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Abstract
The Future Circular electron-positron Collider (FCC-ee)

is a proposed accelerator with a 91 kilometre circumference
that should serve as a Higgs and electroweak factory, with
unprecedented luminosity. Unavoidable misalignments and
field errors will generate optics errors at the interaction point
(IP), whose effect will be amplified by the beam-beam col-
lisions, which will make it challenging for the collider to
reach its intended luminosity goals. Hence, there is a need
for correction tools that will enable the precise correction of
the optics at the IP, such as linear coupling parameters and
spurious dispersion. This will be essential both for FCC-ee
commissioning and during routine operation. This paper
describes the construction, simulated effectiveness, and con-
straints of IP tuning tools.

INTRODUCTION
The FCC-ee collider [1] demands a strong focusing as

well as small beam sizes at the collision point to achieve
unprecedented luminosity. In general, the luminosity for flat
beams is expressed as: [1]

𝐿 = 𝛾
2𝑒𝑟𝑒

.
𝐼𝑡𝑜𝑡𝜉𝑦

𝛽∗
𝑦

.𝑅𝐺 , (1)

where 𝛾 denotes the Lorentz factor, 𝐼𝑡𝑜𝑡 the total beam cur-
rent, 𝜉𝑦 the beam-beam parameter, 𝑅𝐺 the hour-glass effect,
𝑒 the electron charge, 𝑟𝑒 the classical electron radius, and
𝛽∗

𝑦 the vertical 𝛽-function at the interaction point (IP). Any
alignment error or source of coupling can lead to spurious
vertical dispersion or transverse coupling, as well as a change
of 𝛽-function at the IP, which in turn affects the vertical beam
size as shown in Eq. (2),

𝜎∗
𝑦 ≈ √𝜀𝑦𝛽∗

𝑦 + 𝐷2∗
𝑦 𝛿2

𝑝 + 𝛽∗
𝑦𝜀𝑥| ̂𝐹∗

𝑥𝑦|2 , (2)

̂𝐹𝑥𝑦 =
sinh √|2𝑓1010|2 − |2𝑓1001|2

√|𝑓1010|2 − |𝑓1001|2
(𝑓1001 − 𝑓0101) ,

where 𝜀𝑥,𝑦 and 𝛽∗
𝑥,𝑦 are the emittance and 𝛽-function at the

IP in both horizontal and vertical planes respectively, 𝐷∗
𝑦 is

the vertical dispersion at the IP, 𝑓 is used for the sum and
difference resonance driving terms (RDTs) [5].

These extra terms contributing to the IP beam size need
to be minimized. Tools that will help in the fine-tuning of
the beam sizes become valuable for the successful operation
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of FCC-ee and are referred to as tuning knobs [2] (See also
[3, 4]).

Figure 1: Interaction region (IR) layout and magnets used for
developing the tuning knobs, including the optical functions.

IP TUNING IN IDEAL LATTICE
The FCC-ee baseline lattice design [6], specifically re-

ferring to optics V22, is considered to develop the tuning
knobs in this paper. Adjustments to 𝛽∗

𝑥,𝑦 (the beta function
at the IP) and to the waist position 𝑤𝑥,𝑦 [7] (the location
of minimum 𝛽 [3, 4], see Fig. 2) can be accomplished by
varying the strengths of the final-doublet quadrupoles and
of the matching-section quadrupoles, indicated in Fig. 1.

Figure 2: Schematic of 𝛽∗ and waist 𝑤.

Any change in the quadrupole strength will effect 𝛽 func-
tions, 𝑤∗ and tunes in both the planes. In general, at least 10
quadrupoles are need to tune 10 parameters including the
optics outside the IP region to make the knob closed on itself.
Tuning these quadrupoles has no intrinsic effect on the hori-
zontal dispersion since they are situated in a zero-dispersion
region, as depicted in Fig. 1. The response matrix [8] ap-
proach is used for constructing these knobs. This procedure
involves recording the response to each quadrupole change
and forming a matrix from these recordings. Since modulat-
ing the quadrupole strengths will change the 𝛽 functions, 𝑤∗

and the tune of the machine, the effect of quadrupole field
changes on these parameters has been taken into account in
constructing a response matrix. Subsequently, the pseudo
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Figure 3: Evolution of Δ𝛽∗
𝑥,𝑦/𝛽∗

𝑥,𝑦 as a function of Δ𝛽∗
𝑥/𝛽∗

𝑥
knob setting.

inverse of this matrix is applied to determine the appropriate
magnet strengths needed to achieve a specified change in the
target parameter. The responses of the generated knobs are
illustrated in Figs. 3 and 4.

Figure 4: Evolution of 𝑤∗
𝑥,𝑦 as a function of 𝑤∗

𝑦 knob setting.

No quadrupole can tune one plane without changing the
other plane’s 𝛽 function. As such the 𝛽∗

𝑥 knob is not strictly
linear and orthogonal, as is illustrated in Fig. 3. The 𝑤∗

𝑦
knob makes use of the same quadrupoles as the 𝛽∗ knobs.
While the 𝑤∗

𝑦 knob is linear within the range of ±0.04 m and
maintains the waist shift in the other plane unchanged as
seen in Fig. 4, variations in the 𝛽∗ functions will occur.

Figure 5: Evolution of the IP dispersion (𝐷∗
𝑥,𝑦) as a function

of 𝐷∗
𝑦 knob setting.

