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alignment methods is outlined, and detailed realistic simulations showing its effectiveness in
addressing static imperfections such as element misalignment and magnets strength errors are
presented.

Geneva, Switzerland
24 September 2024



Optimization of the CLIC RTML at 380 GeV

Yongke Zhao* and Andrea Latina
CERN, Geneva, Switzerland

(Dated: September 24, 2024)

The baseline configuration of the Compact Linear Collider’s Rings-to-Main-Linac section has been
optimized for the 380 GeV center-of-mass energy stage, and some outstanding issues in previous
designs have been resolved. In particular, the bunch compressors have been redesigned to reduce
power consumption and cost. The impact of the bunch phase error from the damping ring to the
ML has been investigated and optimized. A complete and improved set of beam-based alignment
methods is outlined, and detailed realistic simulations showing its effectiveness in addressing static
imperfections such as element misalignment and magnets strength errors are presented.

I. INTRODUCTION

The Ring To ML (RTML) sections of the Compact
Linear Collider (CLIC) [1, 2] transport the e~ and e™
beams from the damping ring (DR) at ground level to the
main linac (ML) in the underground tunnel. A common
booster linac (BL), composed of 2 GHz L-band RF struc-
tures [3], accelerates the beam from 2.86 GeV to 9 GeV.
Two bunch compressors (BC1 and BC2) are used to re-
duce the bunch length at the end of RTML. BC1, lo-
cated upstream of booster linac, is composed of the same
L-band RF structures as those in the booster linac and
a C-shaped chicane. BC2, located upstream of the ML,
is composed of the same X-band RF structures as those
in the ML and two C-shaped chicanes. The RF struc-
tures in BC1 and BC2 provide zero acceleration with a
90° off-crest phase. A spin rotator (SR) is used to pro-
vide a 90° spin rotation for the e~ beam. The beams
from the booster linac are transported to the ML un-
derground by the central arc (CA), vertical transfer line
(VTL), long transfer line (LTL), and turn-around loop
(TAL) sections. All arcs in the line, CA and TAL, fea-
ture a low-emittance achromatic and isochronous lattice,
tightly optimized to reduce transverse emittance growth
and the impact on the longitudinal plane. The schematic
layout of the CLIC RTML is presented in Fig. 1.

In the CLIC Conceptual Design Report (CDR) [1] pub-
lished in 2012, the RTML beamline was characterized by
a high and challenging average RF gradient of 94 MV /m
in the BC2 X-band RF structures. Besides, static and
dynamic imperfections were not considered, which have
a significant impact on the emittance growth and beam
stability.

In the CLIC Project Implementation Plan (PIP) re-
port [2] published in 2018, the bunch compressors were
reoptimized for the new first energy stage at 380 GeV [4],
instead of the 500 GeV in the CDR. The reoptimized BC2
average RF gradient is even higher and more challeng-
ing, which is 98.27 MV /m. The static imperfections were
studied [4, 5], but to meet the emittance growth budgets
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at the end of RTML, the aperture of the BC2 RF struc-
ture was required to be increased by a factor of 1.5. The
average iris radius of the structure was then specified as
ap = 5.44mm (ag/X = 0.218), quite large for an X-band
structure, and would lead to issues such as breakdown
and high cost and power consumption in RF modules.

All the outstanding issues mentioned above have been
resolved, as reported in this publication, with a re-
optimization of the bunch compressors and the redefini-
tion of the beam-based alignment (BBA) strategy. In ad-
dition, the impact of the bunch phase error propagation
from the DR to the ML are investigated for the first time.
Our study is focused on the first stage with a center-of-
mass energy of 380 GeV, with a drive beam-based accel-
eration in the ML.

II. BEAM PARAMETERS

The beam parameters assumed at the entrance and re-
quired at the exit of the RT'ML are the same as those in
the CLIC PIP report, as summarized in Table I, which
are common for both electrons and positrons. The bud-
gets for the emittances at the RTML exit including im-
perfections are summarized in Table II. The biggest chal-
lenge comes from the static imperfections, for which 90%
of machine configurations after BBA corrections must be
below the emittance budgets. It has been shown in an
luminosity performance report [6] that a promising lu-
minosity can be achieved with the parameters assumed
above, that with static imperfections, a luminosity of

TABLE 1. Beam parameters assumed at the entrance and
required at the exit of the CLIC RTML.

