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Abstract
For the accelerator-based future of high energy physics at

the energy frontier, CERN started to investigate a 92 km cir-
cumference Future Circular Collider (FCC), as e+/e− collider
the FCC-ee will operate at beam energies up to 182.5 GeV.
Beside the machine operational aspects, beam instrumenta-
tion will play a key role in verifying and optimizing the ma-
chine to achieve the ambitious beam parameters and quality.
This paper gives a brief overview of the various challenges
to develop the required beam instruments, with focus on
beam position, beam size and bunch length measurements,
and well as an outline of the planned R&D activities.

INTRODUCTION

Figure 1: Layout of the main rings of FCC-ee.

The FCC-ee project [1] consists of two main rings and
a booster ring in a tunnel of approximately 92 km circum-
ference, plus the injectors and a positron source. For this
discussion on the challenges and requirements of the FCC-ee
beam instrumentation we focus on the main rings, see Fig. 1,
which – with except of the large circumference – has many
aspects in common with 4th-generation synchrotron light
sources.

Table 1 lists those FCC-ee beam parameters which are
particular relevant for the beam instrumentation, with the
red highlighted values presenting the biggest challenges.

∗ manfred.wendt@cern.ch

Table 1: FCC-ee beam parameters  relevant to beam 
instrumentation.

Parameter (4 IPs, 𝒕𝒓𝒆𝒗 = 304 𝝁s) Value
circumference [km] 91.18
max. beam energy [GeV] 182.5
max. beam current [mA] 1280
max. # of bunches/beam 10000
min. bunch spacing [ns] 25 (15)
max. bunch intensity [1011] 2.43
min. H geometric emittance [nm] 0.71
min. V geometric emittance [pm] 1.42
min. H rms IP spot size [`m] 8
min. V rms IP spot size [nm] 34
min. rms bunch length SR/BS [mm] 1.95 / 2.75

BEAM POSITION MEASUREMENT
The two main rings and the booster ring together will

need a total of approximately 7000 beam position monitors
(BPM), distributed along the ∼90 km FCC-ee tunnel. In the
arcs, the preferred location of the button-style BPM pick-
ups is next to the quadrupole, with the BPM body rigidly
fixed to the pole shoes at one end of the magnet. An study
currently investigates the integration of the BPM pickup
with the quadrupole in a way that no extra space is required.
While many details of the four, symmetrically arranged BPM
pickup electrodes still need to be developed, a study to op-
timize new manufacturing processes of the the BPM body
with the vacuum chamber made out of copper, together with
the button RF UHV feedthrough have been initiated, see
also Fig. 2.

Figure 2: Manufacturing R&D for FCC-ee BPM pickups.
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Being one of the large scale beam instrumentation sys-
tems, the FCC-ee BPM system not only needs to fulfill the
core requirements like resolution and accuracy, but also has
to be optimized along other aspects, such as segmentation
of read-out electronics in the tunnel, costs, maintenance as-
pects, integration with other systems like RF, timing signals,
corrector magnet power supplies, etc. The beam position
data from BPM system will be used for the beam orbit feed-
back, therefore latency effects need to be considered.

Figure 3: Lines of constant beam displacement of a button
BPM, horizontal (left), vertical (right).

BPM Requirements
Some of the basic requirements for the BPM system have

been discussed during the workshop and since, and of course,
a formal BPM requirement document still has to be drafted.
While some of those requirements are similar to those of
the 4th-generation synchrotron light sources, the 70 mm di-
ameter of the FCC-ee vacuum chamber with it’s “winglets”
for the synchrotron light absorption is substantially larger,
therefore results in a reduced the position sensitivity of the
BPM, which is slightly below 2/𝑅 (with 𝑅 = 35 mm) near
the center of the vacuum chamber due to the “rotated” BPM
pickup electrodes, see also Fig. 3.

Similar to the present LHC BPM system, the FCC-ee
BPMs need to acquire bunch-by-bunch and turn-by-turn
beam positions in a synchronized fashion, and report the
beam orbit average value of the position data for all bunches
in a turn over many turns. We currently assume a minimum
bunch spacing of 25 ns for the FCC-ee, however, that value
may be reduced down to 15 ns, see Table. 1.

Resolution A BPM orbit resolution of <1 µm is anticipated,
while the turn-by-turn resolution should achieve 10 µm.

