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Abstract

Damping rings reduce the emittances delivered by the
particle sources to the small values required for the linear
collider. Electron-cloud effectsin such a damping ring can
cause transverse single bunch instabilities |eading finally to
an emittance blow up.

In this paper, the density of the electron cloud is calcu-
lated for the beam and vacuum chamber parameters of the
TESLA and CLIC damping rings. The arc and the damping
wiggler section are studied separately. For the TESLA dog-
bone ring also the electron cloud in the long straight sec-
tions is investigated. The distribution of photons incident
on the vacuum chamber around either ring is simulated for
various antechamber parameters, in order to estimate the
local production rates of photoelectrons, which isacritical
parameter for the electron build up.

From the computed final electron densities, an effective
transverse single bunch wakefield due to the electron cloud
is obtained and a first assessment made of the resulting
single-bunch instabilities.

Both analytical estimates and numerical simulationssug-
gest that, for the TESLA damping ring, the design bunch
intensity is below the threshold of the electron-driven
single-bunch instability, if the arcs and the wigglers are
equipped with an antechamber intercepting 90% of the
photons, if synchrotron-radiation masks or additional bend-
ing magnets are added to protect the long straights, and
if the maximum secondary emission yield iS 0 pmax < 1.6.
According to the numerical simulations a special coating
of the wiggler vacuum chamber by a material with a low
secondary emission yield would be necessary to keep the
electron cloud density below 2.0 x 1012 m=3.

In the arcs of the CLIC damping ring about 99% to
99.9% of the photons need to be absorbed by antecham-
bers, which looks possible from photon-flux simulations.
For the CLIC wiggler, the antechamber absorption effi-
ciency should be about 95% or higher and the maximum
secondary yield §,,. < 1.2, in order to avoid single-bunch
blow up due to the electron cloud. The results for CLIC
are similar to those for the NLC/GLC damping ring [1].
The CLIC requirements may become more relaxed as the
design parameters evolve towards lower bunch charges.

For TESLA and CLIC the analytical and numerical es-
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timates of the threshold electron density for single-bunch
blow up differ, which requires further studies.

INTRODUCTION

Damping rings are necessary to reduce the emittances
obtained from the particle sources to the design values of
the linear collider. Emittance reduction is achieved via the
process of radiation damping. The design of the damp-
ing ring has to ensure a small emittance and a sufficiently
short damping time. The final extracted transverse emit-
tance (e..;) is given by

€ext = €eq + (einj - 6eq) eXP(—2 th/TD)a (1)

where e;,; and e isthe injected and the equilibrium emit-
tance respectively, 7p is the damping time and Ty is the
storage time. The bending fields of the arcs do not pro-
vide enough damping to achieve the required low emit-
tance: thus long wiggler magnet sections are necessary to
provide the damping. The conceptual layout of the TESLA
dampingring [2] and part of the CLIC injector complex [3],
including the damping rings, are shown in Figs. 1 and 2.
In positron storage rings el ectrons produced by photoemis-
sion, ionization and secondary emission accumulate in the
vacuum chamber forming an “electron cloud”. First obser-
vations of electron clouds, dating back to 1966 and 1977,
have been reported from proton storagerings[4, 5]. Recent
experimental observations have been reported from accel-
erators operating with high beam current and short bunch
spacings like the B-factories (KEKB, PEP-II) [6, 7].

In 1995, a multi-bunch instability, seen at the KEK pho-
ton factory since the start of the positron beam operationin
1989, was explained by bunch-to-bunch coupling via elec-
tron clouds [8, 9]. The present understanding of the build-
up of an electron cloud and of the effects of the cloud on
the positron beam is based on computer simulations and
measurements with different types of detectors. A sum-
mary isgivenin [10, 11, 12, 13]. The B-factories have suc-
cessfully tackled electron cloud effects by using solenoids
to trap the electrons near the wall of the vacuum chamber
where they are reabsorbed before they can be accelerated
by the positron beam. Nevertheless, electron-cloud effects
are still an important design issue for the positron damp-
ing rings of a future linear collider. Quantifying electron
cloud phenomena in a manner which yields reliable pre-
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Figure 1: TESLA dogbone positron damping ring.

+

- e

3 Pre-dampind Damping

3 99

) er O;’O’

o) Sop
? e 7
=. &S

[0 703

o ~110m PR ~350m
o

wr

il Dump

Booster Linac
3 GHz

Injector Linac
1.5 GHz

\‘D‘ "D+

y
5/
50Ul UBY O

e e n
Damping

Figure 2: CLIC damping rings.



dictions for the design of new facilities is still an R&D
topic. Important parameters for the build up of the elec-
tron cloud are the bunch population, the bunch spacing,
the secondary electron yield of the vacuum chamber wall,
and the chamber aperture. We have applied the computer
code ECLOUD 2.4 [14] to study the electron cloud den-
sity for various secondary electron yields of the chamber
walls. Based on these predictions for the cloud density the
effects on the positron beam is estimated from an equiva
lent broad-band impedance model and from computer sim-
ulations with the code HEADTAIL [15].

TESLA DAMPING RING

The TESLA design is based on a1 ms long beam pulse
containing 2820 bunches, corresponding to an approxi-
mately 300 km long bunch train. To keep the damping-ring
length reasonabl e, the bunch train hasto be stored in acom-
pressed mode with a smaller bunch spacing than in the rest
of the accelerator. The damping ring length is given by the
bandwidth of theinjection and extraction system since each
bunch has to be individually injected and gjected. A band-
width of 50 MHz requires aring length of 17 km. A dog
bone shapeis used (see Fig. 1) with mainly three sections:

e arc,

e wiggler,

e straight.

The straight section is mainly along transport line, which
connects the two arcs and the wiggler sections. Each of the
three sectionsis considered separately with respect to el ec-
tron cloud effects since the vacuum chamber dimensions
and the magnetic fields are different in the three sections.

Beam parameters

The beam parameters of the TESLA positron damping
ring are summarized in Table 1.

Vacuum chamber

The geometry of the vacuum chamber in the quadrupole
and dipole magnets of the TESLA damping ring arc is
shown in Fig. 3. The vacuum chamber in the long straight
section, displayed in Fig. 4 is simply a round pipe with a
diameter of 200 mm.

The chamber in the wiggler sectionisshownin Fig. 5for
the wiggler section and for a quadrupole corrector in the
wiggler section. The computer code ECLOUD 2.4 can not
handle arbitrarily shaped vacuum chambers, but it mainly
considers eliptical vacuum chambers. The more compli-
cated vacuum chambers shown in Fig. 3 and Fig. 5 have
therefore been approximated as €lliptical chambers with
dimensions given in Table 2. Additionally several charge
densities are listed in Table 2 which givefirst estimates for
the expected electron cloud density, if one assumes that re-
gardless of the details of the cloud build-up the electron
cloud will finaly neutralize the average (positron) beam
charge density. First the average beam charge volume den-
sity is calculated: No

<pb> = A_a (2)

Table 1: TESLA damping ring parameters.

