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The Future Circular Collider (FCC-hh) beam dump system must provide a safe and reliable extraction
and dilution of the stored beam onto a dump absorber. Energy deposition studies show that damage limits
of presently used absorber materials will already be reached for single bunches at 50 TeV. A fast field rise of
the extraction kicker is required in order to sufficiently separate swept single bunches on the extraction
protection absorbers in case of an asynchronous beam dump. In line with this demand is the proposal of a
highly segmented extraction kicker system which allows for accepting a single kicker switch erratic and
thus, significantly reduces the probability of an asynchronous beam dump. Superconducting septa are
foreseen to limit the overall system length and power consumption. Two extraction system concepts are
presented and evaluated regarding overall system length, energy deposition on absorbers, hardware
requirements, radiation issues, and layout flexibility.

DOI: 10.1103/PhysRevAccelBeams.20.031001

I. INTRODUCTION

The Future Circular Collider (FCC-hh) dump systems
have to abort the beam in a safe and reliable way at any
energy level between injection and collision. The high
beam rigidity and stored beam energy at collision energy,
see Table I, pose a serious challenge for the extraction and
dilution systems, respectively. Failure cases within the
system which could lead to an asynchronous beam dump
are of special concern and dominate the system design.

A. Basic assumptions

The dump system is considered to be triggered by
an external signal from an interlock system. There is
one dump system per beam which extracts the full beam
in one turn onto an external dump block. In order to
avoid an uncontrolled sweep of particles during the
extraction kicker field rise, one or several abort gaps
are considered in the filling pattern. Active and passive
beam dilution is applied according to the damage limits of
the dump block.

and collimation systems. As a baseline, one extraction
system per extended straight section is considered, Fig. 1.
The betatron collimation system is located downstream of
the extraction on the same beam, while the momentum
collimation system is considered to be on the other beam.
This configuration is critical with respect to loss showers
from the momentum collimation system onto sensitive
electronics equipment of the dump kickers. A careful study
of shower attenuation by shielding or reconsidering the
layout is required. A recently studied alternative layout
features both extraction systems in one straight section.
Why such a layout is preferable for the extraction systems
is detailed in the following sections.

A. Dump system layout and optics

The suggested dump system concept is similar to the
LHC design. The extraction kickers are deflecting the beam

TABLE I. Beam parameters for FCC injection and extraction.
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FIG. 1. Layout of the FCC collider. Courtesy D. Schulte.

in the horizontal plane to clear the blade of a Lambertson
septum which is deflecting the beam in the vertical plane
outside the cryostat of the downstream quadrupole Fig. 2.
The robustness of Lambertson septa with respect to impact
of radiation to coils is the main motivation of this design but
novel designs of superconducting septa are being inves-
tigated which might require deflecting the beam in the same
plane as does the kicker [1]. The most critical failure case is
an erratic turn-on of the extraction Kicker switches, which is
not synchronized with the abort gap. In such a case some
bunches will be swept over the aperture according to the
rise time shape of the kickers. To protect the superconduct-
ing quadrupole and further machine elements downstream,
one absorber is placed upstream of the first superconduct-
ing quadrupole, Fig. 2. The absorber needs to be ~10 m
long and a few cm wide to sufficiently attenuate the
longitudinal and radial shower components. The longi-
tudinal distance between kicker system and absorber is
chosen such that in case of beam impact the energy
deposition from the secondary particle shower is below
the damage limit of the superconducting coils of the
quadrupole. For the LHC, the damage limit of NbTi coils
in case of fast beam losses is assumed to be around
100 J/cm? [2]. As a first estimate, it can be assumed that
the limit is of the same order of magnitude for FCC magnet
coils. To mitigate damage of the absorber itself, it is placed
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as far downstream from the kicker magnets as feasible in
order to increase the bunch separation during the sweep.
Losing the full beam on the same spot on the protection
absorber would lead to hydrodynamic tunneling [3], and
thus presents a not acceptable failure case. Table II shows
the number of bunches, their separation and the rms beam
size on the respective protection absorbers.

The transverse distance to the beam is defined by the
hierarchy of the collimation system. Assuming a three stage
cleaning system [4], the extraction protection absorber shall
be placed transversely in the shadow of the secondary
collimators in order not to deteriorate the cleaning effi-
ciency and to minimize activation of the downstream area
in standard operational conditions. On the other hand, this
protection element has to shadow tertiary absorbers, which
are made of high atomic number material and therefore
have lower damage thresholds for primary particle impact
[5]. Depending on the collimation system design and the
energy, this position might be around 8 to 12 betatron ¢
distance from the beam. Respecting the above-mentioned
protection element hierarchy while taking into account
tolerances for optics, orbit, setup errors and mechanical
alignment is one of the limiting factors for the #* reach and
consequently luminosity. In case of nonzero dispersion in
the extraction region, its contribution has to be taken into
account which will further limit luminosity performance.
Aiming at a dispersion contribution of less than half a
betatron ¢ limits the maximum dispersion to about 40 cm in
the extraction region.