Accuracy A relative accuracy, i.e. not accounting for the
BPM offset, in the range 1 . . . 10 µm seems feasible,
but requires a correction of the non-linearities of the
BPM pickup, see also Fig. 3.

Alignment & roll errors A stretched-wire based, elec-
tromagnetic pre-alignment of the integrated BPM-
quadrupole module can substantially reduce alignment
errors and allows to evaluate offset and roll-errors be-
tween the electromagnetic center of the BPM pickup
and the magnetic center of the quadrupole [2–5]. Sim-
ulations indicate that alignment errors with 𝑥, 𝑦-offsets
of ∼10 µm and rolls of 10 . . . 30 µrad can be tolerated.

IP BPM’s
With nanometer beam size beams at the interaction point

(IP), design and integration of the BPM’s in the supercon-
ducting (SC) final focus quadrupoles becomes mission crit-
ical. Fortunately the e+/e− beam are already separated en-
tering the final focus segmented SC quadrupole, therefore
also those 3+3 BPMs pickups (per beam) can be realized
as button-style. The warm bore of the quadrupole simpli-
fies to some extend the challenges of the pickup, however,
alignment, integration including cable routing and long-term
stability issues need to be studied in detail as those BPMs
have the tightest requirements.

Wakefield and Beam-Coupling Impedance

Figure 4: Real (left) and imaginary (right) part of beam-
coupling impedance of different devices.
The total impedance is the sum of all the contributions.

Improving the accuracy of the beam impedance model
of an accelerator is important to minimize beam instabili-
ties and keep power losses under control. The total beam-
coupling impedance for the FCC-ee, as well as the contribu-
tion of each device, is shown in Fig. 4 and in [6] the method
utilised to calculate them is described.

Figure 5: Wake potential of a 0.4 mm Gaussian bunch due
to different devices and used as input for beam dynamics
simulations.

We have calculated the contribution of impedance model
of the machine devices that have been evaluated until now,
shown in Fig 5. A mayor contributor to the total beam-
coupling impedance is the resistive wall (RW) impedance
of the beam pipe and bellows with the RF fingers necessary
to guarantee good electrical contact between sections of the
beam pipe. For the other devices, just the beam position
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monitors show a small peak around 5 GHz, Fig.4 but we
have to remind that this study is still a work in progress.
For the moment, for the total contribution to the impedance
budget the real number of bellows is still unknown but to
be conservative we decided to overestimate the number of
bellows distributed along the machine to 20000. In addi-
tion to the resistive wall and bellows, we also evaluated the
contribution due to the 400 MHz RF system, consisting out
of 52 single cell cavities arranged in groups of 4 for each
cryomodule, which has, at each end, a 500 mm long taper
section to ensure a smooth transition between the 50 mm and
the 150 mm circular pipes inside the cryomodule. Finally,
also the 4000 BPMs of the two main rings have been taken
into account [7].

BEAM LOSS MEASUREMENT

Figure 6: FCC-ee tunnel layout.

Dedicated R&D activities on the beam loss monitors
(BLM) for the FCC-ee have not yet been started. However,
the large energy stored in both, the two main rings and the
booster ring requires a well defined machine protectino sys-
tem (MPS), which needs to be supported by a BLM system.
For the BLMs, several challenges need to be addressed:

• Distributed large scale system, consisting out of several
thousand beam loss monitors.

• The BLMs in the FCC-ee arcs need to be insensitive to
X-rays.

• The beam losses from the individual rings in the FCC-
ee tunnel need to be identified. Figure 6 shows the close
proximity of the three accelerator rings.

Several ideas are discussed to address the last point,
to distinguish the beam losses – which expect to appear
mostly near the quadrupole magnets – between the individ-
ual rings. An arc layout with the location of the booster
quadrupoles longitudinally staged between the main ring
quadrupoles would certainly help to address the problem.

Some of the BLM R&D done for Compact LInear Col-
lider (CLIC) addresses the issue to disentangle losses from
counter-travelling beams in close proximity [8–10], and re-
cent studies of “optical Cherenkov fibers” at the CERN
CLEAR beam test facility show promising results to de-
tect particle losses with high directivity, see the principle
illustrated in Fig. 7.

Figure 7: Cherenkov radiation from an optical fiber used as
beam loss detector.