Skew quadrupolar fields are used to control the vertical
dispersion and transverse coupling at the IP. For this pur-

pose, extra skew quadrupolar windings are mounted on the
final-focus quadrupole (QC1) located in a zero-dispersion
region and at the nearest 6 sextupoles situated in dispersion
region on both sides of the IP. Again the response matrix
approach to construct these knobs was adopted, as already
explained above. The changes in the 𝐷∗

𝑥,𝑦 and its derivative
𝐷′∗

𝑥,𝑦, as well as the coupling at the IP have been considered
in constructing the response matrix. The knob responses to
the tuning parameters are shown in Figs. 5 and 6 for the
vertical dispersion and coupling, respectively. The verti-
cal dispersion as well as the coupling knobs are perfectly
linear and orthogonal. This means that the imaginary com-
ponents of the difference coupling and the sum coupling
stay unchanged, while tuning the real part of the difference
coupling, as shown in Fig. 6. Since the skew quadrupoles are
situated in a dispersive region, any change in their strengths
will have a slight impact on the horizontal dispersion, which
is clearly observed from Fig. 5.

Figure 6: Evolution of real and imaginary parts of 𝑓 ∗
1001 and

𝑓 ∗
1010 as a function of real part of 𝑓 ∗

1001 knob setting.

KNOB EFFICIENCY WITH ERRORS
The IP tuning knobs created so far were developed and

tested on the ideal lattice. However, in practice, the machine
will operate with errors.

Figure 7: Evolution of Δ𝛽∗
𝑦/𝛽∗

𝑦 as a function of 𝑤∗
𝑦 knob

setting for the raw orbit distortion (red) and after closed-orbit
correction (orange).

Random transverse alignment errors of 10 𝜇m are intro-
duced in all arc quadrupoles to examine the functionality
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of the knobs in a perturbed lattice. The 10 𝜇m alignment
errors are deliberately assumed for this study to highlight
the importance of closed orbit correction for the knobs to be
orthogonal. These errors have a significant effect on both
the closed orbit and on the optics parameters. To recover the
desired performance of the collider as per design, various
corrective measures need to be implemented, addressing
both orbit and optical corrections. In particular, the magnets
used to develop the tuning knobs will have additional dipole
field components due to the orbit distortion, which will pro-
vide unwanted kicks. Therefore, it is essential to ensure a
good correction of the orbit in these locations, in order to
optimize the knob performance. This can be achieved by
installing 4 orbit correctors upstream of each knob region
so as to have sufficient degrees of freedom to correct both
the orbit (x,y) and angle (𝑥′,𝑦′). The corrector strengths
required to minimize both the orbit and angle are computed
by MAD-X [9] and applied to the model.

Figure 8: Evolution of 𝑤∗
𝑦 as a function of Δ𝛽∗

𝑥/𝛽∗
𝑥 knob

setting for the raw orbit distortion (red) and after closed-orbit
correction (orange).

The significance of the orbit correction for the 𝛽∗
𝑥 and 𝑤∗

𝑦
knobs to function effectively is demonstrated in Figs. 7 and 8.
The variations observed in 𝛽∗

𝑦 are evident in Fig. 7 (in red)
across different adjustments of the 𝑤∗

𝑦 knob, while Fig. 8
illustrates significant variations in 𝑤∗

𝑦 (in red) due to changes
in the 𝛽∗

𝑥 knob. Since 𝛽∗
𝑦 is very small, a small deviation

in 𝑤∗
𝑦 will have a large impact on 𝛽∗

𝑦. Similarly, the effect
on the imaginary component of the coupling is shown in
Figs. 9 and 10 for different knob settings of both Re{𝑓 ∗

1001}
and 𝐷∗

𝑦. Ideally, adjusting a specific knob should only affect
the targeted parameter while keeping others constant. How-
ever, in these cases, changes in parameters other than the
intended one occurred. The extra field components added
to the magnetic elements due to the closed orbit distortion
lead to this breakdown of the orthogonality.

The RMS orbit achieved in the IR region after correction
is of the order of 1 𝜇m compared to the RMS orbit of 0.03 m
before the orbit correction (in a simulation without phys-
ical apertures). Following the orbit correction, the errors
in Δ𝛽∗

𝑦/𝛽∗
𝑦 and 𝑤∗

𝑦 drop down by a factor 2 and 6, respec-
tively, whereas in the case of 𝐷∗

𝑦 and 𝑓 ∗
1001 knobs, the error

in the imaginary part of 𝑓 ∗
1010 is reduced by a factor 30. A

Figure 9: Evolution of imaginary part of 𝑓 ∗
1010 as a function

of the real part of 𝑓 ∗
1010 knob setting for the raw orbit distor-

tion (red) and after the closed-orbit correction (orange).

consistent behavior is noticed as the orange curves exactly
resemble the ideal lattice which is represented in green, the
only difference being the magnitude of the initial error. Con-
sequently, the feed-down kicks are suppressed and the knobs
become almost as orthogonal as for the case without errors.

Figure 10: Evolution of imaginary part of 𝑓 ∗
1010 as a function

of 𝐷∗
𝑦 knob setting for the raw orbit distortion (red) and after

closed-orbit correction (orange).

CONCLUSIONS AND OUTLOOK
Optics errors at the IP have a direct impact on the FCC-ee

machine performance due to the large 𝛽 functions and gra-
dients in the final-focus system. Therefore, besides global
corrections, local tuning knobs, that will help in the precise
tuning of the IP optics, are important for the successful op-
eration of the FCC-ee. Knobs for 𝛽∗, 𝑤∗, dispersion, and
linear coupling have been developed for an ideal lattice, and
were then tested on a lattice subjected to alignment errors.
Raw orbit distortions, induced by magnet misalignments, de-
grade the effective functioning of the knobs, which then have
a significant impact on other parameter. In this study, orbit
correction down to the 1 µm level was required to restore a
good knob orthogonality. As a next step, these knobs will be
applied to more realistic lattices with all global corrections
performed.
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