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Abstract

Recent developments on the CLIC collimation and final
focus are described. The combination of a shortened linear,
or alternative nonlinear, collimation section and a compact
final focus substantially reduces the overall system length
at 3 TeV centre-or-mass energy to less than 3 km. A beam-
delivery system (BDS) for 500 GeV centre-of-mass energy
is obtained by relatively minor optics modifications of the
3-TeV system . It promises a satisfactory performance. The
attainable luminosity can be raised, at both energies, by
decreasing the beta functions at the collision point. We also
discuss field errors, gas scattering and wake fields in the
final quadrupoles, and the collimation parameters.

1 INTRODUCTION

Designs of a baseline collimation and compact final fo-
cus for CLIC at 3 TeV were reported in Refs. [1] and [2].
Here we describe new developments, which include a sub-
stantial shortening of the collimation system, an optics de-
sign and performance evaluation for 500 GeV, and an al-
ternative nonlinear collimation system. Table 1 summa-
rizes the beam and final-focus parameters for the nominal
3 TeV centre-of-mass (cm) energy and for 500 GeV. The
beta functions at the interaction point (IP) are somewhat
variable. Their optimum is determined by integrated sim-
ulations [3, 4] modelling the beam transport from the start
of the linac to the IP, including the beam-beam collision.

In the following, we describe recent changes to the 3-
TeV optics and the optics modifications for 500 GeV. We
then discuss a few aspects related to the final quadrupole
and the interaction region (IR). We conclude by summariz-
ing important design issues for the collimation system.

2 OPTICS

The CLIC beam-delivery optics for 3 TeV is depicted in
Fig. 1. The total length is 2.5 km per side. Compared with
an earlier layout [2], the collimation system was consider-
ably shortened. This was achieved by rescaling the system
parameters (i.e., length and bending angles) and by omit-
ting half of the energy collimation. Thereby, we accepted
a larger emittance growth from synchrotron radiation, re-
sulting in a luminosity decrease by about 10%. We also
possibly sacrificed collimation efficiency and machine pro-
tection.

In the previous baseline optics [2] the length of the en-
ergy collimation section had been scaled by a factor 8 and
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Table 1: Final-focus (FF), collimation system (CS), and
beam parameters at 3 TeV and 500 GeV cm energy. Emit-
tance numbers refer to the entrance of the BDS. Shown in
parentheses are earlier values [5, 1, 2], illustrating the evo-
lution of the design.

parameter symbol 3 TeV 500 GeV
FF length [km] 0.5 (3.1) 0.5
CS length [km] 2.0 (5.8) 2.0
BDS length [km] 2.5 (8.9) 2.5
hor. emittance [µm] γεx 0.68 2.0
vert. emittance [nm] γεy 10 (20) 10
hor. beta function β∗

x 6.0 3
[mm] (8)
vert. beta function β∗

y 0.07 0.05
[mm] (0.15)
spot size [nm] σ∗

x,y 67, 2.1 180, 4.2
bunch length [µm] σ∗

z 35 (30) 35
IP free length l∗ 4.3 (2.0) 4.3
crossing angle [mrad] θc 20 20
lum. w/o pinch L0 4.0 1.9
[1034 cm−2s−1]
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Figure 1: BDS optics at 3 TeV; β∗
x = 6 mm, β∗

y = 70 µm.

the bending angles by a factor 1/32 with respect to the
1 TeV NLC design [6]. For the new shorter system the
scaling factors chosen are 5 and 1/12 respectively. As
a consequence the I5 radiation integral [9] has increased
from 1.8 × 10−20 m to 1.9 × 10−19 m. The new num-
ber corresponds to an emittance growth of ∆(γεx) ≈
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(4 × 10−8 m2 GeV−6)E6I5 ≈ 0.09 µm, which is near
the tolerable limit.