Parameter Unit Entrance Exit
Bunches per train 352
Particles per bunch 5.2 x 10°
Beam energy GeV 2.86 9
Bunch length (o) pm 1800 ~T0
Energy spread (og/F) % 0.12 < 1.7
Horizontal emittance (€n,,) nm-rad 700 < 800
Vertical emittance (€n,y) nm-rad 5 <6
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FIG. 1. Schematic layout of the CLIC RTML.

TABLE II. Emittance budgets for the CLIC RTML.

Emittance budgets €n,z €n,y
Perfect machine < 800 <6
Static imperfections < 820 <8
Static and dynamic imperfections < 850 <10

TABLE III. RF structure parameters used in RTML.

Parameter Unit “CLIC L-band” “TD-31 X-band”
Section BC1 & BL BC2
RF frequency GHz 1.999 11.994
Structure length m 1.5 0.275
Number of cells 30 33
Phase advance per cell 120 120
Working RF phase ° 90 90
First iris radius mm 20 4.062
Last iris radius mm 14 2.6
Average iris radius mm 17 3.331
First iris thickness mm 8 2.525
Last iris thickness mm 8 1.433
Average iris thickness mm 8 1.979

2.35 x 103 cm~2s~! or greater can be achieved by 90%
of randomly misaligned machines.

III. SIMULATION AND OPTIMIZATION

Although separate bunch compressors are used for elec-
trons and positrons, the configurations are expected to
be very similar. Therefore, the bunch compressors are
mainly optimized for electrons. In BC1, the same L-band
RF structure is used as that in the booster linac (BL),
which is called the “CLIC L-band” structure. The BC2
uses the same “TD-31 X-band” RF structure that is used
in the ML. The structure parameters are summarized in
Table III.

Simulations are performed with Placet [7], with collec-
tive effects taken into account, such as short-range wake-
field, incoherent synchrotron radiation (ISR) and coher-
ent synchrotron radiation (CSR) effects. In the optimiza-

TABLE IV. Klystron parameters assumed in optimization for
different RF structures.

Parameter Unit “CLIC L-band” “TD-31 X-band”
Section BC1 & BL BC2
Output power MW 50 51.4
Pulse length us 8 2

tion, RF-Track [8] is also used for quick and simplified
simulations.

To optimize the cost of the RF modules, certain as-
sumptions have been made in the RF system. Similar
klystrons and pulse compressors as those used in the
CLIC PIP report are assumed in the optimization. The
parameters of the klystrons are summarized in Table IV.
The power gains as a function of the compression fac-
tors are presented in Fig. 2, which are obtained from
interpolations of the data in the CLIC PIP report. The
schematic layout of the RF module is presented in Fig. 3,
where the number of structures per RF module is 4 for
the “CLIC L-band” and 8 for the “TD-31 X-band”, same
as those used in the CLIC PIP report. A total RF trans-
mission efficiency of 90% is always assumed. The cost
analysis uses arbitrary cost units set to:

e Klystron cost: 300a.u. each
e RF structure cost: 50a.u. per meter

The CLICopti [9] tool is used to estimate the RF perfor-
mance, such as the input power, pulse length and struc-
ture breakdown. The breakdown rate standard used in
the estimation is 10~ breakdowns/pulse/meter. In this
work, the beam loading effect is considered only for the
booster linac, where the RF phase is on-crest.

A start-to-end optimization involves optimizing the RF
gradient and the number of structures, aiming to reduce
the total cost while meeting the bunch parameter require-
ments at the RTML exit. The two chicanes in BC2 are re-
quired to have the same bending angle to reduce the ISR
and CSR effects on the emittance growth and simplify the
optimization. In addition, the matching quadrupoles be-
tween different sections are also reoptimized to minimize
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FIG. 3. Schematic layout of RF module.

the emittance growth. The optimized parameters and re-
sults are compared with the old parameters and results,
as summarized in Table V, for the electron beam. The
optimization significantly reduces the average structure
aperture and gradient, total voltage, number of struc-
tures and expected cost in BC2 RF section, and the emit-
tance growth in RTML. The average structure iris radius
in BC2 RF section is reduced from 5.44 mm to 3.33 mm
by 39%. The average BC2 RF gradient is reduced from
98.27MV/m to 74.916 MV/m by 24%. The total BC2

TABLE V. Comparison between the old and optimized pa-
rameters and results in RTML for electrons.

