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BEAM DYNAMICSISSUESIN THE CLIC LONG TRANSFER LINE
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Abstract

Both the main and the drive beam of the CLIC project
must be transported from the central production site to the
head of the main linacs over more than twenty kilometers.
Over such distances chromatic error may be substantial.
With long distances and large beam currents, ion-induced
detuning and instabilities and multi-bunch resistive wall ef-
fects must also be considered. These effects are quantified
and simulated. Based on these results, a baseline design
has been established.

INTRODUCTION

In the CLIC project, the drive beam and the main beam
will travel from their central production sites towards the
head of the main linacs over L > 20 km. FODO cells can
be used, but issues which are usually considered in rings
must be addressed here because of the long distance. Op-
timized optics parameters are discussed in [1]. A phase-
advance of Ay, = /4 minimizes the installed magnet
power and the emittance growth due to quadrupole mis-
alignment. Chromaticity is also kept small, but not enough
to be negligible. We show below that the vacuum cham-
ber must be large to limit resistive wall instabilities. This
alows for using large beta-functions, thus minimizing fur-
ther chromatic aberrations and emittance growth. We fore-
see acell length of L..;; = 438 m for the main beam, lim-
iting the total phase advance of the line to six periods. On
the other hand, the drive beam must be matched to rather
low s in the turnaround loops every L, = 877 m. We
foreseeacedl length of L..;; = 109.6 m and one period per
sector for atotal phase advance of 24 periods. All the use-
ful optics data can be found in Table 1 together with CLIC
beam parameters[2]. We discuss below three issues which
were identified as potential limitations for the performance
of the project, namely chromatic aberrations, multi-bunch
resistive wall instabilities and ion effects.

CHROMATIC EFFECTS

_ The momentum band of the two beams is large, i.e.
0p = 2% (DB) and 1% (MB). With an even number of
cells and thanks to the beta-beating phase running twice
faster that the betatronic one, the chromatic Twiss error
are quite small (AB/8 < 3% for the DB and < 1% for
the MB), see figure 1. Transported to the downstream de-
celerator line, this error induces a marginal growth of the
maximum beam size of 1%. On the other hand, the chro-
maticity grows linearly with the number of cells. With
C ~ (L/2xB)(1 + sin %)/cos %, Cpg = —21 and
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Table 1: Transfer Lines, Drive Beam and Main Beam data.

Parameter Symbol Value | Unit
Linac Length L 21376 | m
RF main frequency Vo 1.2109] Hz
Phase adv. /cell Aty w/4| rad
Drive Beam

DB station length L, 877 m
Train length I 73 m
Train-train gap Ztt 1680 m
Bunch separation | zp, = ¢/ 0.025 m
Bunch population N 5.251010 -
Bunches per train n 2900 -
Energy E 25| Gev
Norm. emit. €nx,y 10° | nmrad
Cdll length Lecen 109.6 m
Av. betafunction I6} 144 m
Total phase adv. A /27 24 -
Momentum band Sy +0.02| -
Main Beam

Train length Iy 43 m
Train-train gap Ztt 1705 m
Bunch separation | zp1, = 6¢/1p 0.15 m
Bunch population N 410° -
Bunches per train n 312 -
Energy E 9| GeVv
Norm. emit. X,y €nx; Eny 660,20 | nmrad
Cdl length Leen 438 m
Av. betafunction I} 575 m
Total phase adv. A /2w 6 -
Momentum band dp +0.01| -

Cnp = —5.3. For the DB this convertsto 278, C' ~ 155°.
This is large enough to nearly fully filament the beam in
case of injection and kick errors. This may prevent to di-
agnose the latter effect in view of the difficulty to measure
the beam sizein production conditions. Thisalso precludes
the use of a correction system implemented downstream.
A chromatic correction may solve this problem, but with
some added complexity. The case of Main Beam is more
favorable with asmall 279,C' ~ 18°.