The compact final focus is a design developed by P. Rai-
mondi, which is based on nonzero dispersion across the
final doublet [7]. Its application to CLIC was described in
Ref. [1], We more recently reduced the IP beta functions in
both planes, down to β∗

x ≈ 6−7 mm, and β∗
y ≈ 70−80 µm

(previously 8 mm and 150 µm). At 3 TeV the reduction in
β∗

x,y increases the luminosity by 10–20%, as illustrated in
Fig. 2. We here benefit from the short rms bunch length in
CLIC, which is only 35 µm, i.e., still much smaller than β ∗

y .
Simulations including beam-beam collisions show that at 3
TeV the luminosity gained by reducing the beta functions
roughly compensates the loss from shortening the collima-
tion system. However, further reductions of the IP beta
functions are prevented by a steep spot size increase due to
the Oide effect [8].
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Figure 2: Relative luminosity w/o pinch vs. full-width mo-
mentum spread at 3 TeV, as simulated by upgraded MAD
[10] (cross-checked with PTC [11]), for two different val-
ues of β∗

x,y and γεy = 10 nm (L0 = 4.6× 1034 cm−2s−1).

The free length between the final quadrupole and the
IP is large l∗ = 4.3 m, as for NLC [7]. We consider it
a major advantage of the compact final focus that the fi-
nal quadrupole can be positioned outside of the detector
solenoid and its fringe.

The optics for 500 GeV is obtained by minor modifica-
tions to the 3-TeV system. The total system length is the
same, but the bending angles and the dispersion function in
the final focus are 4.25 times larger than at 3 TeV (the sex-
tupole fields are correspondingly reduced). In the energy
collimation section, the bending angles and dispersion are
also increased, but only by 20%. Because the Oide effect is
much weaker at 500 GeV, the beta functions at the IP can be
squeezed further, down to values as small as β ∗

x = 3 mm,
and β∗

y = 50 µm. Note that the IP distribution then be-
comes distinctly non-Gaussian and the rms beam size is no
longer a good indication of the luminosity. Table 2 shows
that, in the tracking simulation, for constant emittances at
the entrance of the final focus, the geometric luminosity
without pinch increases from L = 1.02 × 1034 cm−2 s−1

for β∗
y = 150 µm, β∗

x = 10 mm, to L = 1.85× 1034 cm−2

s−1 for β∗
y = 50 µm, β∗

x = 3 mm (at 200 Hz with γεy = 10
nm). This is almost twice the desired target value. The lu-
minosity with pinch is inferred from integrated simulations
[3, 4], which show that reducing only β ∗

y and leaving β∗
x at

10 mm preserves the quality of the luminosity spectrum.

Table 2: Effect of varying β∗
x,y at 500 GeV on the rms spot

sizes σx,y and the luminosity without pinch for a 200-Hz
repetition rate, nb = 154 bunches/train, and Nb = 4× 109.
When reducing β∗

x,y, the rms spot size no longer reflects
the effective beam size which determines the luminosity.

γεy β∗
y β∗

x σx σy L [1033

[nm] [µm] [mm] [nm] [nm] cm−2 s−1]
20 150 10 209 2.65 7.3
10 150 10 209 1.88 10.2
10 110 10 209 1.69 11.5
10 70 10 209 1.55 13.6
10 50 10 209 1.56 15.0
10 50 8 189 1.77 16.0
10 50 6 169 2.17 17.2
10 50 4 160 3.12 18.1
10 50 3 178 4.07 18.5

3 FINAL QUADRUPOLE ISSUES

Two final quadrupoles based on the permanent-magnet
material Sm2Co17 have been designed using the ROXIE
program [12]. The stronger magnet achieves a gradi-
ent of 467.5 T/m, the other the nominal gradient of 388
T/m [12] required by the present optics. Much weaker
magnets would be needed at 500 GeV. We assume that
the permanent-magnet field cannot be varied and that fine
tuning of the IP beta functions is done using upstream
quadrupoles. Table 3 lists relative harmonic field errors
for the preliminary design of the two permanent-magnet
quadrupoles and for one of the chromatic correction sex-
tupoles [12]. If the nth order multipole error bn of a
quadrupole remains uncompensated, the vertical spot size
increases by

∆σ∗
y

σ∗
y0

≈ (n − 1)
√

(2n − 5)!!
GLQbn

(Bρ)rn−2
0

β
n−2

2
Q,x ε

n−2
2

x βQ,y ,

where βQ,x(y) denotes the horizontal (vertical) beta func-
tion at the center of the magnet, LQ is the magnet length,
G the gradient in T/m, and (Bρ) the magnetic rigidity. In-
serting the values of Table 3 the beams-size blow up from
the quadrupole b4 field errors is less than 0.06% and that
from the sextupole b5 error about 0.01%.