BEAM SIZE MEASUREMENT
A variety of R&D activities address the measurement of

the small transverse beam size, which in the case of FCC-ee
are as small as 5 . . . 7 µm in the vertical plane. The main chal-
lenges are then linked to the use of very high energy beams
for which synchrotron radiation will suffer from diffraction
effects and would require the use and detection of high en-
ergy X-rays. In addition, the small bending angle of main
dipoles would make the photon extraction line particularly
long and the very large beam current would also put high
constrains on the impedance and heat load of the photon
extraction vacuum vessel (mirrors and windows).

Beam Size Measurement R&D at KEK
Development of poly-crystal Diamond mirror for the

SR monitor of FCC ee by using the SuperKEKB SR mon-
itor The remarkable idea of a “single crystal diamond mir-
ror” was developed as synchrotron radiation (SR) extraction
mirror for SuperKEKB [11]. Diamond has an outstanding
thermal conductivity, enabling to solve the biggest problem
“how to suppress thermal deformation”. But we still face
the problem, thickness and size are limited to 0.5 mm and
10 mm × 10 mm, and due to this limit, we could not make a
large mirror in the required high optical quality. Recently, an
optical quality poly-crystal diamond material was developed
and realized as larger and thicker bulk mirror. Using this
material, a mirror of size 20 mm × 30 mm and 2 mm thick-
ness was manufactured and tested in the SuperKEKB high
energy ring (HER) SR monitor. The result of the optical
testing showed a surface flatness is better than _/5. The
deformation during irradiation of SR was measured using
a hole-array mask. As result, no significant deformation
was observed for a beam current of 1200 mA in the storage
ring. This mirror is now regularly used as SR monitor for
SuperKEKB.
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(a) HER, 𝐼𝑏𝑒𝑎𝑚 = 0.57 mA (b) LER, 𝐼𝑏𝑒𝑎𝑚 = 0.61 mA

Figure 8: Beam halo measurement at SuperKEKB, using a
diamond mirror for the SR extraction.

Development of the coronagraph with long-focus Gre-
gorian telephoto-objective system for beam halo observa-
tion For the observation of the beam halo a coronagraph
was developed and manufactured. The coronagraph has
three stages of optical systems, the objective system, the
re-diffraction system and the relay system. Since the SR
monitor should have a long optical path (a few hundred me-
ter), we need an objective system with a long focal length
[12]. Moreover, the entrance aperture is determined by the
extraction mirror. Therefore, we must assign this aperture for
the entrance pupil of the objective system. To satisfy these
two conditions we developed a coronagraph with a reflective
telephoto system based on the Gregorian telescope for the
objective system to be utilized at SuperKEKB. The focal
length is designed to be 7028 mm and front principal point
position is designed to be at the location of the extraction
mirror. As a result of this construction, the performance of
the objective system has a diffraction limited quality. The
re-diffraction system and relay system are designed based
on the Kepler type telescope. As result of the optical test-
ing using the beams in the HER and LER, we achieved a
contrast better than 6-orders of magnitude betwee the beam
core and the background. The observation of beam halo
in the HER proofed to be rather simple, showing a smooth
transition between the beam core continues to the beam tail,
then to the halo, see Fig. 8a. In the LER we observed a more
complicated distribution of beam halo as shown in Fig. 8b.
In both Figures, 8a and 8b, the beam core image and the
shadow of the opaque mask are superimposed to the halo
image.

(a) Observed interferogram
(hor. axis: 1 pixel ≡ 10 µm)

(b) Simulation of the interfero-
gram.

Figure 9: X-ray interferometer R&D at SuperKEKB, using
an angular beam size of 2.7 µrad.