The optics is adapted for mainly two reasons, beam
dilution on the absorbers and minimum oscillation from a
single kicker pre-fire, Fig. 3. High betatron functions in
both planes (minimum of 800 m) are aimed at the
protection absorber to reach the required dilution for single
bunch impact, see section below. A low betatron function in
the kicker bending plane is required for the concept of
accepting at maximum a 1o oscillation for up to one turn in
case of a single kicker prefire [6]. For the dump system at
LHC, a kicker prefire is detected internally and all the
remaining kickers are retriggered within 800 ns. For the
FCC dump system it is being envisaged not to retrigger all
the remaining kickers in case of a single unit prefire, but to
wait until the beam is synchronized with the abort gap to
trigger a dump without sweeping particles over the machine
aperture. In order to keep the beam displacement from a
single unit as small as possible, the kicker system is being
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Sketch of the dump concept. Arrows are indicating quadrupoles, MKD and MSD denote the extraction kicker and septum

magnets, TCDS and TCDQ the protection absorbers for the septum and the quadrupoles, respectively.
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TABLE II. Beam parameters on the protection absorbers in the
baseline design.
# Separation Beam size
bunches [mm] rms [mm]  g,/f, [m]

Septum 18 1.2-1.3 0.20 970/970

protection
Quadrupole 5 2 0.34 2790/2790

protection

designed with high segmentation of about 300 units and the
betatron function in the bending plane is minimized [7].
The kicker system has to reach its field within 1 s in order
to provide sufficient bunch separation on the absorbers.
Thus, the betatron function in the nonbending plane is also
minimized to lower the system inductance. To reduce the
time between a prefire and synchronization with the abort
gap, it is beneficial to foresee several abort gaps in the
machine.

The feasibility of this concept has to be studied with
respect to load on the collimation system and beam-beam
effects. This scenario should be compared to other failure
scenarios leading to a sudden beam orbit excursion which
should define the maximum acceptable oscillation ampli-
tude. Until there is a common aperture strategy available for
the FCC collider, all the hardware elements are designed for
+100 £ 4 mm beam-stay-clear area which is guided by
LHC experience. The 4 mm accounts for orbit offsets,
alignment tolerances, and optics uncertainties. The required
kicker and septum parameters of this concept are summa-
rized in Table III. The full length of this single extraction
system between dispersion suppressors is 2.2 km. The
handover to the betatron collimation system is not yet
optimized in this optics.
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FIG. 3. Layout and optics of the dump concept. The dipole at

the left end of the long central drift is the extraction kicker,
followed by the extraction septum.

TABLE III. Parameters of kicker and septum for FCC extrac-
tion for the baseline concept.

Hardware parameters Unit Kicker Septum
Deflection mrad 0.13 3.1
Integrated field T.m 22 513
Available system length m 120 245
Effective septum thickness mm e 25
Maximum leak field 3x 10
Rise time us 1 e
Flattop length us >333 >333
Flattop stability % +5 +1
GFR h/v mm 15/15 33/33

B. Optional extraction bump and cryostat passage

There are several options to ease the extraction elements
requirements. Adding a bump which moves the beam close
the septum blade can be used to reduce the kicker
deflection. This bump would need a ramp program to be
off at injection energy where the beam size is largest, and
ramping up to its maximum at collision energy to reduce
the kick strength when the beam is most rigid but also
smallest in size.

The septum strength can be significantly reduced if the
beam does not need to pass outside the downstream
quadrupole but can be led through an opening in the
cryostat. The downstream drift can be used to place further
dipole magnets to direct the extracted beam into the dump
channel.

Both options require additional hardware, for the bumper
system and its powering, or a new hardware design of
presently foreseen elements like the quadrupole with an
extra opening in the cryostat for beam passage.

III. PROTECTION ABSORBERS

The energy deposited by 50 TeV proton bunches in
absorber materials poses a severe challenge for the robust-
ness of protection devices. The maximum energy deposi-
tion density and temperature inside an absorber are
governed by electromagnetic showers which are concen-
trated along the shower core. Electromagnetic showers
are mainly induced by the decay products (y-pairs) of
7%-mesons produced in hadronic cascades. The z’s carry on
average about one third of the energy released in hadron-
nucleus collisions. Compared to the LHC, the energy
deposition density in absorber materials increases due to
the higher proton energy and the smaller angular opening of
showers.