TESLA et DR
Energy /GeV 5
Circumference /m 17000
revolution
frequency /kHz 17.6
Bunch Population /10™ 2.0
Number of bunches 2820
Total current /mA 160
Bunch separation /m 5.99
Ins 20
Damping time/ ms 28
Invariant Emittance
at injection:
v €x,,/107% m 10000
at extraction
~ €zl 107 %m 8
7€,/107%m 0.02
Bunch length /mm 6
(Equilibrium)
Momentum spread
at injection 0.5%
at extraction 0.13%
Momentum compaction
ap /107 1.2
Tune Q 72
Qy 44
Qs 0.07
Emittance (extraction)
€z/nm 0.818
€,/nm 0.002
Arc | Straight | Wiggler
Total length /m 1900 14560 540
Bending radius/m 83.0 - 9.9
Bending field /T 0.194 - 1.63
Average beta function
Bz Im 129 146.6 10.5
By Im 24.9 146.6 10.5
Beam size o, /pm 103 346 93
oy lum 7 346 5
Vacuum pressure/mbar 1078 1077 107°

where Ny isthe bunch population, A isthe areaof the vac-
uum chamber cross section and d the bunch to bunch dis-
tance. For an elliptical chamber the area A issimply 7 a b
with the vertical and horizontal semi axes a and b of the
chamber. The average bunch line charge density is N/d,
while the bunch line charge density \; is

Ny
Ap = . 3
v = Toron (©)
The neutrality volume density is defined as
Ny
n = 5_ _ _ 7° 4
p 2w ozoyd “)

where o, and o, are the horizontal and vertical rms beam
sizes. This density p,, isafirst approximation for the max-



Table 2: Vacuum chamber dimensions and beam charge densities of TESLA Damping ring.

TESLA DR

Arc Straight Wiggler
horizontal semi axis/mm 22 50 16
vertical semi axis/mm 18 50 9
chamber area/cm? 12.4 78.5 5.8
Bunch Population N /10™° 2.0 2.0 2.0
Bunch separation d/m 5.99 5.99 5.99
average bunch charge
volume density(p,) / (10*% m™3) 2.68 0.42 5.79
bunch line charge density A,/(10> m™1) 1.33 1.33 1.33
e neutralization density /m—> 2.7 x 10" | 4.3 x 10™ | 5.8 x 10%

imum electron density within the beam, based on the as-
sumption that the average volume charge density of the
electron cloud and the positron beam inside the beam vol-
ume is finally equal (neutralization condition). An alter-
native definition of the neutrality would average over the
entire vacuum chamber and not only over the transverse
beam volume. Accordingly one can define a neutrality line
density as

An = 2T 0,0y pn- 5)
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Figure 3: Vacuum chamber for dipole (top) and quadrupole
(bottom) in the arc of the TESLA Damping Ring.

Photoemission and lonization rates

A relativistic electron or positron which is bent by a
magnetic field will radiate electromagnetic fields or in a
quantum view will emit photons. The mean number of pho-
tons emitted per length is given as:

N, 5 E 1
dz _2\/§am602 p’

(6)

100 mm

Figure 4. Vacuum chamber inside the long straight sections
of the TESLA Damping Ring.
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Figure 5: Vacuum chamber inside bending magnet (top)
and for aquadrupole/corrector (bottom) in the wiggler sec-
tion of the TESLA Damping Ring.

where E is the energy of the positron beam, m . the rest
mass of the electron, p the bending radius of the dipole
magnet and o = e?/(4meg hc) ~ 1/137. Photoelectrons
are emitted from the chamber walls at arate of
dN,- dN,

dz = Y—eﬁ dz ) (7)
where Y. is the effective photoelectron emission yield.
The total number of photoelectrons per length generated
from one bunch is Ny dN,- /dz, where Ny is the bunch
population. The effective photoel ectron emission yield de-
pends on the photon spectrum, the photoelectric yield of
the material and the photon reflectivity of the chamber.




The number of photoelectronsin the vacuum chamber will
be reduced for chamber designs with an ante-chamber. A
sketch of a vacuum chamber with an ante-chamber design
for the arc of the TESLA damping ring is shown in Fig. 6.
As aresult of these unknown factors the precise value for

Figure 6: An aternative vacuum chamber design for the
dipole in the arc of the TESLA Damping Ring. An ante-
chamber isincluded for this option.

the effective photoelectron yield is not know. An effec-
tive photoelectron yield of 0.1 is reported for the KEK B-
factory [24] vacuum chamber with no ante-chamber.
For our smulations we also take an effective photoel ec-
tronyield of
Yo = 0.1 ®

for all simulations without an ante-chamber and and effec-
tiveyield
Yo ~ 0.01 (9)

for vacuum chambers with an ante-chamber.

The magnetic bending strength differs significantly in
the three sections of the TESLA damping ring. The result-
ing rough estimates of the photoemission rates are sum-
marized for all three sections in Table 3. A more refined
discussion of the photon (and hence photo-€lectron) dis-
tribution around the ring is presented further below. Also
included in Table 3. are the ionization emission rates for
the vacuum pressure of Table 1.

Table 3: Primary electron generation rates due to photoe-
mission and ionization, inthe TESLA damping ring; N is
the bunch population and p the bending radius.

TESLA DR
Arc Straight Wiggler
No /10™° 2.0 2.0 2.0
plm 83.0 — 9.9
dN,/dzIm 1.242 0.0 10.38
Yorr 0.1 0.1 0.02
(0.01) (0.01)
dN,- /dzIm 0.124 0.0 0.2
(0.0124) (0.1
dN,—/dz""Im | 4x10°% | 4x10°° | 4x 10 ®

CLIC DAMPING RING

The CLIC damping ring complex [3] has to provide
positron and electron bunch trains with 100-Hz repetition
frequency. For the positron beam the vertical emittance re-
duction of the pre-accelerator emittance will be a factor of
about 107, while the horizontal emittance will be reduced

by afactor of 10°. To decouple the wide aperture require-
ments for the incoming positron beam from the final emit-
tance requirements of the main linac, acollector ringwith a
large dynamic acceptance and relatively large equilibrium
emittances is used to pre-damp the incoming beam. Then
the positron beam isinjected into afinal damping ring with
very small equilibrium emittances adapted to themain linac
injection. The general layout of the electron and positron
damping ring complex is shown in Fig. 2.

Beam parameters

In this paper we only consider electron cloud effectsin
the CLIC main damping ring. The beam parameters are
summarized in Table 4 which are based on the lattice de-
sign and project target values from the year 2003 [16].1
At CLIC the optimum beam energy must not only be de-
termined from optical considerations, but it also has to be
chosen so asto minimize limitations from Intra-Beam Scat-
tering (IBS).

Table 4; Parameters of the CLIC positron damping ring.
CLICe"™ DR
Energy /GeV 2424
Circumference /m 357
revolution frequency /kHz 839
Bunch Population /10™° 0.42
Number of bunches /train 154
Current /train /mA 87
Bunch separation /m 0.2
Ins 0.667
Damping time/ ms 2.62
Invariant Emittance
at extraction v e,/107% m 0.620
ve,/107%m 0.0087
bunch length /mm 13
Momentum spread
at extraction 0.13%
Momentum compaction /10~ | 0.731
Tune Q 72
Qy 34
Qs 0.005
Emittance (extraction) e,./nm 0.131
€,/nm 0.002
Arc | Wiggler
Total length /m 197 160
Bending radius/m 8.67 4,58
Bending field /T 0.932 1.76
Average beta function
Bz Im 1.0 40
By Im 3.0 7.0
Beam size o, /um 114 22.8
oy lum 23 35
Vacuum pressure/mbar 10°° 107°

1Recently it is considered to change the CLIC design parameters in
the following way: 385 bunches per train, bunch population 0.24 10'°,
bunch spacing 0.2667 ns.



