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Abstract

Precise optics measurements will be crucial for commis-
sioning and optimising the Future Circular electron-positron
Collider, FCC-ee, across its full energy range. To prepare
for this challenge, simulation studies have been performed
to evaluate the accuracy and robustness of Turn-by-Turn
(TbT) based optics diagnostics applied to the FCC-ee. A
central element of this effort is the use of an AC-dipole to
generate coherent, controlled beam oscillations suitable for
high-quality TbT data analysis. This contribution presents
the latest progress in simulated TbT optics measurements,
including sensitivity to Beam Position Monitor (BPM) noise.
Particular emphasis is placed on exploring the first specifica-
tions for BPMs and AC-dipoles for the FCC-ee, accounting
for constraints related to synchrotron-radiation damping, ex-
citation strength, and driving frequency. The results provide
essential input for defining the optics-measurement strategy,
hardware requirements, and correction schemes foreseen for
the FCC-ee.

INTRODUCTION

The Future electron-positron Circular Collider (FCC-
ee) [1, 2] has been recommended as the highest priority
future collider succeeding the High-Luminosity LHC (HL-
LHC) [3]. This lepton storage ring collider aims at an ex-
ceptionally high luminosity production at collision energies
from 91.2 GeV to 365 GeV, corresponding to physics around
the Z-pole up to above the tt-threshold. Achieving its design
performance requires an extremely precise beam optics con-
trol. In particular, accurate measurements of the S-functions,
phase advances and linear coupling are fundamental to apply
optics and emittance tuning techniques successfully [4].

Turn-by-Turn (TbT) Beam Position Monitor (BPM) data
provide a powerful tool for optics measurements. Tradi-
tionally in lepton storage rings, such measurements rely on
single kicks applied transversely to the beam. However, with
a transverse damping time of 2600 turns to as low as 40 turns,
respectively at 45.6 GeV to 182.5 GeV beam energy, the fast
decay of free oscillations significantly limits the achievable
measurement accuracy (see also Ref. [5]). An AC-dipole is,
therefore, an attractive method to excite beams over a longer
period at a constant amplitude and has been demonstrated
reliable for various past and present machines, see e.g. [6,7].
Due to strong Synchrotron Radiation (SR) damping for the
FCC-ee this technique requires careful review.

In this paper, we investigate the use of AC-dipoles for
global optics measurements in the FCC-ee. We study the
performance versus excitation strength, and distance to the
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natural tune, including SR damping and amplitude detuning.
Furthermore, we assess the impact of BPM resolution errors
on the quality of optics measurements, aiming to set first
tolerances. All studies are performed using Xsuite [8] and
the LCC optics version 106.2.2, which has recently been
selected as baseline [9, 10]. The overall goal is to contribute
to define a global optics measurement strategy, tolerances,
and to define the optimal parameter space for reliable and
precise optics measurements.

THEORY

The transverse motion under AC-dipole excitation is well
established in the absence of SR [11-13]. It can be written
as

ol BB cos(2nQun ~ 0 + 9(5)),
nBpd
ey
where 7 is the turn number, Sy is the - function at the AC-
dipole, Q is the driven tune, 6 = Q4 — Q is the difference
between the driven and natural tune, and B(s) and ¢(s) are
the driven optics parameters. In contrast to free betatron os-
cillations, the AC-dipole generates a coherent driven motion
that can be sustained over many turns. This is particularly ad-
vantageous in the FCC-ee, where SR leads to rapid damping
of free oscillations.
The oscillation amplitude scales inversely with 6. Express-
ing the motion in units of the beam size, x(s) = Ny+/eB(s),
the required kick angle without SR can be estimated as

x(s,n) =

0~ Ngs dnd\e/Bo - 2)

The transverse kick is generated by an AC dipole through an
oscillating magnetic field which can be expressed in terms of
the applied voltage. This scales with the desired excitation
amplitude and can be expressed as

476 poc
VN, 050 Ve/Bo - 3)

In practice, however, various effects could modify this ideal
excitation. Amplitude detuning introduces a dependence of
the tune on the amplitude, effectively changing the detuning
for large excitations. Additionally, SR damping leads to a
time-dependent oscillation amplitude.