Depending on the transverse bunch size (6, x o,), and
hence the f,- and f-functions at the absorber location,
already a single 50 TeV FCC bunch can damage some of
the most robust absorber materials like Graphite or carbon-
fiber reinforced carbon (CfC) presently used for inter-
cepting high-energy particle beams. The stresses generated
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by the thermal shock can compromise the integrity of such
materials already well below their maximum service temper-
ature, which is typically around 3000°C for Graphite or
CfC in vacuum. In order to safely absorb FCC bunches
swept across the aperture in case of an extraction accident,
the bunch size needs to be sufficiently large and bunches
need to be sufficiently diluted across the absorber front face.
In the following, some constraints for the extraction region
optics are derived assuming that the robustness of materials
is similar to those used for LHC absorbers.

Figure 4 shows the maximum energy deposition density
and temperature, as a function of ,/f,f,, induced by a
single FCC bunch in a CfC composite with a density of
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FIG. 4. Maximum energy deposition density (top) and temper-
ature (bottom) versus /f,f3,, induced by a single LHC, HL-LHC
and FCC proton bunch in a CfC absorber with a density of
1.4 g/cm’. The energy densities were obtained with FLUKA
simulations, assuming that beams are round (f, = f3;). The
physical beam size (¢ = o, ,) is displayed next to the data points.
The FCC bunch parameters are specified in Table I. The LHC and
HL-LHC beam parameters are detailed in the text.

1.4 g/cm’. The contribution of the dispersive component

to the beam size is neglected, i.e. 6, , = \/&p, /Py, where
€ is the transverse normalized emittance and py is the
product of the relativistic factors. The emittance and bunch
intensity were taken from Table I. The results were derived
with particle shower simulations using the FLUKA
Monte Carlo code [8,9]. For comparison, the figure also
shows the peak energy deposition density and temperature
induced by a nominal 7 TeV LHC (HL-LHC) bunch, with a
normalized transverse emittance of 3.5(2.1) um - rad and a
bunch intensity of 1.15(2.2) x 10" protons. For the same
p-functions, a FCC bunch gives rise to ~25-27 times
higher peak energy densities than a LHC bunch, and
~10-12 times higher energy densities than a HL-LHC
bunch. Depending on the bunch size and beam energy, the
maximum energy deposition and hence the hottest spot
occurs at different depths between 1.5 and 3 m inside the
absorber. To illustrate the effect of the beam energy, Fig. 5
compares two-dimensional energy deposition density maps
for a7 TeV and a 50 TeV bunch, assuming that the physical
beam size (o) is the same. The depth at which the energy
deposition density is maximum differs by less than 1 m
between the two beam energies.
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FIG. 5. Energy deposition density maps, calculated with
FLUKA, for a 7 TeV bunch (top half) and a 50 TeV bunch
(bottom half) in a CfC absorber with a density of 1.4 g/cm?. The
beam size (o) is assumed to be 100 ym in the upper figure, and
400 pm in the lower figure. The beam direction is from the left to
the right. The z-variable indicates the absorber depth and the
r-variable the radial distance from the beam axis. All maps are
expressed as a fraction of the maximum energy deposition density.
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Composites as the one considered in Fig. 4 are the core
material for several protection devices in the LHC extraction
region [10]. They combine a good mechanical strength with
a low density, which reduces the shower-induced peak load.
As demonstrated in Fig. 4, the peak temperature induced by
a FCC bunch exceeds 1000 °C if /3, f, is less than ~1 km,
and reaches 1500°C if /BB, is less than ~300 m.
Thermo-structural studies carried out for the LHC (see,
e.g., [11]) showed that tensile stresses typically exceed the
tensile strength of CfC composites used in LHC absorbers if
beam-induced peak temperatures are as high as 1500°C.
These results indicate that f-functions at absorber locations
need to be larger than several hundred meters in order to
safely absorb a single FCC bunch in a LHC-like absorber.