Table 5: Vacuum chamber dimensions and beam charge densities of CLIC damping ring.

CLICDR

Arc Wiggler
horizontal semi axis/mm 22 16
vertical semi axis/mm 18 9
antechamber-dot half height 3
chamber area/cm? 12.4 5.8
bunch population N, /10™ 0.42 0.42
bunch separation d/m 0.2 0.2
average bunch charge
volume density(ps) / (10** m~2) 20.1 43.4
bunch line charge density Xo/(10™ m™1) 1.52 152
€ neutralization density 1.7x10%m™3 | 3.6 x 10 m™3

Vacuum chamber

The design of the CLIC damping ring vacuum cham-
ber has not yet been finalized. We assume that the CLIC
vacuum chamber has dimensions similar to the vacuum
chamber of the TESLA damping ring. A sketch of the
CLIC damping ring chamber in the arc section is shown
in Fig. 7. All vacuum-chamber dimensions and the beam-
charge densities, computed according to Egs. (2) and (3),
are summarized in Table 5.

Figure 7: Vacuum chamber for the dipolein the arc of the
CLIC Damping Ring.

Photoemission and lonization rates

For a constant bending radius p the mean number of
emitted photons and photo electrons has been cal culated for
the CLIC DR arc and wiggler section according to Egs. (6)
and (7). Herewe have assumed that the effective photoel ec-
tron emission yield will be 0.01, taking 90% as the fraction
of the photons which will be absorbed in an ante-chamber.

Table 6: Primary electron generation rates due to photoe-
mission and ionization, in the CLIC damping ring; Ny is
the bunch population and p the bending radius.

CLICDR

Arc Wiggler
No 110" 0.5 0.5
plm 8.67 4.58
dN, /dz [leTIm] 5.764 10.903
Yesr 0.01 0.01
dN,— /dz [leTIm] 0.0576 0.109
dAN,— /dz"" [I°TIm] | 4x10° % | 4x10°®

PHOTON DISTRIBUTION

In the previous sections the photon emission rates have
been estimated for a bending magnet with a constant bend-
ing radius. In this section, the code PHOTON [17, 18]
is applied to the TESLA and CLIC damping-ring lattices
in order to evaluate the photon distribution in detail. The
PHOTON code computesthe number of photonshitting the
chamber wall per meter, which is an important ingredient
for the simulation of the build up of an electron cloud. Also
the synchrotron-radiation heat load and the average photon
energy are calculated.

TESLA

In total 3.5 x 102! photons are emitted per second, or
2.1 x 10'7 per meter on average around the full circumfer-
ence. The SR power per meter bend is 2760 Watt, and the
total emitted power 3.2 MW. The average photon energy in
the bending magnetsis 2.4 keV.

The photon distribution was calculated with the code
PHOTON [17, 18] for the ideal machine without orbit or
optics errors. However, finite beam sizes were taken into
account and, for completeness, we considered the emit-
tances and momentum spread both at injection and at ex-
traction. Photons were assumed to be absorbed in the
wiggler antechamber, if their vertical position fell into the
range of +3 mm from the center plane. The reflectivity of
the rest of the vacuum chamber was assumed to be 80%.

Figures 8, 9, 10, and 11, show the total photon flux
per meter, the photons per passing positron per meter, the
synchrotron-radiationheat |oad, and the average photon en-
ergy, respectively, around the TESLA damping ring. Pho-
tons hitting the wiggler antechamber were considered as
absorbed and did not contribute to any of these quantities.
Figures 12, 13, 14, and 15 show the same quantitiesasFigs.
8, 9, 10, and 11, but here photons falling into the vertical
range of +3 mm from the center plane are not takeninto ac-
count anywhere around the ring. This case corresponds to
the situation that a vacuum chamber design with antecham-
ber is also used in the arcs of the damping ring (as well as
in the straight sections).
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Figure 8: Photon flux on the wall of the TESLA damping
ring per meter and per second for beam parameters corre-
sponding to injection (top) and extraction (bottom), com-
puted by PHOTON.
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Figure 9: Photons incident on the wall of the TESLA
damping ring per meter and per passing positron for beam
parameters corresponding to injection (top) and extraction
(bottom), computed by PHOTON.
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Figure 10: Synchrotron-radiation heat load on the wall of
the TESLA damping ring (not counting energy absorbed in
thewiggler antechamber) for beam parameters correspond-
ing to injection (top) and extraction (bottom), computed by
PHOTON.
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wall of the TESLA damping ring (not counting photons
absorbed in the wiggler antechamber) for beam parameters
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Figure 12: Photon flux on the wall of the TESLA damp-
ing ring per meter and per second for beam parameters
corresponding to injection (top) and extraction (bottom),
computed by PHOTON, not counting photons incident at
ly| < 3 mm.
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Figure 13: Photons incident on the wall of the TESLA
damping ring per meter and per passing positron for beam
parameters corresponding to injection (top) and extraction
(bottom), computed by PHOTON, not counting photonsin-
cident at |y| < 3 mm.
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Figure 14: Synchrotron-radiation heat load on the wall of
the TESLA damping ring for beam parameters correspond-
ing to injection (top) and extraction (bottom), computed by
PHOTON, not counting photonsincident at |y| < 3 mm.
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computed by PHOTON, not counting photons incident at
ly| < 3 mm.



For TESLA, from Fig. 9 with an antechamber only in
the wiggler, the average rate of incident photons per me-
ter per positron in the arcs is about 0.5 and the rate in the
wiggler sections about 2 (this may be an overestimate due
to arough approximation of the antechamber location). A
typical number in the straight sectionsis 10 ~3. Therefore,
if the straight sections are not shielded from the radiation
emitted in the arcs and wigglers by a system of masks, we
might expect aphotoel ectronyield per passing positron and
meter of 10~ here, in addition to the generation of ioniza-
tion electrons at amuch slower rate of 4 x 10~ per positron
and meter (for 10~ mbar pressure).

CLIC

In total 5.9 x 102! photons are emitted per second, or
1.6 x 10'° per meter on average around the full circumfer-
ence. The SR power per meter bend is 13 kW, and the total
emitted power 1.7 MW. The average photon energy in the
bending magnetsis 1.7 keV.

Figures 16, 17, 18, and 19 display the total photon flux
per meter, the photons per passing positron per meter, the
synchrotron-radiationheat load, and the average photon en-
ergy, respectively, around the CLIC damping ring. Pho-
tons hitting the wiggler antechamber were considered as
absorbed and did not contribute to any of these quantities.
For this set of simulations, no photonswere absorbed inthe
arcs of the CLIC damping rings, although these will also be
equipped with antechambers.

photon fiux on wall per meter and second (injection)

“ photon flux ——
| \‘
‘\ ﬂ\ \ ‘\ \ﬂm Pﬂ\‘
Al H ~\ H H il ‘ H ‘ ‘
terto |\ _x//\A w‘ /\/"///\M ‘
i .
1 i
\
I M
|
le+18 r‘
0 5‘0 léO 1‘50 ZAO 2;0 3&0 3;0
photon flux on wall per meter and second (extraction)
[ r\ ! ! photon flux ——
|
{
‘\ M p‘ﬂ;\‘\ M m
i ‘ \ |
1419 VA /ﬁ \ ‘ ” ‘ A AN “ ‘
‘\‘ “ ‘ u‘ ‘ ‘
W )
|
\ “
|
le+18 v‘

Figure 16: Photon flux on the wall of the CLIC damping
ring per meter and per second for beam parameters corre-
sponding to injection (top) and extraction (bottom), com-
puted by PHOTON.
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Figure 17: Photonsincident on thewall of the CLIC damp-
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photons absorbed in the wiggler antechamber) for beam
parameters corresponding to injection (top) and extraction
(bottom), computed by PHOTON.
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only.
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Figure 19: Average electron energy of photons hitting the
wall of the CLIC damping ring (not counting photons ab-
sorbed in the wiggler antechamber) for beam parameters

corresponding to injection (top) and extraction (bottom),
computed by PHOTON.

