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Abstract 
The FCC-ee could allow the measurement of the elec-

tron Yukawa coupling via direct Higgs s-channel produc-
tion at ~125 GeV centre-of-mass (CM) energy, provided 
that the CM energy spread of this channel, can be reduced 
to about 5–10 MeV to be comparable to the width of the 
standard model Higgs boson. The natural collision-energy 
spread at 125 GeV, due only to synchrotron radiation (SR), 
is about 50 MeV. Its reduction to the desired level can be 
accomplished by means of “monochromatization”, e.g., 
through introducing non-zero dispersion of opposite sign 
at the Interaction Point (IP), for the two colliding beams. 
This nonzero dispersion at the IP (horizontal or vertical) 
could be generated by different methods, requiring or not 
modifications of the Final Focus System (FFS) Local 
Chromaticity Correction (LCC) system. In this paper we 
report and compare the different recent Interaction Region 
(IR) optics design of this new possible collision mode. 

INTRODUCTION 
The standard mode of the FCC-ee is designed to operate 

at four different beam energies of 45.6, 80, 120 and 
182.5 GeV, allowing physics precision experiments at the 
Z-pole (Z mode), the W-pair-threshold (WW mode), the
ZH-maximum (ZH mode) and above the top-pair-threshold
(tt mode) respectively. An optional proposed fifth mode
could be the s-channel Higgs direct production mode. This
new proposed collision mode presents an opportunity for
the measurement of the electron Yukawa coupling, by
directly producing the Higgs at the s-channel at 125 GeV
CM energy, provided that the CM energy spread of this
channel, could be reduced to about 5–10 MeV to be
comparable to the width of the standard model Higgs boson
[1-4]. The natural collision-energy spread at 125 GeV, due
only to SR, is about 50 MeV. Reducing it to the desired
level can be accomplished by colliding the beams in
“monochromatic” mode. This mode of collision, proposed
decades ago, consist of establishing inverse correlations
between spatial position and energy deviation in the
colliding beams [5-16].

In terms of beam optics, this configuration can be 
achieved by generating a non-zero horizontal or vertical 
dispersion with opposite signs for the two colliding beams 
at the IP, so called transverse monochromatization scheme. 
While lowering the CM energy spread without necessarily 
decreasing the intrinsic energy spread of the two individual 
beams, the non-zero dispersion function at the IP will in-
crease the IP transverse beam sizes and could also affect 
the luminosity. Introducing a monochramatization factor as 
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the CM energy spread and luminosity of this “monochro-
matic” mode are both reduced by this factor compared with 
the standard mode. Therefore, the development of a mon-
ochromatization scheme must consider the optimization of 
other collider parameters to maximize the luminosity while 
introducing non-zero dispersion at the IP, to achieve a 
higher rate of Higgs bosons in s-channel production [17]. 

Considering the impact of beamstrahlung (BS), a prelim-
inary parametric study of monochromatization for FCC-ee 
has been made at 125 GeV collision energy prior to the IR 
beam optics design [18-24]. The FCC-ee monochromatiza-
tion self-consistent parameters [25] are calculated using 
Guinea-Pig [15]. Based on these optimized parameters, 
three different kinds of monochromatization IR optics de-
sign are proposed for FCC-ee. 

FCC-ee MONOCHROM IR DESIGN 
Two types of FCC-ee standard optics, specifically de-

signed for Z and ttbar modes [26, 27], exists. The mono-
chromatization IR optics design has been completed re-
spectively for these two kinds of standard lattice [28]. In 
the following sections, we will show only the design for 
the optics based on ttbar mode lattice. The details of the 
monochromatization FCC-ee ttbar mode are summarized 
in Table 1. For completeness the parameters of the standard 
ttbar mode are also included. 