If multiple bunches are swept across an absorber in case of
an asynchronous beam dump, the induced energy deposition
density and temperature are driven by the overlap of trans-
verse shower profiles of individual bunches. In addition to the
p-functions, the peak energy deposition density therefore
depends on the number of bunches intercepted by the
absorber and on their transverse separation during impact.
For the layouts and system parameters presented in this
paper, the maximum number of bunches intercepted by
protection absorbers in the extraction region is less than 20
(see Table II). Figure 6 shows the peak temperature generated
by multiple bunches impacting on a CfC absorber, assuming
that /ff, is ~1 km, which is the minimum ,/f.f, at
absorbers given in Table II. The different curves in the figure
show the effect of a different transverse bunch separation. In
order to absorb 20 bunches and keep the maximum temper-
ature around 1500°C, neighboring bunches need to be

2500 ‘ : :
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L 2000r
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<
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Number of FCC bunches

FIG. 6. Maximum temperature in a CfC absorber (1.4 g/cm?)
as a function of the number of FCC bunches swept across the
absorber front face. The temperatures were calculated in adiabatic
limit, using FLUKA energy deposition results. The transverse
bunch size (6) was assumed to be 200 ym, which corresponds to
/PPy = 1 km. The different curves assume a different trans-

verse bunch separation in the sweep direction.

separated by about 2 mm. The separation can be somewhat
smaller if fewer bunches impact on the absorber or if /3.,
is higher than the 1 km assumed in the figure.

The adopted temperature limit allows only for the first
approximative assessment of constraints arising from a
limited absorber robustness. Thermo-structural studies are
necessary to refine these constraints based on the stresses
generated by the beam-induced temperature gradients
inside the absorbers. In addition, the derived limits are
based upon the assumption that similar carbon composites
as in the LHC are used. Some gain might be achievable
with other materials (e.g. Graphite or carbon composites
with lower density to reduce further the peak temperature).
Robustness to beam impact is however not the only
criterium for selecting absorber materials. They must also
exhibit a low outgassing rate to meet vacuum specifica-
tions, and they should have a good electrical conductivity to
minimize the resistive wall heating of the protection device.

Apart from being robust enough, a protection device needs
to shield sufficiently downstream equipment such as septa
and magnets from the showers generated by the 50 TeV
protons. For a CfC absorber, as the one considered above, the
shower maximum occurs in a depth of roughly 3 m. To
optimize the absorption of secondary showers, other materi-
als, like higher-density graphite, can be used further down-
stream where the shower-induced energy deposition density
is lower. Similar sandwich solutions have been adopted for
the LHC [10]. In case of the FCC, a total absorber length of
the order of 10 m is sufficient to protect equipment compo-
nents which are in the direct geometrical shadow of the
absorber. FLUKA shower simulations indicate that for the
worst case in Table II, where 18 bunches are swept across
the septum protection absorber, the temperature increase in
the steel septum blade is less than 30 K if a 9 m long LHC-like
absorber sandwich of low- and high-density CfC is used.

If mis-steered FCC bunches impact close to the absorber
edge or if they graze along the absorber, the energy
deposition in downstream equipment is dominated by
secondary particles leaking through the absorber gap.
For such accident scenarios, one can only achieve a limited
gain by further increasing the absorber length and one
needs in addition masklike shower absorbers just upstream
of the magnet or septum to protect components which are
not in the direct geometrical shade of the primary absorber.

IV. EXTRACTION STRAIGHT
ALTERNATIVE LAYOUT

Iterations have been undertaken to optimize the straight
sections layout, their lengths, and the distribution of
experiments and technical systems into these straights.
As an outcome, a straight section which combines the
extractions for both beams is favored.

Within studying this possibility of combining both
extractions in a single straight, results from energy depo-
sition studies for FCC on protection absorbers were taken
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FIG. 7. Layout of the dump concept. Arrows are indicating quadrupoles, MKD and MSD denote the extraction kicker and septum
magnets, TCDS and TCDQ the protection absorbers for the septum and the quadrupoles, respectively.

into account. In the baseline design, drifts downstream the
extraction area are reserved to place secondary absorbers of
higher atomic number material for better attenuation of
particle showers. The FCC energy deposition calculations
presented in the section above show however, that sufficient
attenuation can be provided with a single stage absorber
system combined with fixed aperture masks to avoid
damage of the superconducting coils of the downstream
quadrupoles. Therefore, the two extraction systems could be
overlaid as much as possible by omitting the quadrupole
section in between the septa, Fig. 7. The symmetry point of
the dump systems is given by the septum protection
absorbers which are most prone to damage in case of an
asynchronous beam dump due to their proximity to the
dump kickers. In order to sufficiently dilute the beam, the
betatron functions in both planes amount to more than 1 km.
At the quadrupole protection absorber the beam is strongly
diluted in the horizontal plane with a betatron function of
3.3 km, less diluted in the vertical plane with a betatron
function of 260 m, Fig. 8. Compared to the baseline scheme,
this layout profits from a strong defocusing quadrupole
between kicker and septum. The additional kick enhances
bunch separation on the septum protection to about 2 mm
with a total load of 12 bunches, Table IV. The quadrupole
protection is impacted by 6 bunches. The load on the
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FIG. 8. Layout and optics of the alternative dump concept. The

dipoles in the middle represent the septa, the elements to the
outside of the straight the extraction kickers.

