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The operation modes for the proposed FCC-ee collider foresee a very small beam

spot size and stored beam energies of up to 20.6 MJ in Z production. This necessitates
a dedicated beam dumping system. To reduce the complexity of the system as well
as to minimize the required space, an optimized, semi-passive system has been
designed and is presented here. The beam dilution is done with a defocusing triplet
structure, followed by passive beam diluter elements (spoilers). This greatly reduces
the risk of possible dilution failure scenarios compared to an active dilution
kicker-magnet system. The dump core itself is located ~70 m downstream of the
spoilers and is designed following the experience gained from the LHC dump.

The dilution performance as well as the interaction effects responsible for the
energy deposited in the spoiler, are directly related to the radiation length and the
dimension of the device in beam direction. Materials for these spoilers have been
studied extensively and key requirements have been identified using both Monte
Carlo shower simulations and thermo-mechanical Finite Element Analysis. Even
though the maximum temperature reached in the spoilers is well within the working
temperature range of the material, the induced mechanical stresses can lead to
material failure. Thermo-mechanical simulations have shown that the transversal
beam shape plays a key role in the magnitude of mechanical stresses as a result of the
beam impact and the abrupt temperature change. This problem is addressed in this
paper and an optimized solution is presented.

1 Introduction
The Future Circular lepton Collider (FCC-ee) is a proposed ~100 km, high luminosity,
circular e* e~ collider. If the circulating beam becomes unstable during collider operation,
the beam parameters become unfavourable for physics or a system malfunction is detected
within the collider systems, the first action is to remove the circulating beams from the
ring. To ensure safe operation of the FCC-ee, beam disposal needs to be done in a safe and
controlled way within one turn of the beam. The nominal operation foresees up to 3 to 4
such beam dumps per day, as outlined in the FCC-ee Conceptual Design Report [1].
Already in current (SuperKEKB [2]) and previous (LEP [3]) electron-positron colliders,
it was necessary to dilute the beam in the transverse plane to ensure that the beam dump
core material is not damaged. At SuperKEKB, with a stored beam energy of 0.18 M], this
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Table 1 FCC-ee parameters for different operation modes [1]

z WW  ZH tt
Beam Energy [GeV] 456 80 120 175 1825
Bunches / beam 16640 2000 328 59 48
Bunch population [10'] 17 15 18 22 23
Stored beam energy / beam [MJ] 206 3.84 113 036 032

dilution is done by introducing a ripple in the field of the extraction kickers and at LEP
(stored beam energy of 0.12 MJ) dilution was achieved using passive beam diluters, so
called spoilers, made from boron carbide.

As of today, the LHC beam dump system is the one capable of receiving the highest
kinetic energy, corresponding to 539 MJ [4]. In this system, dilution is achieved by using
dedicated pulsed dilution kicker magnets to create magnetic fields in two perpendicular
planes, followed by ~700 m of drift space before the dump block [5]. This ensures that
every bunch of the extracted beam hits a different point on the beam dump. However,
since additional active components are used to dilute the beam, a potential risk of dilution
failure must be taken into account. The active components here are the dilution kicker
magnets which are driven by a fast pulsed high voltage generators. For these components
possible failure scenarios include for example, trigger signal failure of the kicker system or
an electric failure in the voltage generators.

In the FCC-ee collider the highest stored beam energy will be 20.6 MJ for the Z oper-
ation mode (see Table 1). Having stored energies more than a factor 100 higher than all
other electron-positron colliders, it becomes clear that a dedicated beam dumping sys-
tem, based on a different technology than in other lepton colliders, is needed. To ensure
high availability while also reducing the complexity of the system, a semi passive beam

dumping system is introduced, using a defocusing triplet and spoilers for dilution.