Development of a X-ray interferometer for the mea-
surement of the apparent very small beam size in FCC-ee,
using the X-ray monitor line in SuperKEKB FCC-ee
is very large machine with a large bending radius, which
makes a long distance between the beam source point and
the observation point at the SR monitor necessary 3). The
expected apparent angular beam size (the apparent angular
size of the beam is defined as \𝑠 = 𝜎/𝑑, with 𝜎 being the
beam size and 𝑑 the distance between the beam source point
and the observation point) in FCC-ee is around 0.05 µrad.
The best resolution achieved by popular instruments, such
as the pinhole camera, the SR interferometer, etc. are about
0.5 µrad, still not sufficient to measure the apparent very
small beam size of the FCC-ee [13]. An X-ray interferometer
promises for a very high resolution due to short wavelength
of the X-rays, typically 0.1 nm. We developed an X-ray in-
terferometer utilizing the X-ray monitor line in the HER of
SuperKEKB. A double slit of 15 µm in width and 30 µm in
separation, realized on a 20 µm thick Au plate, was installed
10 m downstream the source point. The X-ray interferogram
is observed 30 m downstream from the double slit by using a
YAG fluorescence screen. The observation result of the inter-
ferogram for an angular beam size of 2.7 µrad (measured by
the X-ray coded aperture) is shown in Fig. 9a. For compari-
son, the result of a simulation of the interferogram is shown
in Fig. fig:XraySim. Since interference fringe is smeared-
out by the rather large beam size, we could not observe a
sign of the interference fringe in this test. In the next beam
studies we will try the investigate the X-ray interferometer
for a beam size <1.5 µrad.

Figure 10: Profiles of the injected beam bunch for the 1st

ten turns into the HER of SuperKEKB.

Fast gated camera Since the SuperKEKB operating
tune is close to a half-integer, the bunches oscillate strongly
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on a turn-by-turn basis. Utilizing the coronagraph, we can
mask the stored beam profile. This setup enables to observe
the injected beam profile in presence of stored beam. As a
result of the observation of injected beam with a fast gated,
image intensified camera, we now can measure the turn-by-
turn instantaneous beam profile of a selected bunch. This
apparatus is particular valuable for observing the turn-by-
turn injected beam profile [14, 15]. We used the Gregorian
reflective objective system developed for the coronagraph to
obtain the images of the injected beam profile at SuperKEKB
[15]. Figure 10 shows the injected beam profile of turns #1
to #10 in the HER after injection. The bunch profile using
the coronagraph is shown in Fig. 11. This observation is
very helpful for the injection tuning.

(a) Stored beam and
injected 1st turn
beam.

(b) Masked stored
beam, and injected
1st turn beam.

(c) Masked stored
beam, and injected
1st, 2nd turn beam.

Figure 11: Injected beam profile measured with the corono-
graph. In (b) and (c) the mask is indicated as white rectangle.

Beam Size Measurement R&D –
2D Heterodyne Near-Field Speckles

Recently, we have developed a novel interferometric
technique to perform full 2D coherence mapping of X-
ray synchrotron radiation, thus full 2D beam size measure-
ments [16]. The method relies on Fourier analysis of the
Heterodyne Near Field Speckles (HNFS) formed by inter-
fering the weak spherical waves scattered by nanoparticles
suspended in water with the intense trans-illuminating X-ray
beam. This peculiar interference generates a stochastic in-
tensity distribution known as a speckle pattern. The spatial
power spectrum of such speckles exhibits peculiar oscilla-
tions, known as Talbot oscillations [17], whose envelope
allows direct mapping of the full 2D coherence function of
the incoming synchrotron light [16, 18, 19]. The 2D beam
profile, as well as the horizontal and vertical beam sizes, is
then retrieved by the Fourier transform of the measured 2D
spatial coherence, under the conditions of applicability of
the Van Cittert and Zernike theorem [20]. More in general,
approaches based on statistical optics should be adopted [16,
21].

We have validated the technique at the NCD-SWEET
undulator beamline at the ALBA synchrotron light source
through a systematic measurement of the horizontal and ver-
tical beam sizes as a function of the machine coupling param-
eter [16]. The experimental setup is sketched in Fig. 12(a). It
is marked by simplicity, and does not require any dedicated
X-ray optics. A typical example of acquired X-ray speckles

is shown in Fig. 12(b), and the corresponding 2D power
spectrum is reported in Fig. 12(c).

Figure 12: Sketch of the HNFS setup at the NCD-SWEET
bemaline at ALBA (a). Measured X-ray speckles (b) and
corresponding power spectrum (c) with 12.4 keV photons.

Thanks to the 2D mapping of the HNFS method, we can
unambiguously identify and assess the horizontal and ver-
tical beam sizes even in presence of misaligned optics, as
indicated in Fig. 12(c) by the tilt of the power spectrum.
Results are reported in Fig. 13 alongside with theoretical
predictions, and prove that the HNFS method can be em-
ployed as a reliable technique to measure transverse beam
sizes in a wide range of sizes, from a few micrometers up to
more than 100 µm.

