long straight sections 2.0:2.1 4x10M
" arc dipole without antech. photoe” dominated 2x1012
" arc dipole with antechamber 1.3 2x10!2
" arc quadrupole without antech. photoe” dominated 2x10'2
" arc quadrupole with antech. - 2x10'2
" damping wiggler 1.2+1.3 5x10'2

for an average cloud density over the ringris2 x 10''  dipole or wiggler sections. HEAD-TAIL allows to set rect-
e/m?, as shown in Fig. 13. The instability threshold forangular vertical stripes, see an example in Fig. 17. The
the 17000 m long TESLA DR is below the expected cloualoud density is 10 times higher in the two stripes regions.
neutralization level. TESLA DR simulation results haveln the TESLA wiggler, vertical stripes in the electron dis-
been benchmarked against the three codes and are consibution start to be visible at nominal beam conditions, as
tent, see Fig. 13, 15, 16. Furthermore, the instability ishown in Fig. 8. Similarly, stripes occur for a TESLA arc
accompanied by severe beam particle losses in the first felipole section as previously shown Fig. 11. To simulate
turns, as shown in Fig. 14. the stripes electron distribution in a wiggler section, we
One may estimate the head-tail effect from the TESLAet two rectangular stripes at distanegs+0.7 mm and
wiggler sections only. Since the integrated electron cloudidth ~ 300 pm. A single-bunch instability is expected
density is of importance, the instability threshold can be edor a cloud densityl + 3 x 10'%e/n?. The results of the
timated by scaling the length of the DR to the length of th&élEAD-TAIL simulation are shown in Fig. 18.
500 m long wiggler sections. According to Eqg. (18), an av- Thus, the simulations of the single bunch instability de-
erage cloud density (17000 m)/(500480 times higher or pend sensibly on the initial cloud distribution and the re-
3—6x10"2 e/m? should be expected to cause an instabilitysults may vary by~ an order of magnitude.
which is in agreement with simulations [21]. Finally, we have used CLOUIMAD to estimate the in-
coherent tune shift due to the bunch passing through the
TESLA wiggler. Assuming an equilibrium electron den-
sity of 6x10'2 e/n? a large vertical tune spread of 0.3 is
computed, as shown in Fig. 19.

30x10°°

— avg. cloud density 2ell em’
—— avg. cloud density 1ell efm’

e T R O SO B A summary of the electron cloud instability thresholds
3 for both damping rings are listed in Table 4.
g 20 . ape
£ / Coupled-bunch instability
E 15 The coupled bunch instability has been estimated with
/ the code POSINST. In the simulations, after reaching an
o / equilibrium cloud density a bunch is displaced by a defined
/ 1l amount and the wake acting on the subsequent bunches is
I computed [7]. Considering the ring filled with/ equally-
¢ L 2 3 # 2x10 spaced bunches, each with a particle populafign we

Time (sec)

compute the coherent dipole frequeriey corresponding

Figure 13: Simulated vertical beam size increase in timté) the dipole oscillation modg by

assuming different cloud density, HEAD-TAIL code. The ce2N, =
head-tail instability develops for an average cloud density Q) —wp = irEv
of 1-2x10*! e/m?. An initially-uniform electron cloud dis- 7 k=0
tribution is assumed. The length of the run is 100 turns. wherews = wors is the betatron angular frequenay;
is the horizontal or vertical tune, the collective mode os-
As a second approach, we have also used an initielllation number is given by, = 0,1,2,...,M — 1, E is
electron cloud distribution with vertical stripes, typical ofthe beam energy, and the summation is extended tadhe

W(kSB)eQTrik(;H-VB)/M (19)



Table 4: Threshold value of the electron cloud density, in units of gfan an incoherent tune spread linditv = 0.05,
and for the onset of single- and coupled-bunch instability. The density at average beam neutralization level is also shown.

