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Abstract
Mitigation of static imperfections for emittance preservation is one of the most
important and challenging tasks faced by the Compact Linear Collider (CLIC)
beam delivery system. A simulation campaign has been performed to recover
the nominal luminosity by means of different alignment procedures. The state
of the art of the tuning studies is drawn up. Comparative studies of the tuning
performances and a tuning-based final focus system design optimization for
two L∗ options are presented. The effectiveness of the tuning techniques ap-
plied to these different lattices will be decisive for the final layout of the CLIC
final focus system at

√
s = 380 GeV.
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1 Introduction
The Compact Linear Collider (CLIC) rebaselining foresees a staged machine with an initial centre-of-
mass energy of 380 GeV [1], for which the design optimization and tuning of the final focus system
(FFS) is presented in this paper. The FFS aims to demagnify the beams down to the nanometre level. The
small values of the β-functions at the collision point (Table 1) are provided by two strong quadrupoles
(QF1 and QD0), with QD0 located at a distance L∗ from the interaction point (IP). Beam size growth,
arising from chromatic and higher-order aberrations, is controlled by optics arranged according to the
local chromaticity correction scheme [2]. The distance L∗ is planned to be 4.3 m [3] for the nominal
lattice, forcing QD0 to be integrated inside the experiment and protected by an anti-solenoid, to avoid
interplay between the quadrupole and the solenoid fields. Machine detector interface issues are removed
with an alternative longer L∗ of 6 m [4] but one has to expect a reduction in the maximum luminosity
achievable, owing to the increase in chromaticity propagated to the IP (Table 1).

∗Corresponding author.

Table 1: CLIC 380 GeV design parameters for both L∗ options

L∗ [m] 4.3 6
Final focus system length [m] 553 770
γεx/γεy [nm] 950/20 950/20
β∗x/β

∗
y [mm] 8.2/0.1 8.2/0.1

σ∗x,design [nm] 145 145
σ∗y,design [nm] 2.3 2.3
Ltot, design [1034 cm−2s−1] 1.5 1.5
L1%, design [1034 cm−2s−1] 0.9 0.9
Chromaticity ξy (≈L∗/β∗y ) 43000 60000
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Fig. 1: Relative luminosity and average strength of the last three sextupoles versus dispersion increase through the
final focus system. Left: L∗ = 4.3 m; right: L∗ = 6 m.

The small tolerances of the FFS on magnet position stability renders the luminosity tuning strategy
very challenging. In the presence of realistic transverse magnet misalignments of a few micrometres, the
luminosity can decrease by several orders of magnitude. It is thus necessary to prove that the proposed
FFS lattice design fulfils the tuning requirements. The FFS designs have been optimized by targeting the
optimal luminosity and momentum bandwidth of a perfectly aligned system. A first tuning simulation
campaign, comparing both L∗ options, has demonstrated the need for changes in the FFS layout to
increase the effectiveness of the luminosity tuning. In this paper, it is proposed to promote the tuning
efficiency as a figure of merit for the design of our system.

2 Final focus system design optimization with L∗ = 4.3 m and L∗ = 6 m
Two optimized lattices with nominal and long L∗ have been proposed in previous studies [5] for the first
stage of CLIC at

√
s = 380 GeV. The nominal beam delivery system layout was based on the

√
s =

500 GeV beam delivery system design planned in the old staging strategy [6]. A scan of the bending
magnet angles of the FFS has been performed in both cases in order to find the optimal dispersion level
by considering the total and peak luminosities of an error-free system. Sextupoles need to be coupled
with dispersion to correct chromatic aberrations; their strengths can then be reduced by increasing the
dispersion level in the FFS, as shown in Fig. 1. According to the scan results in Fig. 1, the optimum
performances are found with no changes in the bending magnet angles for the L∗ = 4.3 m option and
with 70% of dispersion increase for L∗ = 6 m. Details of the performances and the optimization process
of the beam size at the IP including the effect of high order aberrations [7, 8] can be found in Ref. [5].
The resulting Twiss functions along the FFS are shown in Fig. 2.