IMPLEMENTATION

In the FCC-ee AC-dipoles are already foreseen to be inte-
grated in the dispersion suppressor, used for measurements
of the beam energy via resonant depolarization (RDP), as
part of the polarization and energy calibration effort [14—16].
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For RDP, in total 6 vertical closed orbit bumps, each con-
sisting of 3 kickers are currently being foreseen. While for
RDP only vertical excitation is required, we assess here the
feasibility to also excite horizontally, which would only re-
quire additional horizontal plates. As a first implementation
one of those kickers is used as an AC-dipole, where relevant
parameters for the Z and tt optics at that location are given
in Table 1.

Table 1: Optics And Beam Parameters At The Implemented
AC-Dipole Location

Parameter Z tt
Energy [GeV] 45.6 182.5
Bx, By at studied AC-dipole [m] 48 /128 48/128
Transverse damping time [turns] 2600 40
Chromaticity 07, Oy, 12/5 1/1
Hor. amp. detuning [10° m™'] -15 -29.0
Vert. amp. detuning [10° m™'] 1.4 17.4

For RDP measurements a maximum deflection of 2.5 prad
per kicker is currently set as a target at Z energy. Using
Egs. (1) to (3) the maximum deflection angle required to
obtain a certain excitation N for different ¢ is calculated,
and shown in Fig. 1. Amplitude detuning is included. With
a driving tune close to the natural one, deflection angles
below 1 prad are sufficient for 1 to 5 o, excitation in both
planes and for Z and tt energy.
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Figure 1: Required horizontal (left) and vertical (right) AC-
dipole kicks for Z (top) and tt (bottom), given in prad.

SIMULATED OPTICS MEASUREMENTS

Optics measurements are simulated by using one AC-
dipole with a single particle, with an example of the TbT
orbit is shown in Fig. 2 for Z energy. The optics is then
measured with OMC3 [17] by using only the stable plateau.
First studies presented here focus on linear, on-momentum
optics measurements. While for hadron storage rings the
ramping must be slow enough to avoid emittance growth
after the AC-dipole excitation, we note that this parameter
has currently not been optimized for the FCC-ee.

To quantify good optics measurements the rms phase
advance error between the simulated measurement and the
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Figure 2: Example of an AC-dipole excitation for Z energy.

model is used as a figure-of-merit. If SR is included in the
tracking, it is also included in the model together with ideal
tapering. Previous studies for the GHC lattice suggest that
the rms phase advance error in the arcs must be kept below
1073(2xr). Furthermore, we recall that tuning studies for
GHC and LCC assume a phase advance measurements error
of 107#(27) for GHC and LCC [4].

The particle is driven either in horizontal or vertical plane
with a § of 0.002 and a plateau of 50000. SR damping is
included. As presented in [18], changing ¢ or the number of
used turns does only contribute marginally to the achieved
resolution. At Z energy an rms phase advance error below
107#(2r) is achieved for driving with an maximum ampli-
tude of 2 o, for both planes, as shown in Fig. 3. Without
SR the rms phase advance error is approximately identical
to the previous scenario, shown in the same figure. In the
absence of measurement noise, the rms phase advance error
increases with increasing driving amplitude, stemming from
non-linear contributions, such as amplitude detuning. A
similar dependence is observed for free kicks [19].

BPM resolution errors are modelled as a random Gaussian
noise on the horizontal and vertical TbT orbit truncated at
2.5 0, where values of 1 um, 0.5um and 0.1 yum rms are
used. SR, a plateau of 50000 turns of ¢ of 0.002 are used
for 30 different random seeds. As before, the rms of the
phase advance error is calculated, and here the mean and
standard deviation over all seeds is given, as shown in Fig. 4.
As expected, the rms phase advance error increases with
increasing BPM resolution. Nevertheless, it is found that by
driving the beam to low excitation amplitudes and assuming
1 um TbT resolution a phase advance error of approximately
1 x 107#(2n) is achievable in both planes.