The beam-pipe radius in the final quadrupoles is small
(3.8 mm at the minimum), in order to produce the desired
gradient. Therefore, resistive-wall wake fields become a
concern. The centroid deflection due to the resistive wall is

〈∆y′〉 = 0.3
2
π

reNbL

a3γ

(
c

σσz

)1/2

〈y〉 ,
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Table 3: Relative harmonic field errors for 16-segment
quadrupoles and 24-segment sextupoles at r0 = 2.2 mm
in units of 10−4, with 1 mm stainless steel support pipe.

quad. 1 quad. 2 sext.
strength 467.5 T/m 398.2T/m 90kT/m2

b4 0.035 0.0003
b5 0.446
b6 0.109 −0.323
b7 0.519
b8 −0.002 −0.0001

where a is the radial aperture, σ the conductivity in s−1,
and the factor 0.3 arises from averaging over the longitu-
dinal bunch distribution. A figure of merit is the jitter en-
hancement K , given by

K ≡ 〈∆y′〉/σy′

〈y〉/σy
= 0.3

2
π

reNbL

a3γ

(
c

σσz

)1/2

βy .

As an example, considering σ = 5.4 × 1017 s−1 (Cu),
a = 3.3 mm, E = 1.5 TeV, N = 4 × 109, σz = 30 µm, a
length L = 10 m, βy = 400 km, we find K = 0.31 (or a
5% enhancement if motion in y and y ′ is uncorrelated).

The small chamber apertures might also compromise the
pumping speed, possibly degrading the vacuum pressure.
Local pumping may be accomplished either by using seg-
ments of permanent material with intermediate space, by a
long slit along the magnet, or by coating with getter mate-
rial. To estimate the effect of the residual gas, we assume
a train consisting of 154 bunches, each containing 4 × 10 9

electrons, which passes through 5 m of carbon monoxide
gas at a pressure of 10 nTorr. The dominant scattering pro-
cess is bremsstrahlung, with a cross section of 6.5 barn for
an energy loss larger than 1% [14]. This yields 0.6 scatter-
ing events per bunch train.

4 COLLIMATION

The transverse beam halo must be collimated in or-
der to ensure acceptable background in the detector. The
transverse collimation depth is set by the requirement
that the synchrotron-radiation fan generated in the final
quadrupoles does not hit any aperture on the incoming side
of the collision point. Leaving a margin of 2σx and 3σy, re-
spectively, the betatron collimation should be set to ±12σx

and ±80σy. The situation for the energy collimation is dif-
ferent. Here, the collimation requirements are imposed by
failure modes in the linac. According to a detailed study
[13] energy collimation at about ±1.5% will protect the
downstream parts of the beam delivery system against all
the linac failures considered, including the associated be-
tatron oscillations. The collimator parameters that corre-
spond to these collimation depths and to the optics shown
in Fig. 1 are listed in Table 4. For the emittances of Table 1,
the rms beam sizes at the energy spoiler are σx ≈ 756 µm,

σy ≈ 15 µm, so that σr ≡ √
σxσy ≈ 108 µm. As far as

spoiler survival in case of beam impact is concerned, this is
rather marginal [15]. The spoiler is likely to be destroyed
if the normalized vertical emittance is smaller than 10 nm.

Table 4: Collimator parameters at 3 TeV, assuming γεx =
0.68 µm, γεy = 10 nm, δrms = 0.28%.

energy spoiler gap ±4 mm
βx spoiler gap ±95 µm
βy spoiler gap ±104 µm
spoiler material C (or Be)
spoiler length 177 mm (0.5 r.l.)
absorber material Ti (Cu coated)
absorber length 712 mm (20 r.l.)
number of energy spoilers 1
number of βx spoilers 4
number of βy spoilers 4

As an alternative, we presently explore a nonlinear col-
limation system [16]. This system uses skew sextupoles to
blow up the beam size at the spoiler. The main advantage
of the nonlinear system is the larger beam size at the spoiler
and, hence, better machine protection. In the current lay-
out, the nonlinear system has about the same length as the
linear system. Possible disadvantages include the existence
of ‘holes’ in phase space where collimation is not effective.
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