Horizontal Dispersion Generation at the IP 
Given the baseline layout of the FCC-ee IR, the nonzero 

horizontal dispersion at the IP, as required for 
 ___________________________________________  
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monochromatization, can be generated by several sets of 
different configurations of dipole magnet in the LCC sys-
tem of FFS [25]. For each set, there are three dipoles com-
posing a chicane structure with three different extra angles 
which are orderly set manually. The orbit of the monochro-
matization IR with chicanes is slightly different from the 
standard orbit. To enhance the flexibility of optics match-
ing, all the IR horizontal dipoles are cut into three pieces 
and extra thin quadrupoles are inserted between the pieces 
[29]. After matching and optimizing, we ultimately inte-
grate four smooth close orbit chicanes into the LOC system 
to create the required horizontal dispersion at the IP while 
mitigating the horizontal emittance blow up caused by the 
additional chicane structures [30]. The beam parameters at 
the IP are matched to be aligned with the FCC-ee mono-
chromatization self-consistent parameters with a horizon-
tal dispersion of 0.105 m [25]. The beam parameters at the 
entrance and exit of the IR, as well as the phase advances 
of the LCC sextupoles in the IR are matched to be same as 
those of the standard optics. 

The result of monochromatization IR optics design using 
MADX [31] is presented in Figure 1. The beam direction 
is from left to right. Magnetic elements are shown in color 
(dipoles in blue, quadrupoles in red and sextupoles in green) 
and the point s = 0 marks the IP. Figure 2 illustrates the 
comparison between original standard IR orbit (grey) and 
monochromatization orbit (red), with the point Z = 0 and 
X = 0 indicating the IP. The position and the angle at the 
entrance and exit of these two orbits are the same. 

Figure 1: FCC-ee monochromatization IR optics (non-zero 
horizontal dispersion at the IP). 

Figure 2: FCC-ee standard IR orbit (grey line) and mono-
chromatization IR orbit (red line). 

Vertical Dispersion Generation at the IP 
The FCC-ee, owing to its extremely low vertical emit-

tance (1 pm), features a vertical beam size at the IP much 
smaller than the horizontal one. Therefore, achieving an 
adequate monochromatization factor, according to Eq. (1), 
requires an approximately 100 times smaller vertical dis-
persion, measuring at 1mm. Introducing this tiny vertical 
dispersion at the IP can be achieved by adding additional 
strength in the IR skew quadrupoles, which are needed to 
correct the skew quadrupole field caused by quadrupole 
roll errors [32]. These quadrupoles are expected to be im-
plemented at the same locations where the sextupole pairs 
are installed in the LCC system. 

While maintaining a zero vertical dispersion at the en-
trance and exit of the IR, we match the IP vertical disper-
sion to 1 mm by varying the strength of the implemented 
skew quadrupoles. The result is depicted in Figure 3. 

Figure 3: FCC-ee monochromatization IR optics (non-zero 
vertical dispersion at the IP). 

Mixed Dispersion Generation at the IP 
Considering an advantage combination of the two meth-

ods mentioned above, we try to implement skew quadru-
poles into the monochromatization IR optics with horizon-
tal dispersion at the IP, to introduce mixed dispersion (hor-
izontal dispersion and vertical dispersion) at the IP as 
shown in Figure 4. 

Figure 4: FCC-ee monochromatization IR optics (non-zero 
mixed dispersion at the IP). 
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MONOCHROM IR PERFORMANCE 

Global Implementation 
To evaluate the global performance of the three kinds of 

FCC-ee monochromatization IR optics showed in the pre-
vious section, we respectively insert them into the entire 
ring to replace the original standard IR optics and then, 
match the global monochromatization ring optics. Before 
the performance check, we correct the local chromaticity, 
the global chromaticity and the tune, and we compensate 
the SR losses [28]. 