2 Design of the FCC-ee extraction system

The extraction system is proposed to be located at the end of a Long Straight Section (LSS);
a schematic of the extraction system is presented in Fig. 1. This configuration uses the arc
of the collider ring after the LSS to increase the separation between the collider and dump,
where this separation should be >5 m. The beam size at the spoiler should be 5, > 11 mm
horizontally and as large as possible vertically, to prevent damage to the spoiler. This is to
be achieved with a defocusing quadrupole triplet in the extraction line. Beam parameters
for the four FCC-ee energy modes are given in Table 2. The emittance is two orders of
magnitude smaller vertically than the horizontally and consequently, the vertical §-value
at the spoiler should be larger, with 8, > 1500 km.

With this scheme, a fast pulsed kicker would deflect the beam into the high-field region
of a DC septum. A DC septum would help ensure the beam was dumped even in the event
of a fast-time-scale failure. The kicker rise-time should be less than the abort gap, and
to operate in the case of an asynchronous beam dump, the kicker flat-top should be long
enough to cover the entire ring, i.e. >325 us. To increase the deflection of the extracted
bunch, the kicker and septum would, ideally, be placed at either side of a quadrupole,
which is defocusing in the plane of extraction. Horizontal or vertical extraction is possible
and the choice will depend on factors such as the booster-ring placement, the number of

interaction points and the location of defocusing quadrupoles. For vertical extraction, a
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Figure 1 Schematic of the FCC-ee extraction system, with a kicker and septum to deflect the beam from the
collider into the extraction line, and a defocusing triplet to increase the beam size at the spoiler

Table 2 FCC-ee beam parameters for four operation modes [1], where € is the geometrical
emittance, oy is the energy spread and Bp is the magnetic rigidity

Parameter z WWwW ZH tt (182.5 GeV)
€x/€, [nm,pm]  0.27/1.0 0.84/1.7 0.63/1.3 1.46/2.9
os (SR/BS) [%] 0.038/0.132  0.066/0.131  0.099/0.165  0.150/0.192
Bo [Tm] 152.1 266.8 400.3 608.7
Ly | | septum | | yl/’
Ol T Kicker I |||triplet 1
-1
——2
g
: —— stored beam
-3 extracted beam
X  spoiler
-4 x dump
_5 EEE quadrupole X
I bending magnet «
0 200 400 600 800 1000 1200 1400
Z [m]
Figure 2 Stored and extracted beam trajectories w.rt. the start of the LSS

kicker would extract the beam vertically and a defocusing magnet would magnify the de-
flection, a Lambertson septum would then horizontally deflect the beam. Here, the hor-
izontal extraction is described (Fig. 2), considering Z-pole operation as this corresponds
to the highest stored beam energy, 20.6 MJ (Table 1).

With this configuration, the spoiler and dump are located 680 m and 750 m downstream
of the kicker, respectively. The kicker deflects the beam by 1 mrad and the septum by
6 mrad, producing a 5.1 m transverse separation of the beam dump from the beam axis.
There is a 5.8 cm separation of the stored and extracted 5 o beam envelopes at the septum,
so that a septum thickness of 4 cm would be suitable. The quadrupole triplet defocuses
the beam to a 1 o spot size at the spoiler of 11.3 mm horizontally and 1.2 mm vertically
(Fig. 3), corresponding to 8, = 200 km and g, = 1500 km. The device parameters for the
kicker, septum and quadrupoles for this configuration are given in Table 3. The kicker and
the septum are within the limits of current technologies.
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Figure 3 1 o beam size (top) and B-function (bottom) along the extraction line, with a synoptic overview of
the beamline (above) with colours as in Fig. 2

Table 3 Device parameters for horizontal extraction from the collider ring. Parameters are for
tt-operation, as this is the most challenging in terms of magnet strengths. Quads 1-3 refer to the

defocusing triplet

Magnet  Length  Field 1 o beam size (x,y)
Kicker 3m 02T 0.29,0.023 mm
Septum  3m 12T 0.35,0.023 mm
Quad1 3m 168Tm™! 0.50, 0.024 mm
Quad2 3m -132Tm™"  0.14,0.038 mm
Quad3  3m 168Tm™! 0.20,0.036 mm