Parameter X-Band MDR | TESLA DR
Incoherent tune spreadly = 0.05 1.6x10'2 2.3x101°
Single-Bunch instability 2.0x10'2 1+-3x101°
Coupled-Bunch instability 3.0x10"3 1.6x10'3
Av. neutralization 2.5x1013 8.0x 10!
3 11 0.00035 —
_g 1.0 . 0.0003 |-
)
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=
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Figure 14: Beam losses following single-bunch instabilFigure 16: Simulation of single-bunch beam instability
ity. Beam particles within the 16-beam ellipse. An ini- from electron cloud in the TESLA Damping Ring using
tially uniform electron cloud distribution is assumed. BeanPEHTS code assuming an initially uniform electron cloud
losses occurs at210'! e/m?. The length of the run is 100 distribution.

turns.
14 prx)
_ » — w
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s ]
S |
Z
5
] | )
- ‘10
| T f
-a 0 a *
bR e 0 RS migyre 17: Schematic of the horizontal projection of the

particle distribution assumed in the HEAD-TAIL code to
Figure 15: Simulation of single-bunch beam instabilityresemble a wiggler, or two-stripes dipole like, electron dis-
from electron cloud in the TESLA Damping Ring usingtribution. The electron distribution is approximated rectan-
QUICKPIC code for an initially uniform electron cloud gular and the cloud density is an order of magnitude higher
distribution [22]. inside the stripe regions.
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Figure 18: Simulation of single-bunch beam instability
from electron cloud in the TESLA Damping Ring using the
HEAD-TAIL code, assuming an horizontal electron cloud  Figure 20: Long Range wake field in the NLC DR.
distribution with stripes.

0.4 0.4 cloud density in the beam delivery system are shown in
- Fig. 21. In the main linac and the bunch compressor pre-
linac, the electron cloud may cause a modulation of the po-
03 sition within a single bunch, while in the arcs of the bunch
i compressor or the BDS, it causes a mismatch of the optical
i functions. Again, these thresholds are below the neutral-
< o2 ization levels however, as will be discussed, the cloud does
0.15 not necessarily reach neutralization along the short bunch
0 train and fully dissipates between machine pulses. In the
positron transport lines, electron cloud generation is only
0:05 expected to be an issue for the normal conducting X-band
0 i o , _ linear colliders where the bunches are closely spaced, and
-3.00E-02 -2.00E-02 -1.00E-02 0.00E+00 1.00E-02 200E-02 3.00E-02 not for TESLA where the bunch spacing is 337 ns (176 ns

z[m] (+z = head) at 800 GeV c.m.), see Fig. 22.
In the X-Band collider design, the bunch train is roughly
Figure 19: Vertical tune shift after passing through th&68 ns in length. Depending on the vacuum chamber ra-
TESLA wiggler beam line which has 432 meters of wig-dius, material and conditioning, an electron cloud can be
gler in 520 meters of beam line. An electron cloud densitgenerated which will approach the neutralization density.
of 6 x 10'2 e/m? is assumed. The magnetic field is notFor example, with a 10 mm radius chamber and a sec-
included. ondary electron yield of 2, the electron cloud reaches a
density of roughlyl x 10'* e/m® by the end of a positron
_ bunch train, as shown in Fig. 23. The electron cloud den-
first subsequent bunches, here=10. The threshold fora gjr just after the passage of a 268 ns bunch train is a strong
coupled-bunch instability in the X-band main damping ringnction of the vacuum chamber radius as well as the SEY.
is at a cloud density- 3.0 x 10'? e/n?, see Fig. 20, and in gy decreasingimaxto 1.5 or increasing slightly the vacuum
the TESLA damping ring is at cloud density 1.6 x 10'®  champer radius, as shown in Fig. 24, the peak cloud den-
e/n?’. The estimated growth time for these threshold derkjyy can be reduced to acceptably low values. However, the
sity levels is 10Qus, which can be corrected by feedbackeftects of photoelectrons, computed in [14], must still be
taken into account in both normal- and super-conducting
linear colliders.
LINEAR COLLIDERS LOW EMITTANCE Coupled-bunch instabilities have been estimated analyt-
TRANSPORT LINES ically for the NLC BDS and the threshold is expected to be
at3.6 x 10'2 e/m?.

Single bunch effects
Using the code CLOUIMAD, in the positron transport R&D EFFORT TO REDUCE THE SEY

lines of the NLC linear collider bunch compressor, the ma"@:onditioning and Recontamination Under Vac-
linac, and the beam delivery system we estimate thres[jl-um

olds for emittance increase or beam size blow-up ranging
from 1.0 x 10! e/m? to 5.0 x 1013 e/m? [23, 24]. Simu- SLAC has an active R&D effort to find a cure for the
lation of beam-size blow-up at the IP as a function of thelectron cloud effect by surface treatments. In particular,
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Figure 23: Simulated electron cloud build-up by residual
gas ionization, in units of e/ctnin the X-Band BDS for