Parameter Unit Old New
BC1 RF total voltage MV 477 450.5
BC1 bending angle ° 4.42 3.95
BC1 structure length m 1.5 1.5
BC1 RF gradient MV/m  15.9 18.770
BC1 RF peak power MW 34.0 47.3
BC1 RF-to-beam efficiency % 22.9 20.8
BC1 number of klystrons 10 8
BC1 number of RF structures 20 16
BC1 expected RF cost a.u. 4500 3600
BL total voltage MV 6168.6 6156.3
BL structure length m 1.5 1.5
BL RF gradient MV/m 149 15.089
BL RF peak power MW 54.1 55.1
BL RF-to-beam efficiency % 20.0 19.9
BL number of klystrons 138 136
BL number of RF structures 276 272
BL expected RF cost a.u. 62100 61200
BC2 RF total voltage MV 1763.0 659.3
BC2 bending angles ° 1.56, 0.10 1.55, 1.55
BC2 structure length m 0.23 0.275
BC2 structure aperture mm 5.44 3.33
BC2 RF gradient MV/m  98.27 74.916
BC2 RF peak power MW 355.6 39.3
BC2 RF-to-beam efficiency % 7.5 45.1
BC2 number of klystrons 156 8
BC2 number of RF structures 78 32
BC2 expected RF cost a.u. 47700 2840
Bunch length at BC1 exit pm 235 410
Final bunch length pm 70 70
Final energy spread (cg/E) % 1.0 1.1
Hori. emittance growth (A€ ) nm-rad 86 74
Vert. emittance growth (Ae,,y) nm-rad 0.7 0.4

RF voltage is reduced from 1763.0 MV to 659.3 MV by
63%. The number of BC2 RF structures is reduced from
78 to 32 by 59%, though the structure length is increased
by 20%. The expected cost of structures and klystrons
is reduced by 20% in BC1, 1.4% in BL and 78% in BC2.
The normalized emittance growth is reduced by 14% hor-
izontally and 43% vertically. It is found that the same
configuration of the bunch compressors and booster linac
can be used for the positrons.

IV. NOMINAL PERFORMANCE

The simulation results at the RTML exit for a perfect
machine without any imperfections are summarized in
Table VI, for both electrons and positrons. The emit-
tance growth along the RTML beamline is presented in
Fig. 4. The longitudinal phase space at the RTML exit
is presented in Fig. 5, where a full bunch compression is
achieved.



TABLE VI. Simulation results at RTML exit for a perfect
machine.

Parameter Unit e et
Bunch length (o) um 70.4 68.6
Energy spread (og/FE) % 1.07 1.08
Horizontal emittance (€n,x) nm-rad 773.8 763.1
Vertical emittance (€n,y) nm-rad 5.40 5.08
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FIG. 4. Emittance growth along the RTML beamline for
electron (top) and positron lines (bottom).

V. IMPERFECTIONS
A. Static imperfections

The static imperfections considered in the study are
summarized in Table VII, with the RMS values reported.

Similar beam-based alignment (BBA) methods as
those used in [10] are used for the corrections of static
imperfections and are summarized as follows:

e One-to-one (OTO) correction: An orbit correction
method using dipole kickers as the correctors. Each
dipole corrector is placed downstream of a beam
position monitor (BPM) and a quadrupole. The
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FIG. 5. Longitudinal phase space at the RTML exit for elec-
tron bunch (top) and positron bunch (bottom).

TABLE VII. Static imperfections considered in the study,
with the RMS values reported.

Imperfection Unit  Value
Magnet and BPM positron error pm 30
Magnet and BPM tilt error prad 100
Magnet and BPM roll error purad 100
Quadrupole strength error in CA & TAL % 0.01
Quadrupole strength error in other sections % 0.1
Other magnet strength error % 0.1
BPM resolution pm 1
Magnetic center shift w/ strength scaling pm / 5% 0.35
Emittance measurement uncertainty % 1

strengths of the dipole correctors are adjusted such
that the beam is steered through the centers of the
BPMs to avoid beam loss. The dipole strengths are
estimated by minimizing the offset of the trajectory
in BPM, which is equivalent to solving the following



equations:
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where x represents the BPM readings, R is the
orbit response matrix and 6y, represents the
dipole corrections. 0 and I are zero and identity
matrices. By is a regulatory and free parameter to
constrain the corrections and to condition the sys-
tem, which is usually empirically chosen.