Luminosity and CM Energy Spread 
Using the corrected FCC-ee monochromatization optics, 

we obtain the parameters without BS computed using the 
code MADX. Emittance, energy spread and bunch length 
with the impact of BS are calculated analytically [19]. CM 
energy spread and luminosity with and without crab cavi-
ties are calculated using the code Guinea-Pig. All the per-
formance parameters are summarized in Table 1. The sec-
ond column in the table presents the parameters of the ttbar 
mode standard optics operating at 62.5 GeV for compari-
son. Subsequent columns detail the parameters of the three 
kinds of FCC-ee monochromatization optics, featuring 
horizontal dispersion, vertical dispersion and mixed disper-
sion at the four IPs, respectively. 

According to the results presented in Table 1, it is evi-
dent that the CM energy spread of the monochromatization 
mode is significantly decreased compared to the scaled 

FCC-ee ttbar mode lattice at 62.5 GeV. Among the three 
types of monochromatization optics, the configuration 
with horizontal dispersion at the IP results in higher lumi-
nosity but less CM energy spread reduction, whereas the 
configuration with vertical dispersion at the IP achieves 
lower CM energy spread but more luminosity loss. The 
mixed dispersion at the IP combines the advantages of the 
first two configuration but may potentially face issues re-
lated to betatron coupling. 

SUMMARY AND OUTLOOK 
Three distinct monochromatization IR optics have been 

implemented for FCC-ee, each incorporating the necessary 
dispersion at the IPs. A preliminary global performance 
comparison of these novel IR optics design has been com-
pleted, with a specific emphasis on their CM energy spread 
and luminosity. The dynamic aperture optimization and 
beam-beam studies are still in progress. Future plans in-
volve initiating monochromatization investigations at Cir-
cular Electron Positron Collider (CEPC) and experimental 
proof of monochromatization concept in running e+e- low 
energy colliders. 
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Table 1: Performance Parameters of FCC-ee Standard Optics and Monochromatization Optics 

Parameters Standard Standard 
Scaled* 

MonochroM 
Horizontal 

MonochroM 
Vertical 

MonochroM 
Mixed 

# of IPs 𝑛ூ [ / ] 4 

Circumference [m] 91174.117 

Beam energy 𝐸 [GeV] 182.5 62.5 62.5 62.5 62.5 

Energy loss/turn  [MeV] 10000.0 137.6 143.5 137.6 143.4 

SR power loss [MW] 50 54.3 56.7 54.3 56.7 

Beam current 𝐼  [mA] 5 395 395 395 395 

Bunches/beam 𝑛 [ / ] 40 13420 13420 13420 13420 

Bunch population 𝑁 [1011] 2.37 0.56 0.56 0.56 0.56 

Horizontal emittance 𝜀௫ (SR/BS) [nm] 1.49/1.49 0.17/0.17 1.48/4.31 0.17/0.17 1.48/4.31 

Vertical emittance 𝜀௬ [pm] 2.98 0.34 2.96 0.35 2.96 

Momentum compaction factor 𝛼 [10-6] 6.99 7.30 6.92 7.31 6.92 

𝛽௫/௬
∗   [mm] 1000/1.6 1000/1.6 90/1 1000/1.6 90/1 

𝐷௫/௬
∗   [m] 0/0 0/0 0.105/0 0/0.001 0.105/0.001 

Energy spread 𝜎ఋ  (SR/BS) [%] 0.16/0.22 0.05/0.09 0.06/0.06 0.05/0.09 0.06/0.06 

Bunch length 𝜎 (SR/BS) [mm] 2.03/2.70 3.86/6.18 4.05/4.13 3.86/6.18 4.05/4.13 

Synchrotron tune 𝑄௦ [ / ] 0.082 0.015 0.014 0.015 0.014 

Longitudinal damping time [turns] 18.5 454 436 454 436 

CM energy spread 𝜎ௐ (w/o crab cavity) [MeV] 547/542 75.9/76.7 15.9/25.9 9.10/4.94 7.64/6.36 

Luminosity (w/o crab cavity) [1034cm-2s-1] 1.83/1.52 399/122 33.7/29.4 21.2/2.98 14.8/6.43 

* No realistic implementation, only energy scaled.
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