Figures 20, 21, 22, and 23 show the same quantities as
inFigs. 16, 17, 18, and 19, but here photonsfalling into the
vertical range of +3 mm from the center plane are assumed
to be absorbed by antechamber, all around thering, and are
not taken into account.

For CLIC, the average rate of incident photons per meter
per positronin thearcsisabout 2 and theratein thewiggler
sections about 5 (again this may be an overestimate due to
a rough approximation of the antechamber location). The
energy of incident photonsis about 1000 eV in the arcs and

2000 eV inthe wigglers.

Tables 7 and 8 summarize the photoemission results es-
timated from the simulation for the two cases that an an-
techamber is present only in the bending magnets of the
wigglers or that an antechamber is installed everywhere
around the ring. The numbers obtained from the analyti-
cal calculation of the photoemission ratein in Tables 3 and
6 are also shown, for different hypothetical values of an-
techamber efficiencies.

The antechamber in the TESLA arcs has a simulated ef-
ficiency of 80%, while for the CLIC arcs the absorption
efficiency exceeds 99.99%. The photon flux in the straight
section of TESLA, though not exactly zero, is more than
two orders of magnitude smaller than in the arcs. To com-
pletely suppress the remaining photon flux, the ring geom-
etry would need to be changed, e.g., either by weak bend-

ing magnets behind thewigglers, or by adding synchrotron-
radiation masks.
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Figure 20: Photon flux on the wall of the CLIC damp-
ing ring per meter and per second for beam parameters
corresponding to injection (top) and extraction (bottom),

computed by PHOTON, not counting photons incident at
lyl < 3 mm.
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Figure 21: Photonsincident on the wall of the CLIC damp-
ing ring per meter and per passing positron for beam pa-
rameters corresponding to injection (top) and extraction

(bottom), computed by PHOTON, not counting photonsin-
cident at |y| < 3 mm.
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Figure 22: Synchrotron-radiation heat load on the wall of
the CLIC damping ring for beam parameters correspond-
ing to injection (top) and extraction (bottom), computed by
PHOTON, not counting photonsincident at |y| < 3 mm.
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Figure 23: Average electron energy of photons hitting
the wall of the CLIC damping ring for beam parameters
corresponding to injection (top) and extraction (bottom),
computed by PHOTON, not counting photons incident at
ly| <3 mm.

For the TESLA wiggler the antechamber is 90% efficient
(bottom column), while for CLIC the efficiency is 85%.
In summary, the efficiency of the antechamber depends on
the location, and, although in some cases an efficiency far
above 90% appears possible, often it islimited to 80-90%.
Especialy, it may be difficult to further reduce the photon
flux in the long wigglers, where many photons are emitted
in near-forward direction.

Table 7: Analytically estimated and simulated photoemis-
sionrate dN,- /dz in units of m~! per passing positron in
various sections of the TESLA damping ring, considering
different configurations of antechambers, and assuming a
constant photoemission yield of Y. = 0.1 for all cases.
The ssimulations considered a photon reflectivity of 80%
outside the antechambers; the latter were treated as perfect
absorbers.

TESLA

Arc  Straight Wiggler
analytical:
no antechamber | 0.124 0 1
90% protection | 0.012 0 0.1
99% protection | 0.001 0 0.01
simulated:
antechamber in | 0.05 1074 0.2
wiggler bends
antechamber 0.02 1074 0.1
everywhere

Table 8: Analytically estimated and simulated photoemis-
sion rate dN,- /dz in units of m~! per passing positron
in various sections of the CLIC damping ring, considering
different configurations of antechambers, and assuming a
constant photoemission yield of Y.z = 0.1 for all cases.
The ssmulations considered a photon reflectivity of 80%
outside the antechambers; the latter were treated as perfect
absorbers.

CLIC

Arc Wiggler
analytical:
no antechamber 0.6 2
90% protection 0.06 0.2
99% protection 0.006 0.02
simulated:
antechamber in 0.2 0.5
wiggler bends
antechamber <1073 0.3
everywhere

ELECTRON CLOUD BUILD UP

The eectron cloud build up in TESLA and CLIC
positron damping ring was simulated using the code
ECLOUD [19]. Theresultsfor the electron line density and



the central (in the beam center) electron cloud volume den-
sity are presented in separate subsections for the TESLA
DR andthe CLIC DR.

Electron Cloud Build Up in the TESLA DR

The electron-cloud build up has been simulated for var-
ious sections sections of the damping ring. First the re-
sults are shown for a bend and field-free region of the arc.
Thelong straight section and the wiggler section aretreated

separately.

Electron Cloud Build Up in the Arcs  Figures 24 and
25 show electron line densities and central volume densi-
ties for a dipole and field-free region of the arcs, assum-
ing the maximum possible photon flux and a photoel ectron
emissionyield of 10%. Thevariouscurvesrefer to different
values of the maximum secondary emission yield for acon-
stant value of €,,,,x = 240 €V (the primary electron energy
for which the secondary yield at perpendicular incidenceis
maximum.) Elastically reflected low-energy electrons are
included, with areflection probability approaching 1 in the
limit of zero incident energy. The electron build up ap-
pears to be dominated by the huge flux of primary photo-
electrons.

To determine the beneficia effect that an antechamber
might have and also to look for the threshold of beam-
induced multipactoring, we repeated the same simulations
with a 100-times reduced rate of photoelectrons (it is rea-
sonable to assume that only a few percent of the photons
would impact outside of an antechamber). Figures 26 and
27 show theresult. The figuresillustrate that the threshold
for beam-induced multipactoring is around 6 . ~ 1.6 in
the arcs, for both types of fields.

Electron Cloud Build Up in the Straight Section
Figures 28 and 29 show the simulated build up for astraight
section. One picturein each figure considers primary elec-
trons dueto ionization (generated inside the beam volume),
the other the much larger primary rate of photoelectrons
caused by reflected synchrotron light; the latter are emitted
at the wall. Evidently, there is a build up by multipactor-
ing for the larger values of §,,,,.. Fortunately there is no
significant buildup-up of an electron cloud for secondary
emission yields §,,.x < 1.6. A secondary emission yield
lower than 1.6 can easily be achieved with a copper surface
after some processing time [20]. A copper plated stainless
steel vacuum chamber should be used in the straight sec-
tion of the TESLA damping ring. Since the primary rate
of photoelectrons is dominated by photons of the reflected
synchrotron light from the wiggler sections, it seems to be
possible to use special photon absorbers at the end of the
wiggler section to further reduce the reflected synchrotron
light in the straight section.
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Figure 24: Electron line density in units of m—! as afunc-
tion of timein sfor abend (top) and afield-freeregion (bot-
tom) of the arcs, assuming no antechamber (dN .- /dz =
0.124 photoelectrons per positron per meter); the various
curvesrefer to 6 different values of 0 .-
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Figure 25: Central electron cloud volume density in units
of m—3 asafunction of timein sfor abend (top) and afield-
free region (bottom) of the arcs, assuming no antechamber
(dN,- /dz = 0.124 photoelectrons per positron per meter);

the various curvesrefer to 6 different values of § ax.
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Figure 26: Electron line density in units of m~* as afunc-
tion of time in s for a bend (top) and a field-free region
(bottom) of the arcs, assuming a reduced rate of primary
photoelectrons (dN.- /dz = 0.00124 photoelectrons per
positron per meter), possibly provided by an antechamber;
the various curves refer to 6 different values of § ..

