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Abstract
The High Luminosity (HL) LHC upgrade aims for a

tenfold increase in integrated luminosity compared to the
nominal LHC, and for operation at a levelled luminosity of
5 × 1034 cm−2s−1, which is five times higher than the nom-
inal LHC peak luminosity. Crab Cavities (CCs) are planned
to compensate the geometric luminosity loss created by the
increased crossing angle by rotating the bunch, allowing
quasi head-on collisions at the Interaction Points (IP). The
CCs work by creating transverse kicks, and their failure may
have short time constants comparable to the reaction time
of the Machine Protection System (MPS), producing signifi-
cant coherent betatron oscillations and fast emittance growth.
Simulations of CC failure modes have been carried out with
the tracking code SIXTRACK [1], using the newly added
functionality called DYNK [2], which allows to dynamically
change the attributes of the CCs. We describe these
simulations and discuss early, preliminary results.

INTRODUCTION
In order to produce ten times more collisions during the

HL-LHC lifetime, the nominal levelled luminosity will be
5 × 1034cm−2s−1. An increase in luminosity entails an in-
crease in proton collisions per bunch crossing (pile-up) and
a rapid decay of the beam current due to proton burning. In
order to optimize the experimental detectors’ efficiency, the
pile-up has to be maintained at an acceptable level and the
luminosity should remain constant over the length of the fill.
It has been proposed to maintain the luminosity constant
by reducing the transverse beam size by means of reducing
β∗, called β∗ levelling. A smaller beam size at the IP im-
plies larger beam sizes in the triplet quadrupole magnets,
which will need a larger aperture. The implementation of
low β∗ collision optics will be carried out with the Achro-
matic Telescopic Squeeze (ATS) scheme [3]. A smaller β∗
requires a larger crossing angle θ, which in turn causes a
reduction of the geometrical luminosity. The crossing angle
will be increased by a factor of two for HL-LHC, causing
a significant loss in luminosity and therefore delaying the
integrated luminosity goal. CCs have been proposed to coun-
teract this effect. They generate transverse electromagnetic
fields, which rotate each bunch longitudinally by θ

2 such that
the bunches collide effectively head-on, compensating the
geometric luminosity loss. CCs allow access to the full per-
formance reach of the small β∗ values offered by the ATS
scheme and the larger triplet quadrupole magnets [4, Chapter
1].
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THE MPS AND CRAB CAVITY FAILURES
A variety of processes can cause unavoidable beam losses

during normal and abnormal operation. Because of the high
stored energy of the HL-LHC beams, above 700 MJ, the
beams can be highly destructive. Even a local beam loss
of a tiny fraction of the full beam into a superconducting
magnet can cause a quench, and large beam losses can cause
damage to accelerator components. Because of this, the
MPS is designed with very high reliability to prevent an
uncontrolled release of the energy and damage due to beam
losses [4, Chapter 7].
With the installation of CCs, new failure scenarios that

could cause beam losses have to be considered. Voltage or
phase changes of the CCs will happen with a time constant
τ, which is proportional to the time it takes to dissipate the
energy stored in the cavity through the coupler when the RF
sources are turned off (external Q factor):

τ =
2 · Qext
ω

,

where ω is the angular frequency of the CCs. For the HL-
LHC parameters of fcc = 400.79 MHz and Qext = 3 × 105−
5 × 105, CC failures could happen with a time constant as
fast as τ = 238 − 397 µs ≈ 2 − 4 LHC turns. These ultrafast
failures are potentially dangerous, which motivates detailed
studies as there may not be enough time to extract the beam
in a controlled way [5].

SIMULATION SETTINGS
Tracking simulations have been carried out with the colli-

mation version of SIXTRACK and the DYNK module, in
order to estimate the beam loss distribution around the ring
in case of CC failures. These simulations were carried out
for Beam 1 and IP1, considering one bunch represented by
9.6×105 particles at collision energy. The relevant HL-LHC
parameters considered are summarized in Table 1. Further
studies including IP5 are foreseen.

Baseline Optics and Layout
The optics used for the whole machine is the HLLHCV1.0

collision optics, which includes the new Nb3Sn triplet (140
T/m, 150 mm) with all the additional magnets needed to be
compatible with β∗ = 0.15 m and implementing the ATS
scheme [6].

Crab Cavities
The HLLHCV1.0 optics include the installation of three

CCs per IP, per side and per beam (ncc). To simplify the
opening and closing of the crab bump, the groups of ncc = 3
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Table 1: Relevant HL-LHC Nom. Parameters (25 ns)

Parameter Symbol Value
Beam energy at collision E [TeV] 7
Particles per bunch N 2.2 × 1011
Bunches per beam nb 2748
Crossing angle (IP1 & IP5) θ [µrad] 590
Minimum β∗ β∗ [m] 0.15
Norm. transverse emittance εn [µm] 2.50
RMS energy spread σs [0.0001] 1.13
RMS bunch length σl [cm] 7.55
CC RF frequency fcc [MHz] 400.79

CCs were installed next to each other at the same location.
The parameters of the simulated CCs are summarized in Ta-
ble 2. Further simulations using the current baseline optics
HLLHCV1.1 [7] with ncc = 4 is foreseen. The phase ad-
vance between the CCs and the IP is optimized to be∆φ = π

2 ,
and the voltage of the CCs is the one required to open the
crab bump and produce an effective head-on collision [8],
given by

Vcc =
c · E · tan (ϕ)

q · ωcc ·
√
β∗ βcc · sin (∆φ) · ncc

,

whereωcc is the angular frequency of the CCs in [rad · s−1],
βcc is the value of the beta function at the location of the
CC in [m] , c is the speed of light and q the proton charge.
Since the crossing angle in IP1 is in the vertical plane, the
kick provided by the simulated CCs is also in the vertical
plane.
Table 2: CC Parameters Used in the Simulation for IP1