Figure 13: Measured horizontal (a) and vertical (b) beam
size at the NCD-SWEET beamline as a function of the ALBA
coupling parameter.

Laser Wire Scanner
Laser Wire Scanners (LWS) have already demonstrated

their ability to measure micron beam sizes [22]. They
use high power lasers that would interact with the primary
beams and produce Compton scattered photons and elec-
trons/positrons. LWS will be based on the same technolo-
gies, laser and detectors as the ones developed for the FCCee
Compton polarimeter [23]. A different laser-beam interac-
tion vacuum chamber would actually required for LWS and
will be studied in the future.

BUNCH LENGTH MEASUREMENT
In the FCC-ee main rings, up to 10000, few mm long,

bunches are colliding permanently. The amount of beam-
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strahlung photons emitted during collision is large and gener-
ates an even larger increase in bunch length, up to 14 mm in
the worse case scenario when colliding at 45 GeV beam en-
ergy. To maintain the collision rate at the highest level, a top-
up injection scheme is proposed, injecting new short bunches
in RF buckets populated with longer colliding bunches. To
optimise this process, a precise knowledge of the longitu-
dinal bunch profile along the ring is needed continuously.
Different methods can be envisaged for that such as a photon
counting techniques [24] or streak camera measurements
[25] based on the measurement of visible photons emitted
via Synchrotron radiation (SR) or Cherenkov diffraction ra-
diation (ChDR). Techniques using electro-optical sampling
and bi-refringent crystal are also discussed as well as fre-
quency spectrum analysis using the emission of coherent
radiation from short bunches at mm wavelength again using
SR or ChDR [26]. In the paragraphs below, we present
the status of the work being performed at the moment on
Cherenkov Diffraction radiation and E-O detection in the
context of FCC-ee, as well as streak camera measurements
performed at KEK.

Streak camera measurements at KEK

Figure 14: Offner relay reflective system for the streak cam-
era reflective input optics.

The streak camera is an important tool to diagnose the
temporal profile of the beam bunches in the optical diag-
nostic beam-line of SuperKEKB for bunches of typically
5 . . . 10 mm RMS length. The reduction of the chromatic
aberration of the streak camera optics is one of the most
important points in this measurement technique. For this
purpose, typically a band-pass filter is used in the optical
path, however, this reduces the light input intensity for low
bunch intensities, which results in noisy, unreliable mea-
surements. A different solution has been implemented using
reflective optics. Therefore we have developed an Offner
relay reflective system [27, 28]. Figure 14 shows a cutaway
side view of the reflective input optics. Using this input
optics, we can measure the bunch length down to low bunch
intensities < 0.1 mA. A result of bunch length measurement
at LER of SuperKEKB is shown in Fig. 15.

Another important application of the streak camera is
the correlated spatial-temporal measurement of an electron

Figure 15: Bunch length measurement results at the LER of
SuperKEKB.

bunch. This technique enables the observation of instabili-
ties of the beam, such as head-tail oscillations, quadrupole
oscillations, or the beam size blow-up due to the electron
cloud instability, etc. [29]. Figure 16 shows the observation
for quadrupole and head-tail oscillations at the KEK Photon
Factory.

(a) Quadrupole oscillations

(b) Head-tail oscillations

Figure 16: Correlated spatial-temporal streak camera mea-
surements at the KEK Photon Factory.

R&D based on Cherenkov Diffraction Radiation
A charged particle moving in close vicinity to a dielec-

tric generates Cherenkov diffraction radiation (ChDR) if
its velocity 𝑣 is greater than the speed of light in the di-
electric material. Figure 17 illustrates this principle. The
generated radiation is emitted at a well-defined angle \𝐶ℎ =

arccos[1/(𝑛1 𝛽)] which is known as Cherenkov angle [30]
and where 𝑛1 =

√
𝜖𝑟 `𝑟 denotes the refractive index of the

dielectric and 𝛽 = 𝑣/𝑐.
The properties of ChDR are of high interest for beam

diagnostic devices due to its high directivity, non-invasive
characteristic and small form factor of radiators. Especially
making use of the incoherent ChDR is a promising candi-
date for bunch-length diagnostics at FCC-ee. However, two
analytical models [31, 32] predict different photon yields
the higher the frequency, being far inside the incoherent part
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Figure 17: A particle with charge 𝑒 travelling in vacuum
along the boundary to a dielectric with refractive index 𝑛1.
The length of the radiator is given as 𝑙 and the distance
between the particle and the radiator surface is denoted ℎ.
ChDR is emitted at the Cherenkov angle 𝜗𝐶ℎ.