Se+12

45e+12 |

de+12 |

35e+12 |-

3e+12 [

250412 -

2e+12 [

15e+12 -

le+12

Se+ll [

0 2e-07 4e-07 6e-07 8e-07 1e-06 1.2e-06

0

Ge+11 T T T T T T
Smax=1.0

a1 4 -
Sma16

Se+ll -
de+11 -
3e+11
2e+11

le+1l [

. .
6e-07 8e-07 1e-06 1206

0l .
0 2e-07 4e-07

Figure 27: Central electron cloud volume density in units
of m—3 as a function of time in s for a bend (top) and a
field-free region (bottom) of the arcs, assuming a reduced
rate of primary photoelectrons (dN .- /dz = 0.00124 pho-
toel ectrons per positron per meter), possibly provided by an
antechamber; the various curves refer to 6 different values
Of Omax.
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Figure 28. Electron line density in units of m~! as a
function of time in s for a straight section comparing the
cases of primary electrons created by ionization at a rate
dN,- /dz°" ~ 4 x 1072 m~! (top) and primaries due to
photoemission at arate dN,- /dz ~ 10~* m~! (bottom);
the various curvesrefer to 6 different values of § ax.-
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Figure 29: Electron central volume density in unitsof m—3
as afunction of timein s for a straight section comparing
the cases of primary electrons created by ionization at arate
dN,- /dz"°" ~ 4 x 10~ m~! (top) and primaries due to
photoemission at arate dN,- /dz ~ 10~* m~! (bottom);
the various curvesrefer to 6 different values of § ax.-



Electron Cloud Build Up in the Wiggler Severa
models of the magnetic field in the wiggler sections are
considered for the smulation of the build up of the elec-
tron cloud. Figure 30 shows the simulated build up in a
bend with a field strength equivalent to the peak magnetic
field strength of the TESLA wiggler magnet (1.68 T). The
computer code ECLOUD [19] has been extended to handle
also more sophisticated models of the magnetic field of a
wiggler. Thewiggler field can be expanded in acylindrical
mode representation [21]:

B, = ZAmn I (nk.p) sin(me) cos(nk.z) (10)
By = Z Amn % I, (nk,p) cos(mg) cos(nk,z)
B, = - Z Apn I (nkp) sin(mg) sin(nk,z),

where I,,,(x) are modified Bessel functions of thefirst kind
and A,,, are the expansions coefficients, which are ob-
tained from a Fourier analysis of the radial field compo-
nent of the wiggler field in the azimuthal and longitudinal
variables at a fixed reference radius. Figure 31 shows the
simulated build up in the TESLA wiggler using a 1st or-
der expansion of the wiggler field based on this cylindrical
mode representation.

An dternative expansion of a periodic magnet system,
which is commonly used for planar wiggler magnets, is
based on the following expansion in Cartesian coordinates:

B, = Z B, cosh(nkyy) sin(nk,z)  (11)
nodd

B, = Z B, sinh(nk,y) cos(nk,z),
nodd

with k, = k.. The results from the ECLOUD code for a
1st order expansion of the wiggler field in Cartesian coor-
dinates are shown in Fig. 32. The results for the electron
line density and central electron cloud volume density for
dmax = 1.6 are compared in Fig. 33 for the three different
models of the wiggler field (constant bend, first termin a
cylindrical expansion, first termin aharmonic expansionin
Cartesian coordinates). The predicted electron cloud den-
sity does not strongly depend on the model of the wiggler
field. This indicate that the longitudinal field component
of the magnetic field of the wiggler does not change the
dynamics of the electrons in the cloud significantly. For a
secondary emission yield of §,,,x = 1.6 the simulations
predict a central electron cloud volume density close to the
neutralization density.

Electron Cloud Build Up in the CLIC DR

For the CLIC damping ring we consider the build up of
an electron cloud in the arc and in thewiggler section of the
ring. The value of the maximum secondary emission yield
(assumed to occur at a constant primary energy of € ax =
240 eV for perpendicular incidence) is varied between 1.0
and 2.0 to investigate the dependence of the electron cloud
build up on the properties of the material.
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Figure 30: Electron line density (top) in units of m~! and
central electron cloud volume density (bottom) in units of
m~3 as a function of time in s for a bending field whose
strength is equal to the peak field of the TESLA wiggler,
assuming dN,- /dz = 0.2 photoelectrons per positron per
meter; the variouscurvesrefer to 6 different values of 0 ax-
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Figure 31: Electron line density (top) in units of m~* and
central electron cloud volume density (bottom) in units of
m~3 as afunction of timein s for a 1st order expansion of
the TESLA wiggler field in cylindrical coordinates, assum-
ing dN,- /dz = 0.2 photoel ectrons per positron per meter;
the various curvesrefer to 6 different values of § ax.-
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Figure 32: Electron line density (top) in units of m—! and
central electron cloud volume density (bottom) in units of
m~3 as a function of time in s in a 1st order harmonic
expansion of the TESLA wiggler field in Cartesian co-
ordinates, assuming dN.- /dz = 0.2 photoelectrons per
positron per meter; the various curves refer to 6 different
values of 0 ax-

Figure 33: Electron line density (top) in units of m~! and
central electron cloud volume density (bottom) in units of
m~3 as a function of time in s for 6.« = 1.6, compar-
ing the three different models of the TESLA wiggler field
(constant bend, first term in a cylindrical expansion, first
term in a harmonic expansion), assuming dN - /dz = 0.2
photoelectrons per positron per meter.

Again simulations with the code ECLOUD include elasti-
cally reflected low-energy electrons, with areflection prob-
ability approaching 1 in the limit of zero incident energy.

Electron Cloud Build Up in the Arcs The €electron
line densities and central volume densities in a dipole and
field-free region of the arcs are illustrated by Figures 34
and 35 for a primary electron-generation rate of about
dN,- /dz = 0.06 photoelectrons per positron per meter
(as expected with an antechamber of 90% absorption ef-
ficiency). The various curves refer to different values of
the maximum secondary emission yield. The beneficial ef-
fect of an antechamber was taken into account as a 10%
reduction factor in the number of incident photons, and a
photoelectron emission yield per absorbed photon of also
10% was assumed, so that the primary electron rate corre-
sponds to 1% of the emitted photon flux. The simulations
with the code PHOTON (see Fig. 17) show alargest possi-
ble photon flux of about 2.0 photons per positron and me-
ter in the arcs of the CLIC damping ring, without an arc
antechamber, and (see 21) virtually zero flux when an an-
techamber is present. The photoel ectron rate assumed here
isthus rather pessimistic.
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Figure 34: Electron line density in units of m~! as a func-
tion of time in s for a bend (top) and a field-free region
(bottom) of the CLIC arcs, assuming dN.- /dz = 0.0576
photoelectrons per positron per meter; the various curves
refer to 6 different values of 0.