Side ncc s [m] Voltage [MV] βcc [m]
Right 3 -147 3.19 4395
Left 3 149 3.23 4281

Collimation and Aperture
The collimation system [9,10] is installed to safely dispose

of unavoidable beam losses, but it also represents a passive
protection for the machine during the dumping time (3 LHC
turns = 266 µs) in case of a fast failure. The collimation
system was included in the tracking simulations [11] in order
to assess the limit in which the machine can cope with CC
failures. The settings used in the simulations are summarized
in Table 3.
The losses in the aperture are computed from the results

of the tracking simulations of the full particle distribution,
using a detailed aperture model of the full LHC ring. The
spatial resolution of the model is 10 cm over the total length
of 27 km [12].

Beam Distributions
For the transverse phase space, a 2D Gaussian distribution

was generated for each plane. For the longitudinal plane, the

Table 3: Nominal Settings in Terms of σ (εn = 3.75 µm)

Collimator Opening [σ]

Primary IR7 6
Secondary IR7 7
Absorber IR7 10

Primary IR3 12
Secondary IR3 15.6
Absorber IR3 17.6

Secondary IR6 7.5
Dump protection IR6 8

Tertiary IR2/8 12

Tertiary IR1/5 8.3

2D Gaussian distribution was truncated in order to match
the RF bucket (Fig. 1). The parameters of the gaussian dis-
tributions are given in Table 1. The same initial distribution
was used for all the simulations.

Figure 1: Initial distribution in the longitudinal plane. Arbi-
trary density units were used.

Simulated Cases

Five scenarios are considered:
• No failure: the particles are tracked for 51 turns in
normal conditions.

• Voltage failure of 3 CCs: the voltage drops exponen-
tially towards 0 V following V (t) = V0 · e−t , where
t is the turn number after onset of failure. The phase
remains constant with a value of 0°.

• Phase failure of 1, 2 & 3 CCs: the phase jumps from
0° to 90° in one turn, while the voltage remains con-
stant.

The failures are applied only to the group of CCs situated
downstream, leaving the CCs upstream working normally.
The particles are initially tracked for 10 turns. The failure
takes place in the 11th turn, and the particles are tracked for
40 additional turns. Nevertheless, since the beam dumping
time is of 3 turns, the losses after 3 turns are also considered.
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FIRST RESULTS FROM DETAILED
SIMULATIONS

Full simulations based on SIXTRACK with the newly
implemented general dynamic kick module have started re-
cently. We discuss here our first observations, which extend
earlier studies [13–15].

A summary of the number of particles lost in the collima-
tion system, in the aperture and the percentage of the total
particles lost from the beam is shown in Table 4.

Table 4: Particle Losses Out of 9.6 × 105 Tracked Particles
After 3 Turns After the Fault, and After 40 Turns After the
Fault (Between Parenthesis).

Failure Coll. Aperture [%]
None 102 0 0.01
Volt. (3/3 CCs) 689 0 (0) 0.07 (0.3)
Ph. (1/3 CC) 501 0 (0) 0.05 (0.2)
Ph. (2/3 CCs) 44118 4 (5) 4 (8)
Ph. (3/3 CCs) 311596 166 (186) 32 (39)

A simultaneous voltage failure of all CCs on one side
results in a loss of 0.07% of the particles tracked.

Phase jumps of 90° in a single turn were considered in our
simulations as worst case scenarios. They would result in a
significant transverse kick of the densely populated bunch
center (see Fig. 2). Studies are still ongoing in order to
assess the real phase and voltage decay time of the CCs.

Figure 2: Transverse beam distribution in the crossing plane
at IP1, after a phase trip of the 3 CCs downstream (after 1
turn). Arbitrary density units were used.

For a single CC, we observe a loss of 0.05% of the tracked
particles, which is in good agreement with earlier studies
[13–15]. For a phase jump of 2 CCs this increases to 4%
and for 3 CCs to 32%. For this last case, we can see from
Fig. 3 (top) that significant losses would start in the 11th
turn, which corresponds to the turn of the phase failure. We
can also see from Table 4 that almost all the losses occur
within the first 3 turns. We see from Fig. 3 (bottom) that the
primary IR7 collimators are the main aperture bottleneck
which intercepts most losses, and only a small fraction hits
the tertiary collimators.
This worst case scenario is considered to be unlikely, as

the CC related hardware and control system can be designed

Figure 3: Losses around the ring for the simultaneous phase
failure of 3 CCs (9.6 × 105 tracked particles) for 51 turns.

such that a simultaneous failure of these three independent
modules is extremely unlikely. Mitigation techniques are
also foreseen, in which the Multi-Cavity Feedback controller
will adjust the field in the other cavities on both sides of
the IP if the field starts changing in one of the CCs. This
way the orbit distortions will remain local [4, Chapter 4].
Simulations indicate that if this technique is applied, the
losses are reduced by 95 %.

The losses are much less critical for the failure of a single
CC, and could be mitigated by the introduction of devices
such as hollow electron lenses [16].

SUMMARY AND OUTLOOK
We describe the simulation of CC failures using the new

DYNK module within SIXTRACK. We also discuss first
results for worst case voltage and phase failures, and observe
that these could result in rather fast losses. The studies de-
scribed here will be continued in close collaboration with
the hardware side and in preparation of CC tests in the SPS,
to make sure that any dangerous failure scenarios can be
avoided to allow for a safe integration of CCs in LHC opera-
tion.
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