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Abstract

Table 1: Nominal Crab Cavity Parameters for HL-LHC [1]

The High Luminosity Upgrade for the LHC (HL-LHC)
relies on crab cavities to compensate for the luminosity reduction due to the crossing angle of the colliding bunches
at the interaction points. In this paper we present the simulation studies of cavity quenches and the impact on the
beam. The cavity voltage and phase during the quench is determined from a simulation in Matlab and used to determine
the impact on the beam from tracking simulations in SixTrack. The results of this study are important for determining
the required machine protection and interlock systems for
HL-LHC.

INTRODUCTION
The High Luminosity Upgrade for the LHC (HL-LHC)
uses superconducting RF (SRF) technology for its accelerating and crabbing cavities. During a quench, several physical
phenomena occur which aﬀects the behavior of the RF cavity.
Before we discuss these phenomena, we remind the reader
that the intrinsic quality factor (Q0 ) of a cavity is given as
ωUstored
ω
=
,
(1)
δω
Pc
where ω is the resonant angular frequency of the cavity, δω
is the bandwidth, Ustored is the energy stored in the cavity
and Pc is the power dissipated in the cavity. As the cavity
quenches, the resistive losses in the cavity increase and Q0
drops. The loaded Q-factor, Q L , takes into account all power
ﬂow out of the cavity, rather than just resistive losses. It is
given as Q1L = Q10 + Q1ext , where Qext is the external Q-factor.
When Q0  Qext , Q L ≈ Qext , therefore the loaded Q-factor
does not change signiﬁcantly until sometime after the start
of the quench. It is assumed that during a quench, Q0 drops
exponentially from its superconducting value (SC) to its
normal conducting value (NC) with a transition time τtrans .
For the simulations described in the next section, τtrans is
assumed to be ∼10 μs, based on the assumption that the
quench propagates over the cavity surface at the speed of
sound in the material; which is approximately 5000 m/s.
Table 1 shows the important parameters relating to the HLLHC crab cavities; values with an asterisk denote values
which are assumed or estimated [1].
The power ﬂow into the crab cavity required from a
klystron to maintain a transverse voltage, Vcav , is given as
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Parameter

Value

Transverse Voltage [MV]
Transverse R/Q [Ω]
Q0 [SC/NC]
Qext
τ [μs]
Maximum Klystron power [kW]
Resonant frequency [MHz]

3
400
109 /103
5 × 105
10∗
40 (CW) / 80 (peak)
400

 
R
where Q
is the transverse R/Q. Using the parameters in
⊥
Table 1, the required power to maintain a transverse voltage
of 3 MV in the absence of beam loading is 22.5 kW. Assuming the parameters in Table 1, Fig. 1 shows the magnitude of
the transverse voltage vs. time in the cavity due to a quench
at t = 0; all other factors such as detuning, LLRF and beam
loading are neglected. It can be seen that the cavity voltage
begins to drop ∼50 μs after the start of the quench. The
cavity voltage then drops rapidly over the next ∼50 μs. This
is because Q L does not change signiﬁcantly until Q0  Qext .

Figure 1: Magnitude of transverse voltage vs. time during a
quench, neglecting all other eﬀects.

COMPUTATIONAL MODEL
RF cavities invariably have Q L 1, hence δω  ω.
Therefore changes to the ﬁelds in the cavity occur over many
RF cycles; even during a quench. A simple model of the
ﬁeld in an RF cavity can be described by a second order
diﬀerential equation describing a driven, damped harmonic
oscillator. However as we assume that the amplitude and
phase of the cavity voltage cannot vary rapidly, it is more
eﬃcient to model the RF envelope with the ﬁrst order differential equation given in Eq. (3). This envelope equation
avoids the need to evaluate the cavity voltage many times
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Here Vcav is the cavity voltage, expressed as a complex
number and Fin is a driving term due to the klystron power,
given as
  
R
Fin = 2
Q L Pin .
(4)
Q ⊥
By inspection, Eq. (3), show that Fin and Fin are dependent
on the LLRF system, ω on the detuning mechanisms. We
can model beam loading as an instantaneous change in the
amplitude and phase of the cavity voltage when a particle
bunch passes through.

Detuning mechanisms
Due to the narrow bandwidth of SRF cavities, they are
highly sensitive to detuning mechanisms. For HL-LHC, the
crab cavities have a bandwidth of 800 Hz. The dominant
detuning mechanisms have been modeled in the simulation.
Lorentz detuning: δ fL The ﬁeld in the cavity applies
a Lorentz force to the surface of the cavity, changing the
resonant frequency. This detuning mechanism results in
Eq. (3) becoming nonlinear because the coeﬃcients of the
equation now implicitly depend on the voltage in the cavity at
a given moment in time. For Lorentz detuning, the frequency
shifts as


(5)
δ fL = −K L |Vcav | 2 + |Vnominal | 2
Resistive detuning: δ fR If we solve the equation of
motion for the cavity voltage, we obtain a frequency shift
due to the change in Q L given as