Electron Cloud Build Up in the Wiggler The mag-
netic field of the CLIC wiggler is modeled as abend with a
field strength equivalent to the peak magnetic field strength
of thewiggler magnet (1.76 T) and in a 1st order harmonic
expansion of thefield in Cartesian coordinates. The results
for the electron line density and central electron cloud vol-
ume density areshownin Figs. 36 and 37 for arate of about
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Figure 35: Central electron cloud volume density in units
of m—3 as a function of time in s for a bend (top) and
a field-free region (bottom) of the CLIC arcs, assuming
dN,- /dz = 0.0576 photoelectrons per positron per me-
ter; the various curves refer to 6 different values of § .-
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Figure 36: Electron line density (top) in units of m~! and
central electron cloud volume density (bottom) in units of
m~3 as a function of time in s for a bend with a field
strength equivalent to the peak magnetic field strength of
the CLIC wiggler magnet (1.76 T), assuming dN .- /dz =
0.11 photoelectrons per positron per meter; the various
curves refer to 6 different values of Jmax. Shown is the
passage of 154 bunchesfollowed by a gap.

dN,-/dz = 0.11 photoelectrons per positron per me-
ter. Hereit is assumed that 90% of the generated photons

O —

15e+10 [

e08 4508 50-08

[T —
=14
16

o L L L L L L L L L
0 5e09 1e08 15¢-08 2008 25e08 3e08 35008 4e-08 4.5e08 Se-08

Figure 37: Electron line density (top) in units of m~! and
central electron cloud volume density (bottom) in units of
m~3 as afunction of timein sfor a 1st order harmonic ex-
pansion of the CLIC wiggler field in Cartesian coordinates,
assuming dN,.- /dz = 0.11 photoel ectrons per positron per
meter; the variouscurvesrefer to 6 different values of § ..
Shown is the passage of 50 bunches followed by a gap.

are absorbed in an antechamber and that the photoel ectron
emission yield is 10%. Unlike for the TESLA wiggler, the
results for the two models differ significantly, which is not
completely understood and needs further investigations in
the future.

Summary of Build-Up Simulations

Theelectron build upinthe TESLA arcsis dominated by
photoemission. Densities without antechamber are of the
order of 1 — 2 x 102 m=3. If the photoemission rate is de-
creased by afactor 100, the arc densities are about 20 times
lower than then rate without an antechamber, and the sat-
uration values slightly depend on the maximum secondary
emission yield ,ax. FOr dax < 1.6 there is no signif-
icant multipactoring. In the straight section the threshold
dmax fOr multipactoring is also about 1.6. The electron
density hereis extremely low, 106 m=3, if ionization elec-
tronsarethe only primaries. If reflected photonsare present
at the level simulated by the PHOTON code, i.e., without
masking or additional weak bends), the density amountsto
about 5 x 10° m=3. In the TESLA wiggler, the electron
density again shows little dependence on ¢, Simulated
densities at the moment of a bunch passage are of the or-
der 10'2 m~2 assuming a photoemission rate which corre-
sponds to the simulated effect of antechambers inside the
bending magnets only. For the CLIC arcs, the ssimulated
electron density is about 5 x 10 m—3 to 10 m=3, if
90% of the photons are absorbed by an antechamber. For-



tunately, the PHOTON simul ations suggest that the absorp-
tion efficiency for the CLIC arcs can exceed 99.9%. Since
the dependence on ¢, is weak, the electron cloud den-
sity in the CLIC arcs would decrease in proportion, down
tovaluesof 5 x 101 m—3 or 10'2 m—3. Lastly, inthe CLIC
wiggler, the electron densitiesfor §,,.« < 1.2 are of the or-
der 1.5 x 103 assuming a 95% antechamber efficiency. The
simulated antechamber efficiency is only 85%. Given the
tolerance on the density determined in the following sec-
tion, additional means of reducing the electron-cloud den-
sity may prove necessary. These means could include, e.g.,
equipping the wiggler dipoles or quadrupoleswith a mask-
ing system, increasing the half height of the antechamber
slits beyond the assumed value of 3 mm, or installing asys-
tem of clearing electrodes.

EMITTANCE GROWTH AND
INSTABILITY

In this section we will discuss the effect of the electron
cloud on the beam. First we study the pinch of the elec-
tron cloud during the passage of a positron bunch. Next,
we will analyze the likelihood of head-tail instabilities us-
ing a broad-band resonator model. These results are finally
compared with computer simulations.

Pinch Effect

We have simulated the electron pinch during a bunch
passage, using a simple program, similar to that presented
by E. Benedetto in [22]. Figures 38 and 39 show the den-
sity enhancement as afunction of longitudinal positionin a
wiggler magnet for TESLA and CLIC, respectively. Traces
of the electron oscillation frequency are visible, especially
inthe central density. The maximum enhancement is of the
order of afactor 100 on axis.

At 1o the density evolution is smoother and the oscilla-
tions are washed out. Analyticaly, the number of oscilla-
tions over v/27o, is

27‘@ Nb Oy

fose 7~ \/ 2m)3 20, (00 + 0y) (12)
Inserting numbers for the TESLA wiggler, o, ~ 93 pum,
oy ~ 5pum, o, ~ 6 mm, and N, ~ 2 x 10'° yields
nese ~ 9.5. For the CLIC wiggler, we have o, ~ 23 um,
oy &~ 3.5 um, oz ~1.3mm, N, ~ 4.2 x 109, and r, ~
2.818 x 10~'® m, from which we compute n.s. =~ 10.76.
The number of oscillations inside the bunch is quite com-
parable for TESLA and CLIC, which may explain why the
density enhancementsinside the bunch are so similar.

" TESLA, beam centre

Figure 38: Enhancement of the electron cloud density at the
center of the beam and on an €ellipse at transverse distance
1 o as afunction of longitudinal position along the bunch
in units of o, (the head is on the left) for TESLA. The top
picture refers to a cloud size equal to 30 times the beam
size, the bottom picture to one equal to 60 times the beam
size.

cLic,

N e L
g

o

NLMMW -
=
e

T +

S 1
sy

+ ¥
kS F:
B 0
He- e 1
. i3 P et
¥

i,
possind

5 SiEuR e
il aRE dENGE

Figure 39: Enhancement of electron cloud density at the
center of the beam and on an ellipse at transverse distance
1 o asafunction of longitudinal position aong the bunch
in units of o, (the head is on the left) for CLIC. The top
picture refers to a cloud size equal to 30 times the beam
size, the bottom picture to one equal to 60 times the beam
size.



Broadband Resonator Model

In [27, 28] a broad band resonator model has been de-
veloped to estimate the effect of the electron cloud on the
positron bunch. Theline chargedensities \ . of the electron
cloud and \;, of the positron beam are the basic ingredients
of the model, as well as the transverse beam dimensions
(0, and o). The (dipole) wake field of the broad band
resonator can be written as:

wi(s) =y sin (wc f) exp <— We f) , (13)
c 2Qc
with 1 1
. 2 2
= — . C, 14
w1 4dmegre €3 Ny W (14)
and
2 1 Te C2 2 Te 62
Wy = — 77—~ A¢, We =7 7T -
Y (02 +0y) 0y (02 +0y) 0y
(15)

with r. the classical electron radius, v the beam energy
measured in units of the rest mass, and C' the circumference
of thering.

The dipole wake within a bunch can be calculated as
the convolution integral of the point charge wake w1 (s)
with the Gaussian charge density in the bunch g(s) =

exp(—3(s/02)?)/ (0= V27):

Wa(s) = / e gls — &) wa (©).