of the spectrum. To validate the predictions there only ex-
ists very little experimental data on ChDR in the incoherent
regime [33] and experiments with the coherent part of the
spectrum [34] to compare the two different analytical models
have not been conclusive. We herein discuss the simulation
results of experiments aiming to verify the validity of the
two different analytical models by calculating the energy
loss of a charged particle due to ChDR.

Both models consider the dielectric as shown in Fig. 17
to be infinitely wide (perpendicular to the plane) with the
particle travelling in parallel to the surface of the dielectric.
The length 𝑙 of the dielectric is restricted for one model,
but considered infinite (𝑙 = ∞) for the other. The infinitely
long model [31] we denote stationary model hereafter. The
model restricted in length [32] we denote as non-stationary
model. In all presented calculations holds 𝑛0 = 1 and all
results are scaled to the same radiator length of 𝑙 = 10 mm.
The variables with the greatest effect concerning photon
yield are the particle energy and the impact parameter. The
first approach for a possible experimental setup considers
relatively high energies with a well-controlled transverse
beam size. The second approach considers ultra-high energy
electron beams.

At the ATF2 beamline at KEK [35] the horizontal beam
size is only around 10 µm (1𝜎), while still providing a high
particle energy above 1 GeV and a high bunch charge of
more than 1 nC. In Fig. 18 the expected photon yield for
the visible spectrum (400-700 nm) from the two models is
shown for beam parameters resembling the ATF2 beamline.
The plot shows that the expected photon yield per cm of
dielectric for the non-stationary model (orange trace) is in
the order of magnitude one could expect from particles in the
halo [35] producing direct Cherenkov radiation (red trace).
At distances of around 0.5 mm the non-stationary model pre-
dicts nearly 105 photons per bunch being emitted as ChDR.
The photon yield per cm from the stationary model would
be four orders of magnitude lower than that.
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Figure 18: Expected photon yield according to the two dif-
ferent analytical models. The green dotted line corresponds
to the photon yield from Cherenkov radiation of particles
in a Gaussian beam hitting the radiator. The red dotted line
corresponds to the photon yield from Cherenkov radiation
considering the beam halo of the ATF2 beam line.

For the second approach, we consider ultra-high energy
electrons delivered to the North Area at CERN. As the trans-
verse beam size provided at the North Area is typically in
the order of several millimetres the contribution from direct
Cherenkov radiation on a radiator is too high to discrimi-
nate from ChDR. However, as electrons are delivered using
a slow extraction scheme from the SPS the possibility re-
mains to track each particle individually. We aim for the
highest electron energies without reducing the number of
electrons available per spill. The calculated photon yield
for 40 and 100 GeV electrons is shown in Fig. 19. With 107

particles per spill one could expect the production of several
hundred photons due to ChDR even at large distances of
several millimeters. However, the photon yield predicted
by the stationary model would be more than ten orders of
magnitude lower than that.
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Figure 19: Expected photon yield from ChDR of a single
particle calculated using the non-stationary model.

To conclude, the verification of different analytical mod-
els presents a challenge given the current test beams even
under optimal conditions. We have shown that two different
experimental setups might be able to verify the photon yield
of ChDR as predicted by the non-stationary model. The
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photon yield due to ChDR as predicated by the stationary
model is way below that and very unlikely to be measured
considering the two different test beams.

R&D based on Electro-Optical Spectral Decoding
FCC-ee requires a bunch-by-bunch bunch profile moni-

toring system for its top-up injection and a diagnostics tool
based on electro-optical spectral decoding (EOSD) is a pos-
sible candidate to fulfill the requirements. At the electron
storage ring KARA at KIT, an electro-optical (EO) near-field
monitor is installed to perform single shot, turn-by-turn lon-
gitudinal bunch profile measurements [36]. It has proven to
be a valuable diagnostics tool, which among high-throughput
data streaming of single electron bunch profiles [37], is also
used for tomography of the longitudinal phase-space [38].
Therefore, the KARA EO diagnostic tools can provide a
good foundation for the development of a similar diagnos-
tics system for FCC-ee.

e bunch

EO
crystal

chirped laser pulse

polarizing
beam splitter

λ/2λ/4

grating

ultra-fast
line camera

encoded bunchprofile

laser beam
dump

I0

Idetect
1

2

3

Figure 20: Principle of the EO bunch profile monitor at
KARA. Adapted from [38].