3 The semi-passive dilution system

When high-energy electrons or positrons impact on a material, they mainly lose energy by
means of Bremsstrahlung processes in the Coulomb field of nuclei. On the other hand, the
Bremsstrahlung photons generate electron-positron pairs, which in turn can produce fur-
ther Bremsstrahlung photons. These processes lead to a particle multiplication, which is
referred to as an electromagnetic shower. The repeated interactions in an electromagnetic
shower can be described by means of the radiation length X,, which represents a charac-
teristic length both for Bremsstrahlung and pair production processes. For a carbon-based
absorber material, the shower maximum is reached after about six radiation lengths at the
lowest FCC-ee beam energy (45.6 GeV in Z operation mode), while it shifts to seven radi-

ation lengths at the highest energy (182.5 GeV, tt operation mode).

The maximum energy deposition density and hence the peak temperature induced by
the particle showers in a beam dump depend on the transverse beam size at the dump
entrance. Due to the small size of the FCC-ee beams, a significant drift length is needed
after the defocusing triplet quadrupoles in order to ensure the survival of the dump ma-
terial. The peak load in the dump can be reduced by using a spoiler plate several tens of
meters upstream of the dump, which acts as a passive beam diluter. The spoiler plate must
be thin enough such that the shower build-up in the plate itself is limited, while it must be
thick enough to enhance the angular spread of beam particles due to multiple Coulomb
scattering. As discussed in the following, a good compromise between the two criteria is
to limit the spoiler thickness to 0.1-0.2 radiation lengths. With such a spoiler, the total

length of the dump line can be reduced by several hundred of meters.

Page 4 of 11



Krainer et al. EPJ Techniques and Instrumentation (2022) 9:3

3.1 Spoiler layout, materials and dilution performance

The Monte-Carlo particle transport code FLUKA [6-9] is used to simulate the energy
deposited by the beam in the spoilers as well as in the beam dump. To reproduce the
transversal beam distribution as closely as possible within FLUKA, a source routine is used
to calculate the spot size as well as the beam spread and momentum dispersion directly
from the optics functions and the beam emittance. This gives a transversal 1 o beam spot
size at the spoiler of ox x 0}, = 1.1 cm x 0.12 cm. The starting beam position is placed
5 cm upstream of the first spoiler. Three different spoiler configurations were simulated.
A single 6 cm long spoiler as well as two 3 cm long spoilers spaced 5.5 m apart. To the
latter configuration a third spoiler was added 3 m downstream. For all configurations the
4.3 m long beam dump is located 70 m downstream of the first spoiler. The length of the
beam dump was chosen to correspond to about 13 X, for the graphite part (X, (1.5 g/em3) =
23.72 em, X (11 g/em?) = 38.82 cm) and another ~20 X for the high density absorber at
the end (X (5.9 g/em3) = 144 cm). A sketch of the geometry is shown in Fig. 4.

The diameter for all spoilers was chosen to be 30 cm (~15 times the horizontal beam
size) to accommodate steering errors and non-nominal beam dump scenarios. The spoiler
core material was defined to be pure carbon with a density of 1.8 g/cm?, which is an accu-
rate molecular representation of isostatically pressed graphite as is foreseen for the FCC-
ee spoilers (see below). The design of the beam dump core follows a similar approach as
the current LHC dump, with a layered approach of high density and low density graphite
blocks (see Fig. 4). The high density graphite at the beginning of the dump core produces
a faster shower build-up and therefore reduces the overall dump length as compared to a
complete low density core. This has almost no impact on the maximum energy deposition
density within the core.