absorbers for this scenario requires detailed studies of
energy deposition. Considering however the temperature
criterion adopted in the previous section and the results
shown in Fig. 6, it seems probable that a particle sweep at full
energy can be survived without damage. The septum
deflection is reduced from 3 mrad to 2 mrad with respect
to the baseline scheme due to a longer distance to the
downstream quadrupole. For the septa it is foreseen to use
about 20 m of normal conducting units at a moderate field
level of 1.3 T to achieve a larger beam separation and at the
same time shielding, both of which are required for the
superconducting units downstream [12]. Superconducting
septa are deployed to reach beam passage outside the
cryostat of the downstream quadrupole. To reduce the
probability of quenching these septa during extraction,
massless superconducting shields which use persistent
currents to expel an external field are being investigated
[1]. The full length of the alternative extraction layout
between dispersion suppressors is 2.1 km. The required
kicker and septum parameters are summarized in Table V.

TABLEIV. Beam parameters on the protection absorbers in the
alternative design.

# Separation Beam size
bunches [mm] rms [mm]  B./f, [m]
Septum 12 1.9-2.1 0.23/0.21 1304/1123
protection
Quadrupole 6 2 0.36/0.10  3285/264
protection

TABLE V. Parameters of kicker and septum at FCC extraction
for the alternative concept.

Hardware parameters Unit Kicker Septum
Deflection mrad 0.06 22
Integrated field T.m 10 370
Available system length m 120 120
Effective septum thickness mm e 25
Maximum leak field - 3x 1074
Rise time us 1 e
Flattop length us >333 >333
Flattop stability % +5 +1
GFR h/v mm 38/25 28/19
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FIG. 10. Sketch of a dump tunnel downstream the collimation system.

V. DUMP LINE LAYOUT AND DILUTION

The dump line layout is dominated by the optimal
dilution pattern on the dump block which is described in
[13]. In the baseline layout the extraction system is
followed by the betatron collimation system on the same
beam. Placing the dilution kickers directly next to the
collimation system is excluded for reasons of radiation to
electronics and maintenance. To avoid this, the dump line
can be guided into a separate tunnel which provides the
necessary shielding. This requires a deflection equivalent to
that of about one arc cell, see Fig. 9, and an extra tunnel of
about 2.5 km length. The other option is to place the
dilution kickers only after the collimation system. Here
the extra bending is avoided since separation is provided by
the collider arc, but still an additional tunnel of about
2.5 km length is needed from the end of the straight section,
Fig. 10. In case of the alternative extraction concept the
dilution kickers can be placed as soon as sufficient
separation is given from the circulating beam elements.
Radiation to electronics from protection absorbers is of a
much lesser concern than that from the collimation system
since they are in the shadow of the primary and secondary
collimators for the circulating beam and in case of a severe
impact during extraction, the system has already been
triggered.

VI. CONCLUSIONS

The FCC baseline layout considers extraction and colli-
mation systems in one straight section which requires
careful studies of radiation impact to electronics. This single
extraction concept is dominated by protection absorber
limits for single bunch dilution and bunch separation.

Recent iterations of the layout favor both extractions in a
single straight section which avoids the radiation to elec-
tronics issue. Results of energy deposition studies show that
a single stage extraction absorber provides sufficient attenu-
ation of particle showers during an asynchronous beam
dump to keep the peak energy deposition density below the
damage level in the superconducting quadrupole coils. This
result allows us to further optimize the extraction design
incorporating both extractions in one straight.

The alternative scheme uses the septum protection
absorbers as symmetry point and allows us to lower the
requirements on kicker and septum while keeping the
absorber limitations.

Deployment of an extraction bump and beam passage
through the cryostat can ease the extraction hardware
specifications at the expense of introducing new hardware.

The dump line layout for the baseline option requires
either bending into a separate tunnel or placing the
dilution kickers only after the arc bending starts to avoid
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radiation to electronics issues. For the alternative concept
the dilution kickers can be placed next to the circulating
beam elements.

The alternative concept is advantageous compared to the
baseline scheme with respect to total length, hardware
specifications and radiation to electronics concerns.
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