The “cloud” frequency w. is the frequency of the broad
band resonator. This frequency depends only on the prop-
erties of the positron beam. A Q-value of 5 has been as-
sumed to take into account the broad band characteristic of
the impedance.

The strong-head tail instability can betreatedinasimpli-
fied way using atwo particle model [29]. The equations of
motion during thetime0 < s/c < T, /2, whereT, = 1/ f
is the synchrotron oscillation period, are

d? 5)\ 2
_y1+<wﬂ(cl)> yo= 0

(16)

ds?

a7
& wp(02) ) 1 1
gant () w = g

where y; and yo are the transverse coordinates of
macroparticles 1 and 2, §; and 6, are the relative energy
deviations (AE/ E) of the macroparticles from the design
energy, wg is the betatron oscillation frequency, ¢ isthe to-
tal bunch chargeand W the effective dipolewake. During
the time period T /2 < s/c < Ty the equations of motion
areagain Eqgn. (17) but with indices 1 and 2 exchanged. For
thetimeinterval T < s/c < 3T,/2 Eq. (17) appliesagain,
and so forth. The effective wake due to the head macropar-
ticle can be approximated as the wake within the bunch at
S =0,.

Wi = Wi(os) — /0 T e glo. — &) wi(©), (19

where w,; is the dipole wake from the broad band
impedance.

The transverse motion is stable if the trace of the total
matrix which couples the motion of the head and tail par-
ticle over one synchrotron period is smaller than two, or
if

T <2, (29)
where the parameter Y is defined as:
1 1 T 2
T = INy = — . 2
mec27e OCVVL 2 wg ws (20)

Equations (20) and (19) are used to obtain an upper limit
for the effective wake W, , which is then compared to the
wake potential due to the electron cloud (16). The results
for the TESLA and CLIC damping rings are summarized
in Table 9.

Table 9: Limit for the wakefield

TESLA | CLIC
Energy /GeV 5 24
Circumference/m 17000 357
N /1010 2.0 0.5
Qy 44 34
Qs 0.07 | 0.004
W Llimit / (MVI(NC m)) 142 | 579

TESLA The broad band impedance model has first
been applied to the TESLA positron damping ring. There-
sults are presented in Table 10, first under the assumption
that the cloud density is equal to the average beam den-
sity (neutrality condition) and second using the results for
the center density from the computer simulations with the
ECLOUD 2.4 code assuming a secondary emission yield
of 1.4. The results are listed for the three sections (arc,
straight, wiggler) separately. The bunch line charge den-
sity depends only on the bunch length, while the cloud fre-
quency also depends of the transverse beam size, which
differs in the various sections of the damping ring due to
different focusing. The cloud frequency w . is measured in
units of the bunch frequency

W, =27~ =314 GHz = 27 - 49.9 GHz

Oz

(21)

In the ‘total’ column of the table the sum of the effective
wake and average of the charge density are listed. It is
assumed that the cloud density has the same transverse di-
mensions as the beam due to the pinch effect. The line
charge density of the cloud istherefore A, = 210, 0y pe,
where p. is the volume charge density in the center of the
vacuum chamber obtained from computer simulations or
calculated from the condition of neutrality.

The transverse wakefields W, (o,) due to the electron
cloud is compared with the previously calculated limit from
the instability threshold. Using the electron cloud charge



Table 10: Effective transverse wakefield due to the electron cloud in the TESLA positron damping ring. The results
are based on estimates from the condition of neutrality and on the center density obtained from computer simulations.
W1 (o) isthe dipole wake potential at the position s = o, in thetail of the bunch.

TESLA DR

arc | straight | wiggler total
Total length/ m 1900 | 14560 540 || 17000
beam line charge density A\,/( 102 m~1) | 1.33 133 133
cloud frequency w./w, 2.1 0.12 2.75
Condition of neutrality
volume density (p,,) / (1012 m=3) 2.7 0.4 5.8 0.85
line charge density A,,/( 103 m—1) 123 | 3185 15.6 | 2747
Wi(a.), I (MVI(nC m)) 8.2 8.4 51| 217
Wi(02), /Wi timit 058| 059| 036 15
Simulation (SEY 1.4)
center density / (1012 m=3) 0.7 0.01 5.8 0.27
line charge density A\ ./( 103 m~1) 34 75 15.6 7.3
Wi (o) ((MVI(nC m)) 229 | 0197 5.1 76
Wi (02) /W Liimit 016 | 001 | 036]| 052

Table 11: Effective transverse wakefield due to the electron cloud in the CLIC positron damping ring. The results are
based on estimates from the condition of neutrality and on the center density obtained from computer simulations. W1 (o)
is the dipole wake potentia at the position s = ¢, inthetail of the bunch.

CLICDR

arc | wiggler || totd
Total length/ m 197.2 160 || 357.2
beam line charge density \,./( 102 m~—1) | 1.52 1.52
cloud frequency w../w, 2.4 14
Condition of neutrality
volume density (p,,) / (1012 m=3) 20.1 434 || 305
line charge density A,,/( 103 m—1) 3.38 223 || 119
Wi(a2), I (MVI(nC m)) 22.6 417 || 64.2
Wi(02), /W L timit 0.39 072 || 111
Simulation
center density / (102 m=3) 10 15 || 209.0
line charge density A\./( 10> m~1) 17 7.7 4.4
Wi (o.) I(MVI(nC my)) 11.3 144 || 257
W1 (Uz)/WLlimit 2.0 0.24 0.44

density from the simulations it is found that the head-tail  ingringis

mode is stable. This two-particle model does not describe
higher head-tail modes. Since the cloud frequency w. is
larger than the bunch frequency w ., it cannot be excluded
that higher modes could contribute to an instability.

CLIC Thebroad band impedance model has been also
applied to the CLIC positron damping ring. The general
assumption are the same as for the TESLA damping. The
results, shown in Table 11, correspond to a cloud density
equal to the average beam density (neutrality condition)
and a density which was obtained from the computer ssim-
ulations with the ECL OUD 2.4 code assuming a secondary
emission yield of 1.4. The cloud frequency w .. is measured
in units of the bunch frequency, which for the CL1C damp-

w, = 27— = 1438 GHz = 27 - 228 GHz .

Oz

(22)

With the assumed el ectron-cloud densities which amount to
the simulated densities for afield-free region of the arc and
for awiggler field with d,n.x < 1.2, the analytical estimate
of thewake is a factor two below the instability threshold.

Simulation of Instabilities

TESLA Togainadditional insight, we have performed
instability simulations for TESLA with the code HEAD-
TAIL [23], assuming that an electron cloud is built up in
the wiggler section. Selected parametersare listed in Table
12. The simulated vertical single-bunch emittance growth



is shown in Fig. 40, for four different electron local den-
sities in the wiggler. The figure illustrates that the critical
density corresponding to the threshold of the (weak) insta-
bility and emittance growth in the wiggler alone is about
2 x 1012 m~3, which differs significantly from the anal yti-
cal estimate in Table 10.