The material choice for the spoiler core is governed by the capability to withstand a high
intensity beam impact without any permanent changes in the material structure. It there-
fore needs a high melting point as well as a large specific heat capacity and a low coefficient
of thermal expansion over a wide temperature range. Furthermore, the mechanical prop-
erties as well as the availability and machinability of the material need to be considered.
In existing beam-intercepting devices with similar requirements, carbon-based materials
(such as isostatic graphite or carbon carbon composites) have been used successfully in
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Graphite (1.8 g/cc) o
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Graphite (1.1 g/cc)

m
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Figure 4 Overview of the geometry used in FLUKA simulations. Different spoiler configurations were
simulated: T x 6.cm, 2 x 3cm and 3 x 3 ¢cm long spoilers
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operation. Isostatic graphite has the advantage of being well characterized over a wide
temperature range. This, as well as its isotropic nature, makes it possible to simulate it
very accurately. Carbon-carbon composites on the other hand consist of carbon fibers in-
side a carbon matrix. By choosing the direction of these fibers, it is possible to increase the
strength of the material in the plane where the highest stresses are expected. Due to this 3D
structure with multiple layers and different properties on a microscopic and macroscopic
scale it is much more complex to accurately simulate this type of material. As mentioned
above, currently, isostatic graphite is foreseen for the spoiler core whereas the possible use

of carbon-carbon composites is also under investigation.

3.2 Energy deposition in the spoiler

Figure 5 shows the longitudinal peak energy deposition in the spoiler core for the 6 cm
and the 3 cm configurations assuming FCC-ee Z operation parameters (45.6 GeV, 16,640
bunches, 1.7 x 10! particles/bunch). The expected maximum peak energy density on
the spoiler is about 1.2 kJ/g for the 6 cm case and 0.95 kJ/g for the 3 cm spoilers. This
corresponds to absolute adiabatic peak temperatures of 840°C (6 cm) and 720°C (3 c¢cm)
respectively. While these temperatures are well below the sublimation point of graphite,
the temperature induced stresses on the downstream surface are not negligible. This is
further increased by the extremely asymmetric beam shape which reflects in a very flat

transversal energy deposition profile as can be seen in Fig. 6.

3.3 Energy deposition in the beam dump absorber

The beam dump core and vessel absorb approximately 96% of the full beam energy. An-
other 0.1% are absorbed in the spoilers. The remaining 3.9% are mostly absorbed in the
shielding material surrounding the beam dump. In Fig. 7 the longitudinal peak energy
density for the dump is shown. A peak energy density of 1.9 kJ/g (1200°C) is reached in
the low density region of the beam dump in the configuration with three 3 cm spoilers. As
can be seen, this is a factor 3 less peak energy density than without dilution. As mentioned
before, the placement of high density graphite at the beginning of the dump core reduces
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Figure 5 Longitudinal peak energy deposition along the spoilers. These results correspond to the Z
operation mode
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Figure 6 Energy deposition shown in the transversal plane at the downstream surface of the 6 cm spoiler
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Figure 7 Longitudinal peak energy deposition along the dump core. These results correspond to the Z
operation mode

the overall core length needed for absorbing the beam, without increasing the peak en-
ergy deposition or peak adiabatic temperature compared to a full low density dump. The
3x3 c¢m spoiler configuration produces similar maximum energy deposition values as ex-
pected for Run 3 of the LHC [4]. Since the dump material configuration is very similar
to the LHC dump, it can be assumed that the proposed dump design would perform as
required. The complete dump design will be a subject for detailed assessment in the fu-
ture as it combines aspects from many different perspectives (i.e. radiation field around

the dump, handling and remote access capabilities, instrumentation requirements).