RESISTIVE WALL INSTABILITY

With dense and long trains, the transverse resistive wall
impedance is large. For the multi-bunch effect we use the
long-distance formulawhich expresses the dipole moment
of the impedance per longitudinal unit length[3]

%?C \/521/2 (S.Lunits) )
T o
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Figure 1: Chromatic variation of the Twiss functions at the
end of the Drive Beam line for a momentum band of 2%.

with A,(s) the transverse displacement of a bunch at the
position s along the beam line, z the distance from any
bunch to the last one of the train, a the vacuum chamber
radius and o its electrical conductivity. With the beam en-
ergy E in[eV], the transverse kick per meter of beam line
and per bunch of population V is

dz'? _dEy
dsdz  eE

In asmall kick approximation, the wholetrainisrigid, ex-
cept for the last bunch. With 2z, = iz, the distance from
the bunch of index n — i to the last one of index n and
summing over ¢, the kick per meter is

= New, (s,z2) 2

dz!, _ new (s) nili_lm _ 2newi(s) n—1 3
ds E.\/zpp B I Zbb

=1

The integral over se[0, L] is approximated by splitting the
linein M = L/l elementsin which

Ay =] < Ay(s) > |~ cstisused asanr.m.s. value. The
kick inducesadisplacementat s = L

el (A,) .
ox = Tl; v/ Biff sin 4
After quadratic summing and with{ = L/M,
, —
< §z2 S22 dr, (Ag) [ LIBB (5)
ds 2

The normalizing displacement 6 A,, = /< 622 > /e is
2(n —1)BLIZy Nec
a3 E

Some results are quoted in Table 2 for a copper vacuum
chamber with a resistivity oc, = 5.9107 Q" 'm~! of ra-
diusa = 0.1 m for the Drive Beam and ¢« = 0.06 m
for the Main Beam . The emittance growth and the am-
plification of injection errors are adequately small. A large
copper chamber is indeed mandatory. With stainless steel
(0ss = 1.410% Q~'m—1), the minimum radius would be
Ass =~ (UCu/Uss)l/GaCu = 1.85acy.

0A, = A,

(6)
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Table 2 Normalized emittance growth of the trailing
bunches associated to multi-bunch resistive wall effect for
three different sources of transverse displacements with a
copper chamber of radiusa = 0.1 m for the Drive Beam
and a = 0.06 m for the Main Beam. de,, appliesto both
plane for the DB and to the vertical plane (worst case) for
the MB. Emittances ¢,, from Table 1. Results for injection
errors are given as an amplification factor of the transverse
injection error.

Source A, l 0en / €n
[m] [m] [nmrad]

Drive beam

CO error, rms 1073 Leen/2 | 410% / 10°

Vac. ch. error | 31073 10 |510%/10°

Main beam

CO error, rms 103 Leen/2| 56/20

Vac. ch. error 31073 10 3.6/20

Source AP Jogey LM [ AQY/opxy

Injection error

Drive beam 1 L 11

Main beam 1 L 1.03

ION EFFECTS

Electron or positron beams ionize the residual gas on
their path. With electrons beams, the electrons of the ion-
ized gas are repelled while the positively charged ions can
be trapped inside the beam. Conversely, with a positron
beam, ions are repelled while electrons can be trapped.

Electron Beams

The ion density grows linearly at the passage of a
train.  Its maximum longitudinal density at the end
of the train is Aion = nNpgasOion , With pgas =
3.5410%2 p [mol/m® Torr] and the ionization cross-
section [4]

2
Oion = 4 ( i ) ﬁQ[Cl + 202(11’15’)/ — 05)] (7)
mecC

The ions can be trapped in the potential of the electron
beam if their atomic number A is large enough. Under a
critical value A¢..p, theions are overfocused [4]. Thetrap-
ping condition [4]