Figure 20 shows the principle of the bunch profile monitor
at KARA using electro-optical spectral decoding (EOSD),
which is best described in three steps: In the first step, the
bunch profile is encoded into the polarisation of a chirped
laser pulse by sending it though an electro-optical crystal
next to the electron bunch. The Coulomb field of the elec-
trons change the birefringence of the crystal according to
the Pockels effect, which modulates the polarization of the
laser pulse [39]. In the second step, the modulation of the
polarization is transformed into an intensity modulation by
the use of two waveplates and a polarizing beam splitter in a
near-crossed configuration. The third step is a spectrometer
containing the KIT-build ultra-fast line camera KALYPSO
with a Mfps frame rate [40], which allows turn-by-turn mea-
surements of the spectrum of single laser pulses. Since a
chirped laser pulse has been used in the beginning, the inten-
sity modulation in the spectrum corresponds to the temporal
charge density profile of a single electron bunch. At KARA,
these measurements are performed with an operation mode
for short bunches with one single bunch in the ring. However,
KARA is also suited for future prototype tests for EOSD
at FCC-ee, because the existing EO monitor can be mod-
ified and the bunch length and number of bunches can be
increased to better fit the beam parameters at FCC-ee.

In order to investigate the challenges for the application
of a similar EOSD diagnostic system at FCC-ee, the setup
has been replicated in simulations [41]. KARA and FCC-ee
machine parameters are different in many ways, but with
respect to EOSD, the following particular changes have been
identified that need to be addressed: Due to a higher charge
density in the bunches, the Coulomb fields are up to 10 times
stronger than at KARA, depending the operation modes of
the accelerators. Strong Coulomb fields should be avoided,
because it leads to a non-linear relation of the bunch profile
and the modulation of the laser pulse. The second major
challenge occurs during operation for the production of Z-
bosons at an collision energy of 92 MeV, where FCC-ee
will have bunch lengths of up to 𝜎FCCee Z = 15.4 mm [42].
These bunches are much longer than the typical bunch length
during measurements at KARA of around 𝜎KARA = 3 mm.

GaP

Winglet

Prism

Figure 21: Concept of an adapted EO monitor design for
FCC-ee [43].

Therefore, a new conceptual design of the crystal holder
has been developed and tested in simulations [43]. In Fig. 21,
the adapted design is presented as a 3D model installed in
the FCC-ee beam pipe. Compared to the KARA setup, it has
a modified laser path through the crystal, which avoids the
laser pulse first travelling upstream against the direction of
the electron bunch. This modification allows measurements
of longer bunches, because it avoids disturbances by an
overlapping upstream signal. The KARA design had a metal
mirror next to the crystal to guide the laser beam, which has
been replaced by prisms for the new design. This is used for
the modified laser path and it helps to reduce impedance and
disturbances of the Coulomb field. By placing the crystal
at the edge of the beam pipe, the strength of the Coulomb
field in the crystal during Z-operation is reduced to a level
similar to the KARA setup.

As a result, the simulations show that single bunch EOSD
measurements similar to the measurements at KARA can
be achieved with the adapted design. Refining, building and
testing the prototype design is currently in progress, with
the goal to provide a proof-of-principle for an EOSD bunch
profile monitor for FCC-ee.
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CONCLUSIONS
An overview of the technical challenges for some of the

major beam instrumentation systems for FCC-ee was pre-
sented, along with first R&D initiatives and some relevant
beam studies. However, beside these technical and scientific
challenges, also managerial and funding challenges lie ahead
– for both, the FCC-ee BI R&D program and the final realiza-
tion. It may be worth to mention, past experience show the
contribution of the beam instrumentation on the total project
costs for hadron colliders was typically in the range 3 . . . 5 %,
while for lepton machines like 4th-generation synchrotron
light sources the BI cost contribution is up to 10 %.
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