At tt energy the particle is driven either in horizontally or
vertically with a ¢ of 0.01 or 0.002 for 50 000 turns including
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Figure 3: Horizontal (blue) and vertical (orange) rms phase
advance error over maximum excitation, with (circles) and
without (crosses) SR for Z energy.
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Figure 4: Horizontal (blue) and vertical (orange) rms phase
advance error over BPM error for Z energy with SR.

SR. The analytical estimate of Eq. (2) slightly underestimates
the required deflection angle at tt energy. Tracking simula-
tions indicate a correction factor of about 1.15, applied in
the following. The lowest rms phase advance error is, respec-
tively for the horizontal and vertical plane 2 x 1073 (27) and
2.7 x 1073(2n), at an amplitude of only 1 o, as seen in top
Fig. 5 for 6§ = 0.01. Simulations with SR for § = 0.002 show
a slightly larger error horizontally. Since the rms phase ad-
vance error is significantly larger than at Z energy, possible
sources are discussed in the following. Previous work [20]
suggests also linear chromaticity as a possible source. How-
ever, in here presented studies, it is already roughly 1 in
both planes. At the location of the kicker required for RDP
horizontal dispersion is 35 cm. Beam excitation at a loca-
tion with non-zero dispersion can drive synchro-betatron
resonances. To test this, another AC-dipole is installed in a
long straight section, where dispersion is 0, with 8, = 3, of
730 m. It reduces the rms vertical phase advance error only
to 1.7 x 1073, while the horizontal one remains at the same
value as before. We note, that implementing AC-dipoles
at locations with larger S-functions has the advantage that
lower deflection angles would be required. Performing track-
ing simulations without SR reduces the rms phase advance
error to approximately 1 x 10~%(2x) for an excitation of 1 o~
in either of the transverse planes at 6 = 0.01, as also shown
in Fig. 5. This indicates that the current phase reconstruction
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Figure 5: Horizontal (blue) and vertical (orange) rms phase
advance error over maximum excitation, with (circles) and
without (crosses) SR for tt energy, with 6 = 0.01 (top) or
0 = 0.002 (bottom).
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method is not yet adapted to driven oscillations with strong
damping, which must be investigated.

To obtain first insights on the impact of BPM resolution,
no SR is included in the following and a 6 of 0.01 is used.
The same BPM resolution errors are applied as for Z energy.
These preliminary studies also suggest that 1 ym in combi-
nation with a low excitation could achieve a phase advance
error in the order of approximately 1x 10~#, shown in Fig. 6.
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Figure 6: Horizontal (blue) and vertical (orange) rms phase
advance error over BPM resolution for tt without SR.

PROSPECTS FOR MEASUREMENTS

Optics measurements are foreseen to be performed on
a bunch-by-bunch and TbT basis. A key limitation is the
achievable BPM resolution, which is inversely proportional
to the bunch charge. As shown in [21], it is found that
assuming even 0.1 pm could be extremely challenging to
measure non-linear optics such as resonance driving terms.
First considerations, are presented in [22], and propose to
improve optics measurements using a dedicated set-up, e.g.
using roughly 20 bunches with 10'! particles each, could
significantly improve the achievable resolution. From an
operational perspective, optics measurements in the FCC-ee
must be compatible with machine protection constraints.

SUMMARY AND OUTLOOK

Accurate optics measurements techniques are required
in FCC-ee to achieve design performances. Optics mea-
surements using an AC-dipole have been investigated for
the FCC-ee using TbT measurement simulations. The in-
tegration of AC-dipole functionality into kickers, foreseen
for RDP could provide an efficient and attractive solution.
These studies demonstrate that, at Z energy, phase advance
errors at the level of 1 x 107#(27) could be achieved with
moderate excitation amplitudes, 50 000 turns and a BPM
resolution of 1 um. At tt energy, however, significantly larger
phase advance errors are observed, challenging the optics
tuning. This discrepancy is currently attributed to limita-
tions in the phase reconstruction, in particular due to the
strong SR damping. Further investigations are required to
properly account for these effects. The present results are
based on single-particle simulations and focus on linear, on-
momentum optics. Future work must include multi-particle
tracking with quantum fluctuations. In addition, the scope
of the studies should be extended to a full set of optics ob-
servables, including - functions, dispersion, coupling, and
non-linear optics.
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