. . . . ) different values obnax, during the pass of a bunch train.
Figure 21: Simulation of vertical beam size blow-up at the

IP as a function of the cloud density in the beam delivery
system, using CLOUIMAD code.
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Figure 22: Simulated electron cloud density, in units OFigure 24: Cloud density just after the pass of a bunch train,

e/cn®. in the TESLA and USCold BDS. from ionization In units of e/cmd, as a function of vacuum chamber radius,

of residual gases. AsSUMBay = 2.0 in the X-Band BDS. The source is residual gas ionization.
. ax = 2.0.

we are measuring the SEY of thin film coatings, explor-

ing durability and conditioning strategies, investigating aace due to the electron bombardment, the electron cloud
new surface profile design and finally planning to instalfends to disappear. The electron conditioning mechanism
test demonstration chambers in PEP-II. The valué.f,  will eventually stop when the cloud is dissipated and may
typically ~ 3.0 for as-received aluminum 6063 vacuumnever reach the lowest values shown in Fig. 25. Remark-
chamber material, is unacceptably high for either dampplein situ measurements in the SPS at CERN, show that
ing ring design. Various possible remedies to decrease the, . does not decrease lower thari.6 in dedicated runs
SEY are being evaluated. Thin film coatings reduce th@ith LHC-type beams [26]. Simulations show that in the
SEY, but not enough. The specified SEY values have begipand damping ring, the electron wall current on the beam
reached for a TiN or TiZrV coated surface after Conditionpipe from the electron cloud itself is |arge, and the required
ing by surface electron bombardment as shown in Fig. Z§ectron conditioning dose can be achieved in a few tens
[25]. Nevertheless, to keep the SEY at very low values angk hours of beam operation. Concerns have also been ex-
in a stable way under the effect of gas recontamination isressed about the coating durability under beam operations
a challenging task. Recontamination of the surface undghd the effective conditioning time which may be longer
vacuum tends to re-increase the SEY as shown in Fig. 26 an accelerator environment. For these reasons, we are
In accelerator environments there is a limitation to th@lanning to install samples in PEP-II to monitor surface
lowest reachable SEY. As the SEY decreases on the sapatings and measure the SEY as a function of beam time.
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Figure 25: Measurements of effect of electron conditioning
on TiN and TiZrV coatings.
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We are also developing a metal surface withanewsp¢e o, . . . . . . . . . .

cially designed grooved profile [27, 28]. Such a surface ~ ° 20 %0 750 1000 1250 1500 1750 2000 2250 2500 2750 3000

is being fabricated and is expected to reduce the escape

probability of secondary emitted electrons, reducing corrigure 28: Copper sample with rectangular grooves. The

siderably the effective SEY. Simulations estimates show @oper curve represent the SEY of a flat part of the sample

reduction of the secondary yield by a factor of 2. In thevhile the lower part is the SEY of the rectangular groove

simulations we have used a model described in [17] whetgea. The groove parameters arel mm depth and 0.3

the energy spectrum is defined as a sum of the independemin step between grooves.

electron elastically reflected, rediffused and true secondary

components Following the highly promising results, we are planning

to install a 6 m long section to test the groove concept with

ds db,. dedicated chambers equipped with proper electron diag-
a5 = Jre T het -5 (20)  nostics [29] in the PEP-II accelerator.
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Figure 29: Copper sample with rectangular grooves. All
the SEY curves are measured in the rectangular groov
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area. The upper curve refer to primary electron grazing at

a 23° angle with respect to the groove profile. The groove

parameters for this sample are: 5 mm depth, 0.2 mm
groove width, and 2 mm step between grooves.

(7]

Other techniques such as ion conditioning are also under

study. Solenoid windings have proven very effective in re-

ducing the cloud density in existing accelerator machines.
This solution can be applied in the beam delivery and bunch
compressor system and in the magnetic free regions of a

damping ring. Furthermore, simulations show that increas!

ing the chamber aperture is beneficial in reducing the cloud
density in the Low Emittance Transport sections. Because

the electron cloud is an issue for many different facilities,

there is a broad international effort on simulations, beam

measurements and mitigation strategies. SLAC, LBNL an
KEK are collaborating with USC, CERN and DESY on
single-bunch simulation studies, with LBNL and BNL to
produce TiZrV and TiN coated materials, with LANL to
measure the electron cloud effect in quadrupoles and witho]

¢

CERN to measure electron cloud features in the SPS accel-

erator during dedicated LHC development studies.
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