3 Tuning algorithm applied
The tuning procedure aims to mitigate the effect of static displacements in the horizontal and vertical
planes [9] of the quadrupoles, sextupoles, and beam position monitors of the FFS. This procedure uti-
lizes beam-based alignment techniques [10, 11], to correct the beam orbit throughout the system, and
sextupole tuning knobs, to combat the linear aberrations at the IP. In the tuning simulation discussed
here, these optics are randomly misaligned with σRMS = 10 µm, according to the pre-alignment speci-
fication for the CLIC beam delivery system [12]. Magnet strength, tilt, and roll errors have not yet been
implemented. Random misalignments are applied to 100 machines. The beam-based alignment begins
with a one-to-one correction technique [13] that aims to steer the beam through the centre of each beam
position monitor using transverse kickers. The effectiveness of the orbit correction is compromised by
the misaligned beam position monitors, leading to a dispersive orbit. To remove the remaining disper-
sion deviations from the nominal dispersion profile along the FFS, the so-called dispersion-free steering
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Fig. 2: Comparison of L∗ = 4.3 m and L∗ = 6 m after optimization. Left: Twiss functions βx,y; right: dispersion
ηx. IP, interaction point.

technique [14] is applied. The dispersion is evaluated by collecting two orbit readings, ~x∆E+ and ~x∆E− ,
of two beams, with energy deviations of ±∆E. The dispersion is obtained as:

~η =
~x∆E+ − ~x∆E−

2∆E
. (1)

The value of the corrector kicks km for the correction of the orbit and dispersion is obtained by
minimizing:

χ2 =
∑

BPMs

x2
i + ω2

∑

BPMs

(x∆E,i − xi)2 + β2
∑

Correctors

k2
m , (2)

where i and m are the indices of the beam position monitors and kickers, respectively. The weighting
factors ω and β are used to limit the value of the applied corrector kicks.

Linear aberrations at the IP created by the misaligned optics are corrected using pre-computed
combinations of sextupole displacements in the transverse plane. Each set of sextupole knobs is con-
structed to be orthogonal, so that the chosen aberrations are corrected independently. Horizontal and
vertical sextupole offsets ∆x and ∆y introduce feed-down normal and skew quadrupole fields (Eqs. (3)
and (4)), which create distortions in the βx,y and ηx,y functions and introduce betatron coupling at the
IP:

∆Bx = Bρ
[
(k2∆x)y + (k2∆y)x+ k2∆x∆y

]
, (3)

∆By = Bρ

[
(k2∆x)x− (k2∆y)y +

1

2
k2

(
∆x2 −∆y2

)]
, (4)

with

∆k1n = k2∆x, ∆k1s = k2∆y , (5)

whereBρ is the magnetic rigidity, k2 is the normalized sextupole strength, k1n and k1s are the normalized
normal and skew quadrupole strengths, respectively. Knobs for shifting the waist position ∆ωx,y and
horizontal dispersion ∆η∗x aberrations are constructed by moving the sextupoles in the horizontal plane.
Vertical dispersion ∆η∗y and coupling aberrations are corrected using the vertical displacement of the
sextupoles [15,16] . As the knobs are not fully orthogonal, one must scan the knobs iteratively to increase
the luminosity further. In the tuning procedure applied here, the set of knobs is scanned twice with a large
knob amplitude and twice with a smaller amplitude for better determination of the optimal luminosity.
Finally, we define the four tuning steps as the first iteration of the linear knobs:
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Fig. 3: Average luminosity over 100 machines after each tuning step for the two L∗ options of the final focus
system optimized in Ref. [5]. BBA, beam-based alignment.
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Fig. 4: Tuning simulation results of 100 machines achieving L/L0 for the two L∗ options of the final focus system
optimized in Ref. [5]. BBA, beam-based alignment.

1. one-to-one correction;
2. dispersion-free steering;
3. sextupole knob tuning;
4. second iteration of linear knob tuning.

4 Tuning simulation results
4.1 Final focus system tuning comparison: nominal versus long L∗

The following tuning simulations were applied on the optimized designs of the nominal and long L∗

options presented in Section 2. The average results at each tuning iteration, for the four tuning steps
described in Section 3, are compared for both lattices in Figs. 3 and 4. One can see that the luminosity,
after beam-based alignment and linear knob tuning, is better recovered for the L∗ = 6 m case, thanks to
higher luminosity after transverse optics misalignments, as shown in Fig. 3.