1
1−
−1 .
(6)
δ fR = f0
4Q L
Microphonics: δ fm In SRF, mechanical vibrations result in a periodically varying frequency shift, typically of the
order of a 100-1000 Hz. This is described as a sinusoidally
varying term in the simulations.
Pressure detuning: δ fp SRF structures are cooled in
liquid Helium (LHe). During a quench, the cavity surface
becomes resistive and power is lost through heat. This heat
then boils the surrounding helium, resulting in an increase
in pressure on the cavity surface. If the LHe temperature is
less than 2.17◦ K, the helium is superﬂuid and the pressure
detuning is signiﬁcantly less than for normal ﬂuid helium.
In simulation the frequency shift from pressure detuning is
modeled as



t − tquench
Kp
δ fp =
.
(7)
1 + tanh
2
τp
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Lorentz and pressure detuning, like microphonics, are
mechanical eﬀects and will excite oscillations. To determine
how the frequency shift varies with time, we take the total
detuning to be
δ ftot = δ fR + δ fmech ,

(8)

where δ fmech is the solution of the driven harmonic oscillator given in Eq. (9) [2]:
2
δ f mech + ωm
δ fmech = δ fL + δ fm + δ fp

(9)

We have neglected damping in this model.

Low-Level RF system
Lorentz detuning occurs over many RF cycles and pressure detuning can be treated as a transient, Eq. (3) can be
considered almost linear over short timescales. Thus a PIcontroller is near optimal for controlling the amplitude and
phase of the RF cavity voltage. The PI controller response
is given as
δFin = cp (Vcav − V0 ) + ci

(Vcav − V0 ) ,

(10)

t

where cp and ci are the coeﬃcients for the proportional and
integral controllers.

RESULTS
The simulation code was used to recreate the observed
behavior of the KEKB crab cavities during a quench [3],
then used to model a quench of the HL-LHC crab cavities.
KEKB observed up to 50◦ phase shifts within 50 μs, with
approximately 75% of the nominal ﬁeld in the cavity. For
HL-LHC, catastrophic beam losses would occur within 3
turns of the ring; preventing any possible beam dump and
resulting in substantial damage. Table 2 highlights the diﬀerences between the KEKB and HL-LHC crab cavities (CCs).
Table 2: Comparison Between the KEKB and HL-LHC CCs
Parameter

KEKB

HL-LHC

Beam energy [GeV]
Transverse R/Q [Ω]
Q0
Qext
Operating temperature [K]

8
50
109
1 × 105
2

7000
400
109
5 × 105
4

For machine protection system, KEKB turned oﬀ the RF
power as soon as a quench is detected, before the beam is
dumped; whereas HL-LHC will keep the RF power on until
after the beam is dumped to minimize losses.
Figures 2 and 3 show the phase and amplitude of the
transverse voltage for a KEKB-like and HL-LHC-like cavity
during a quench, respectively.
For the KEKB-like crab cavity, the magnitude (Fig. 2, top)
drops earlier and less smoothly than for the HL-LHC crab
cavity (Fig. 3, top) due to the RF being switched oﬀ. The
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per RF cycle; drastically reducing the required computing
power.
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Figure 2: Magnitude (top) and phase (bottom) of the voltage
for a KEKB-like crab cavity during a quench.

Figure 3: Magnitude (top) and phase (bottom) of the voltage
for a HL-LHC-like crab cavity during a quench.

KEKB-like cavity is cooled in non-superﬂuid Helium and
therefore experiences signiﬁcant pressure detuning during
a quench, which results in a large and sustained phase shift
(Fig. 2, bottom). By contrast, the HL-LHC crab cavity experiences signiﬁcantly less pressure detuning, but greater
Lorentz detuning due to the higher cavity voltage.
Figure 4 shows the results from tracking simulation using
SixTrack [4,5] for the HL-LHC beam at 7 TeV during a crab
cavity quench. Here the voltage and phase of the upstream
cavity closest to IP1 in beam 1 was loaded from the cavity
model, and the eﬀect on the beam evaluated. Each bunch
was represented by 40,000 particles, sampled from a doubleGaussian distribution [6]. These were tracked for 100 turns
with constant voltage and phase in order to clean most high-
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Figure 4: SixTrack simulation of a the mean beam position at
the cavity (top) and the beam losses during a quench (bottom)
of a HL-LHC-like crab cavity; vertical lines indicate turns.
amplitude particles, and then 20 turns more after the onset
of the failure. Two cases were ran, one where the control
loop was operating normally and one with a quench. The
top plot shows the shift in beam centroid position during
a quench and the bottom plot shows the fractional beam
loss vs. time during the quench. This shows that the losses
due to the quench are small, in the order of 0.005% of the
full beam, which is in line with what has been found for
similar scenarios [6, 7]. Furthermore, the beam centroid
movement remains small compared to the beam size at the
cavity (σ ≈1 mm).
Additional studies with sector maps, produced by
MADX [8], were also undertaken and showed that for a
KEKB-like machine, a quench of one of the crab cavities
results in total beam loss due to the low beam rigidity even
with the RF kept on. Hence turning oﬀ the RF system prevents potential damage to the klystrons. For the HL-LHC
crab cavities, the centroid position move very little, but with
the RF switched oﬀ this motion increases by a factor of 5-10,
risking additional beam loss.

CONCLUSION
In this paper, we present simulation studies of crab cavity
quenches. We used the simulation to model a KEKB-like
crab cavity in order to benchmark against measured data and
the simulations successful reproduced the observed rapid
phase shift before the cavity voltage drops. Using the simulation to model the HL-LHC crab cavities, we conclude that
the maximum phase shift during a quench would be 1-2◦
before recovering to within 0.1◦ of nominal as the RF system
will be left on during a quench.
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