Dispersion-free steering (DFS) correction: An orbit
and dispersion correction method using the same
dipole correctors as the OTO correction. The dis-
persion is measured with an off-energy test beam
and corrected by minimizing the difference between
the nominal and dispersive trajectories in BPM,
which is equivalent to solving the following equa-
tions:

—X R 01
wa (o —n) | = [wa D S (2)
0 61 1 0,

where, in addition to the OTO correction, n and 7o
are the measured and target dispersions, and D is
the dispersion response matrix. wy is a weighting
factor to constrain the dispersion correction, which
is also usually chosen empirically for better per-
formance, though it can be estimated theoretically
from the following formula:

2y Opos + 0

Wq = 20_13 ’ (3)
where 0,05 and o3 are the BPM misalignment and
resolution. The test beam for the dispersion mea-
surement is obtained by scaling the strengths of all
the magnets, corresponding to a reduction of 5% in
the beam energy. However, an additional misalign-
ment of the magnets is introduced, as reported in
Table VII.

Sextupole-based emittance tuning (SBET) correc-
tion: An emittance optimization method using sex-
tupoles as correctors. The positions of the sex-
tupole correctors are adjusted such that the mea-
sured emittances at the end of the corrected lattice
are minimized. A 1% RMS uncertainty is assumed
for the emittance measurements which is the same
as the one used in previous studies [4, 5]. The first
5 sextupoles of the sections in the correction are
used as correctors. The Simplex algorithm [11] is
used to search for the optimal parameters, with a
merit function defined as follows:

€0\ ? €, — €0\ ?
Merit:\/(ei €g> +<21J g) ) (4)
€l — ¢l € — €9

TABLE VIII. Common BBA parameters.

Parameter Value
Bo 1
B1 1
Wwa 30
Number of quadrupoles per bin 40
Bin overlap 50%
Number of iterations in OTO correction 3
Number of iterations in DFS correction 3

where €., is the horizontal or vertical emittance
from the measurements, eg, is the initial emit-
tance at the RTML entrance, as reported in Ta-
ble I, and 6;4/ is the emittance budget for static
imperfections, as reported in Table II.

The OTO and DFS corrections are applied to the
RTML beamline section by section, with a small over-
lap between the neighbouring sections. Each section is
split into subsections or bins. All bins in a secton have
equal number of quadrupoles and there is an overlap be-
tween the neighbouring bins. In each bin, the corrections
are applied in several iterations. The TAL section is split
into two smaller sections, TAL1 and TAL2, in the cor-
rections to avoid beam loss. The BBA parameters men-
tioned above are summarized in Table VIII, which are
commonly used in all sections.

The BBA correction procedure is implemented in
steps, as summarized in Table IX. The study is focused

TABLE IX. BBA correction procedure in steps.

Step Sections Corrections
1 SR-LTL OTO & DFS
2 CA-LTL SBET
3 TAL-BC2 OTO & DFS
4 TAL-BC2 SBET

on the corrections for the electron beam, with 100 ran-
domly misaligned machines simulated. For the positron
beam, the corrections are thought to be much easier,
given that the emittance growth is much smaller. As a
result of the BBA corrections, the emittances of 99% cor-
rected machines are below the emittance budget at the
RTML exit, which meets well the requirement of > 90%,
as presented in Fig. 6.

B. Bunch phase error

The impact of the bunch phase error propagation from
the DR to the ML is also studied and presented in Fig. 7.
The tolerance for the bunch phase error at the ML en-
trance is assumed to be +0.1° [1] in the plot, giving an
acceptance at the DR exit of 5°, which is thought to be
quite satisfied, as the required minimum acceptance is
2.5° [1].
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FIG. 7. Impact of bunch phase error (Ay) propagation from
the DR to the ML.

VI. CONCLUSIONS

We present an optimization of the CLIC RTML beam-
line for the first stage of CLIC, focusing mainly on the
bunch compressors and matching sections. The optimiza-
tion significantly reduces the average structure aperture
and gradient, total voltage, number of structures and ex-
pected cost in BC2 RF section, and the emittance growth
throughout the entire system. The average structure iris
radius in BC2 RF section is reduced from 5.44mm to
3.33mm. The average BC2 RF gradient is reduced from
98.27MV/m to 74.916 MV/m. The number of BC2 RF
structures is reduced from 78 to 32, though the structure
length is increased by 20%. The expected cost of struc-
tures and klystrons is reduced by 20% in BC1, 1.4% in
BL and 78% in BC2. The normalized emittance growth
is reduced by 14% horizontally and 43% vertically. With
an updated beam-based alignment correction procedure,
tight emittance growth requirements have been achieved
with 99% of randomly misaligned machines under the ef-
fects of static imperfections, satisfying well the budgets.
The bunch phase error propagation from the DR to the
ML have also been studied, and a result within the ac-
ceptance at the DR exit has been found.
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