Krainer et al. EPJ Techniques and Instrumentation (2022) 9:3 Page 8 of 11

Figure 8 Geometry and mesh used for LS-Dyna
thermomechanical simulations

4 Simulation of the thermo-mechanical response

To simulate the thermo-mechanical response of the spoiler the finite element analysis soft-
ware LS-Dyna [10] was used. The explicit mechanical solver was used in a tight coupled
configuration together with a diagonal scaled conjugate gradient iterative solver for the
transient thermal part of the simulation. A tight coupling of the thermal and mechanical
solver ensures that dynamic effects within the material are simulated. The energy deposi-
tion results from the FLUKA simulation were imported as a heat generation source with a
time dependent loading curve to match an overall FCC-ee beam pulse length of 168 ps.!
This short pulse length was chosen as a conservative approach to highlight any possible
dynamic effects. Since the main focus was on the immediate material response and not on
long term effects, the time frame of interest is from the beam impact up to 1 ms. During
this time the heat transfer between the surrounding environment and the spoiler is negli-
gible. To further decrease the complexity and therefore the required computational time,
the symmetry in the geometry as well as in the energy deposition was utilized. The simu-
lation geometry was reduced to a quarter cylinder of the spoiler and symmetry boundary
conditions were set accordingly (see Fig. 8).

For a tight coupled simulation in LS-Dyna two material models are needed for every
component. To model the isostatic graphite material of the spoiler, a combination of an
elastic mechanical model and a thermal isotropic model was chosen, including tempera-
ture dependent coefficients for density, thermal expansion and the elastic modulus as well
as the specific heat and thermal conductivity.

4.1 Material failure results

Due to the strong surface stresses and out of plane deformation induced by the beam
impact, the most critical phase for the spoiler is at the end of the beam pulse. To evalu-
ate the material response and whether the spoiler material is failing after beam impact,
the Christensen failure criterion was used. Compared to other failure criteria (e.g. the
von-Mises stress) the Christensen criterion is better suited to accurately describe brittle

! Assuming 10 ns bunch spacing (4th bucket fill) and no gaps between bunch trains.
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Figure 9 (a) Peak value of the Christensen failure criterion over time. (b) largest principal stress value over
time

materials and especially materials in the intermediate range between ductile and brittle
(0< % < 1) [11]. For an isotropic material the criterion describes a relation
between the principal stresses (07_3) and the maximum compressive and tensile strength
of the material. For a material not to fail, the failure criterion value must be below 1 and
all principal stresses must be smaller than the tensile strength limit. For the simulation,
the values were taken to be 130 MPa for the compressive strength and 40 MPa for the ten-
sile strength, which are the average properties of graphite grade R7550, produced by SGL
[12]. Graphite also experiences strengthening with increasing temperature, which gives a
safety margin when assuming the aforementioned values over the full temperature range.
Figure 9 shows the evolution of the Christensen failure criterion value over time, as well
as the largest principal stress for both the 3 cm spoiler and the 6 cm spoiler.

As can be seen, the failure criterion value always stays below 1, with a safety margin of
a factor 3 for the 3 cm spoiler. Similarly, the largest principal stress is less than 40 MPa
at all times. In Fig. 10(a) the failure criterion throughout the 3 cm spoiler can be seen at
the time where the highest value occurs (¢ = 168 us). The flat beam shape is clearly visible
within the failure criterion distribution. Comparing this to the peak failure criterion value
for a round electron beam with the same beam energy and area as the FCC-ee beam (see
Fig. 10(b)), the influence of the transversal beam shape on the surface stress distribution

and the likelihood of material failure is evident.
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Figure 10 (a) lllustration of the Christensen failure criterion throughout the spoiler at 168 us. (b) Christensen

failure criterion for a round beam with the same area and energy as the FCC-ee beam

5 Conclusion

The FCC-ee is designed to be the highest intensity lepton collider. The nominal stored
beam energy is 100 times higher than in any current or previous lepton storage rings. To
ensure highest availability and improved safety, a semi-passive beam dilution system has
been presented. The challenges in reliably extracting the beam from the main ring and in-
creasing the beam spot size to a level where the spoilers can survive have been addressed
and an extraction system has been designed which provides enough separation from the
main ring to accommodate the beam dump and shielding. The performance of the spoilers
has been assessed using Monte Carlo shower simulations, showing that the proposed di-
lution system is capable of diluting the beam enough to safely deposit it in the beam dump
absorber. Furthermore, the thermo-mechanical response of the spoiler has been studied
for different spoiler thicknesses showing that a three 3 cm spoiler system provides the best
dilution as well as providing a safety factor of 3 against material failure.
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