16Q;r,nAz

3n2(oy + 0y)oy

A> Atrap = (8)
is given by the limit of stability of the ions in the focus-
ing structure of either the bunches inside a train (Az =
zph, . = N, critical A = Ayy,) or the train structure with
their gap (Az = 24,7 = nN,A = Ay). INEQ. 8, oy y
are the rm.s. beam sizes and @; is the ion charge, with
Q; = 1 used here. Input variables are found in Table 1 and
numerical resultsin Table 3. In high vacuum, the dominant
gasis CO (A = 28) for which C; = 35,Cy = 3.7. The
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condition
App < A < Ay 9)

is met for both beams, i.e. the ions are fully trapped in the
trains, but disappear between trains, see Table 3. Trapped
ions induce a betratronic detuning and transverse instabili-
ties. The detuning of the rear bunchesis given by [5]

ﬁx,yreQi)\ionL
21y0x,y (00 +0y)

AI/x7y7inc - (10)

Thisformulais obtained for atransverse distribution of the
ions which is identical to the beam shape. Thisis an op-
timistic approximation. The ions are produced nearly at
rest, i.e. their thermal momentum is negligible compared
to their average momentum in oscillation in the beam po-
tential. The result of a numerical simulation is shown in
Fig. 2 for the drive beam, see [6] for a formal descrip-
tion. The most harmful central density isthree times larger
than in the case of a beam shaped ion distribution. A safe

approach must therefore consider a detuning which is pos-
sibly three times larger than in Eg. 10. The rise-time of
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Figure 2: lon asymptotic transverse distribution
dn/dz(y = 0) (blue) compared to the drive beam
shape (red) in [au]. The distribution are normalized to
each other. The scaeof x isinm.

beam-ion instabilities is derived in [7] and re-expressed in
amore compact formin [8] as

V18Qi(\/€nx T €ny + €ny)a KT

DOion Nnrec

11

Trt =

with here p [N/m?] = 129.1p [Torr]. The quantity a is a
'frequency factor’, estimated to @ ~ 0.1 in[8]. In[7], it
is shown that Eq. 11 underestimates the rise-time obtained
with numerical simulation by a factor 2-3, while similarly
large variations appear with different seeds. The number
of rise-times n,y = L/(c7yt) across the line is therefore
considered to be in the range [n., 3n.]. The result given
in Table 3 indicate that a pressure of p < 10719 Torr is
mandatory to keep both Arv and n . below unity in both
beam lines.

Positron Beam

In the positron beam ionized electrons are not trapped in
thetrains, i.e. m./m, < Ayp. Their precise fate remains
to be checked, but we expect no problematic effects.
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Table 3: lon data
Parameter Symbol Value Unit
Drive Beam
Pressure D 10~10 Torr
lon cross-section Tion 1.7610722 | m—2
Max ion density Xion 9.510% m—!
Trap. limit, bunches | Ay 1.910¢ -
Trap. limit, trains At 3.610% -
Incoh. detuning Avyy |[0.005,0.015] | -
Nb. of rise-times Nyt [0.06, 0.18] -
Main Beam
Pressure P 10719 Torr
lon cross-section Tion 1.9410722 | m—2
Max ion density i 8.010? m—!
Trap. limit, bunches | Ay 1.11072 -
Trap. limit, trains At 3.710° -
Incoh. detuning Avy [0.06,0.17] -
Nb. of rise-times Nyt [0.13, 0.38] -

SUMMARY

Thelong CLIC transfer lines require large radius copper
chambers, respectively ayp = 60 mm and apg = 100
mm. A very good residual pressure of p < 10710 T is
mandatory. We note that the transfer lines from the surface
down to the tunnel and the final turnaroundsin the tunnel
add several kilometersto the lines discussed here. Our con-
clusions apply to these aswell. Chromatic effects are made
small inthe Main Beam by using long FODO cells, but may
be problematic with respect to safe operation for the Drive
Beam. In the latter case a chromatic correction system was
studied and may be implemented. Finally, a beam-based
alignment scheme remains to be implemented to minimize
the effect of quadrupole misalignment.
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