Table 12: Parameters for TESLA instability simulations
with HEADTAIL,

electron density in the wiggler variable
1—6x10"2m3
bunch population 2 x 100
hor. and vert. betafunction 105m
rms bunch length 6 mm
horizontal rms beam size 93 um
vertical rms beam size 5pum
rms momentum spread 1.3 x 1073
synchrotron tune 0.07
momentum compaction 0.12x 1073
circumference (wiggler length) 17 km (540 m)
relativistic Lorentz factor 9785
number of electron-beam 5-30
interactions/ turn
hor. and vert. betatron tune 72.28,44.18
239%e-12 Puiggler=L 0X10* M, 2 kicks, open boundaries
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Figure 40: Vertica geometric emittance in TESLA as a
function of time for various unperturbed e ectron-cloud
densities in the wiggler without synchrotron motion be-
tween the 30 IPs applied on each turn; other parameters
are listed in Table 12; open boundaries are used.

CLIC The computer code HEADTAIL [23] has aso
been used to simulate the instability due to the electron
cloud in the CLIC damping ring. The simulated vertical
single-bunch emittance growth is shownin Fig. 41, for five
different electron densities in the wiggler section. Further
parameters are listed in Table 13. Thefigureillustrates that
the critical density corresponding to the threshold of thein-
stability isabout 1 x 10*2 m~3 according to the simulations
with the HEADTAIL code. Thisis 10 times lower than the

analytical estimate.

While antechambers in the CLIC arcs will suppress the
electron cloud build up to values much bel ow the threshold,
acomparison of various possible suppression schemes may
be necessary for the wiggler. The available optionsinclude
an increase of the antechamber-dlit opening, installation of
clearing electrodes, and adding radiation masks.

Why the analytical estimate do not agree with the simu-
lations for TESLA and CLIC requires further studies.

Table 13: Parametersfor CLIC instability simulations with
HEADTAIL,

electron density in the wiggler variable
0.01 —4 x 102 m=3
bunch population 4.2 x 10°
hor. and vert. beta function 4,7m
bunch length 1.3mm
horizontal rms beam size 23 um
vertical rms beam size 3.5 um
rms momentum spread 1.3 x 1073
synchrotron tune 0.005
momentum compaction 0.731 x 10~*
circumference 357m
relativistic Lorentz factor 4744
number of electron-beam 5-30
interactions/ turn
hor. and vert. betatron tune 72.85, 34.82

1.755e-12

=3.0x102 m 2, 20 kicks, sync. motion 2 times / turn, open boundaries

0x10}fm3 20 kicks, sync. muuonznmes/mm open boundanes -
Wi 5.0x107 m">, 20 kicks, sync. motion 2 times / turn, open boundarj
1.754e-12 i

1.753e-12
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Figure 41: Vertical geometric emittancein CLIC asafunc-
tion of time for different unperturbed electron-cloud densi-
tiesin the wiggler for 20 electron-beam interaction points
per turn; other parameters are listed in Table 13.

CONCLUSION

Electron cloud effects are an important design issue in
the planning for the positron damping rings of afuturelin-
ear collider. Inits second report [30], the International Lin-
ear Collider Technical Review Committee has stressed the
importance of further studies for all damping ring designs



to facilitate further understanding of electron clouds (chap-
ter 9, p 470). For the TESLA and CLIC positron damping
rings we have simulated the build up of an electron cloud
under various conditions using the ECLOUD code. We
have studied possible single bunch instabilities and emit-
tance growth of the positron beam. For the evaluation
of electron-cloud effects we have estimated the instabil-
ity threshold for head-tail instabilities using a broad-band
impedance model. The analytical estimate has been com-
plemented by computer simulations using the HEADTAIL
code. The computer codes had to be adapted or extended
to the specific situation in the TESLA and CLIC damp-
ing rings, e.g., simulated electron build up was compared
for different descriptions for the wiggler magnetic fields,
the correct modeling of the one-turn synchrotron motion
required some care, and various antechamber dimensions
were implemented in the PHOTON code. Further studies
are necessary to verify and improve the results which have
been obtained here in afirst assessment of the problem.

For the TESLA damping ring the build up of an electron
cloud was studied for the three main sections: the arc, the
long straight section and the wiggler section, separately. It
was found that there is an electron cloud build up to some
extent in al sections, if the design of the vacuum cham-
ber is not improved. To cure the problems, it is necessary
to ensure that the secondary emission yield is not larger
than 1.4 in the arcs and the straight sections of the damp-
ing ring which meansthat a copper plated vacuum chamber
should be used. Furthermoreisit necessary to add an ante-
chamber in the arc section of the TESLA damping ring to
reduce the effective photoelectron emission yield, and to
protect the long straight sections from the wiggler and arc
radiation either by a masking system or additional weaker
bends. The B-factories have successfully cured the elec-
tron cloud effects by using solenoids to confine the elec-
trons near the wall of the chamber where they are absorbed
by the chamber wall before the next positron bunch arrives.
The above study indicates that such a measure seems not to
be necessary for the TESLA damping ring. The build up of
the electron cloud in the wiggler section is of some concern
since local cloud densities close to the neutralization den-
sity of 5.8 x 10'2 m~2 can occur depending on the details
of the secondary emission yield and of the effectiveness
of the photon absorber in the antechamber. An electron
cloud density close to the neutralization density in the wig-
gler section is still tolerable according to the estimates of
the instability threshold based on the broadband resonator
model. Simulations with the code HEADTAIL show that
there is a weak emittance growth when the cloud density
inside the wiggler exceeds the value of about 2.0 x 102
m~3. A special coating of the wiggler vacuum chamber
by a material with a low secondary emission yield would
be necessary to keep the electron cloud density below that
value.

The build up of an electron cloud was investigated in
the arc and in the wiggler section of the CLIC damping
ring. Computer simulations indicate a strong build up of

an electron cloud in the arcs and, to a lesser extent, in
the wiggler section. In order to keep the electron den-
sity at a tolerable level, between 99% and 99.9% of the
synchrotron-radiation photonsin the arcs must be absorbed
in antechambers, which is possible according to the simu-
lations. In the CLIC wiggler a maximum secondary emis-
sion yield of §,,.«x < 1.2 and an antechamber absorption
efficiency of 95% appear to be required. Under these con-
ditions the ssimulated electron density stays below the ana-
Iytical threshold of the strong head-tail instability, which
is about 2 x 10'® m=3, averaged around the ring. A
lower electron density of 1012 m—2 and hence more effort
would be required to suppress a persistent (weak) emit-
tance growth seen in the simulations, if the latter is not
a numerical artifact. Possibilities are to install solenoids
in the field-free regions, to add a system of clearing elec-
trodes, or to groove the surface of the vacuum chamber
[31, 32]. Presently, the CLIC design target parameters are
being changed towards smaller bunch charges and shorter
bunch spacings. The new parameters, once settled, will re-
quireare-assessment of the electron-cloud effect for CLIC.
As the electron energy gain acquired during a single pass-
ing bunch drops below the energy at which the secondary
emission yield is maximum and far below the value re-
quired for escaping to the wall between two successive
bunches, the CLIC parameters may approach a situation
resembling that of a coasting beam, where no multipacting
can occur.

In conclusion, we have found that some care will be
required to prevent the build up of an intolerable density
of electrons inside the vacuum chamber of future damp-
ing rings. Without antechambers the electron cloud is fed
by a large number of photoelectrons. In the presence of
antechambers the simulated densities are near the thresh-
olds of the single-bunchinstability for both the TESLA and
CLIC design. A few additional countermeasureswill bring
the densities safely below the threshold of the head-tail in-
stability. Our results suggest that the electron cloud does
not pose afundamental obstacle for reaching the design pa-
rametersin either TESLA or CLIC, providedthat it istaken
into account in the design and the appropriate remedies are
implemented.
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