To quantify the tuning effectiveness, one must consider the number of machines that recover the
design luminosity (L0 = 1.5 ×1034 cm−2s−1). As shown in Fig. 4, for L∗ = 4.3 m, only 35% of the
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Fig. 5: Tuning simulation results of 100 machines achieving L/L0 for the final focus system optimized in Ref. [5]
after several iterations of the linear knobs. Left: L∗ = 4.3 m; right: L∗ = 6 m.

machines achieve L0, compared with 60% for L∗ = 6 m after the first iteration of the knobs. Despite
a smaller achievable maximum luminosity, the long L∗ option shows better tuning efficiency than the
nominal one. This can be improved by applying iterations of linear knobs until no further increase of
the luminosity is observed. However, the tuning time is also a concern, owing to the impact of ground
motion. Here, one iteration of linear knobs corresponds to ≈720 luminosity measurements. Figure 5
compares the luminosity increase after several knob iterations applied to both designs. The impact of the
linear knobs reaches its limit after the third iteration for L∗ = 4.3 m, with 75% of the machines achieving
L0. For L∗ = 6 m, the limit is reached at the second iteration, with 70% of the machines recovering the
design luminosity.

4.2 Tuning-based design optimization
From the comparative study described in Section 4.1, one may suspect that the tuning efficiency could
be improved by optimizing the dispersion level in the FFS. The design optimization strategy applied in
this study involves tuning a set of FFS lattices with different bending magnet angles. The tuning results
of the dispersion scan will help to decide the optimal layout that maximizes the luminosity and tuning
effectiveness.

All lattices have been randomly misaligned by σRMS = 10 µm in the transverse plane. When
the sextupoles are displaced horizontally, feed-down normal quadrupole kicks are generated and the
corresponding changes in the IP spot size are evaluated by:

∆σ∗x = ks∆xβx,sσ
∗
x0 , (6)

∆σ∗y = ks∆xβy,sσ
∗
y0 , (7)

where βx,s and βy,s are the β-functions at the sextupole location. Vertical sextupole displacements gener-
ate skew quadrupole kicks that increase the spot size by

∆σ∗y = ks∆yσx,s |Rs→∗34 | , (8)

where σx,s is the horizontal beam size at the sextupole location and Rs→∗34 is the matrix element from
the sextupole to the IP. As a consequence of the chromatic correction, the strength of sextupoles k2

5
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Fig. 7: Tuning effectiveness comparison between different dispersion levels from 0% to 100% increase. Left:
L∗ = 4.3 m; right: L∗ = 6 m.

decreases when dispersion is increased, as shown in Fig. 1. From Eqs. (6)–(8), one can see that the
impact of the sextupole misalignments on the beam size at the IP is reduced when k2 decreases. In
Fig. 6, the comparison of the beam sizes of the 100 machines after misalignment shows how the lattice
becomes more tolerant to misalignment with an increase of dispersion in the FFS by a factor of two. A
tuning simulation campaign has been performed on lattices with dispersion level intervals of 10% for the
nominal and long L∗ options; the results are presented in Fig. 7.

Increasing the dispersion level by 60% results in an increase in the number of machines that
achieve L0, from 35% to 88% with only a 7% loss of maximum luminosity achievable for L∗ = 4.3 m.
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Increasing the dispersion by 20% (from +70% to +90%) results in 99% of the machines recovering L0

with almost no loss in luminosity, considering an error-free lattice.

5 Conclusions
Optimizing the FFS by targeting the luminosity of an error-free lattice is not sufficient to prove its feasi-
bility. Introducing tuning effectiveness as a new figure of merit for the design optimization is a more
realistic approach in evaluating the performances of FFSs. It has been shown that reduction of the sex-
tupole strengths is very helpful for tuning the machine, especially in the nominal L∗ case, where the
tuning performance has been significantly improved. More tuning iterations of the new optimized lat-
tices are needed in order to determine the final layout of the FFS for both L∗ options. One must balance
between maximum luminosity achievable and tuning time, according to the need of the machine during
operation.
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