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Many future particle colliders require beam crabbing to recover geometric luminosity loss from
the nonzero crossing angle at the interaction point (IP). A first demonstration experiment of crabbing
with hadron beams was successfully carried out with high energy protons. This breakthrough result is
fundamental to achieve the physics goals of the high luminosity LHC (HL-LHC) and the future circular
collider (FCC). The expected peak luminosity gain (related to collision rate) is 65% for HL-LHC and even
greater for the FCC. Novel beam physics experiments with proton beams in CERN’s Super Proton
Synchrotron (SPS) were performed to demonstrate several critical aspects for the operation of crab cavities
in the future HL-LHC including transparency with a pair of cavities, a full characterization of the cavity
impedance with high beam currents, controlled emittance growth from crab cavity induced rf noise.

DOI: 10.1103/PhysRevAccelBeams.24.062001

Particle colliders are important engines of discovery,
and collisions between both protons and leptons have
shone a light on the fundamental structure of our universe
for decades. These colliders operate by the acceleration,
subsequent manipulation and finally collision of charged
particle beams. The beam manipulation at the IP of the

beams is crucial to create optimal collision conditions and
maximise the rate of collisions over several hours and in
multiple IPs around the ring.
In the Large Hadron Collider (LHC) [1] and most future

colliders such as FCC [2] and EIC [3], the bunch spacing,
magnetic optics and physical constraints to confine the
collisions only at the IP require a configuration with beam
crossing (or crossing angle) to physically separate the
beams immediately before and after the collision.
Particle bunches in colliders are generally significantly
longer than their transverse width at the IP. In the LHC
luminosity upgrade (HL-LHC) [4], the bunches are 4 orders
of magnitude longer than the transverse size. This large
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aspect ratio combined with the finite crossing angle reduces

the overlap between the colliding bunches, and hence
reduces the number of collisions or, equivalently, the
luminosity [5]. The luminosity reduction factor for
Gaussian bunches is given by,

Rϕ ¼ ð1þ ϕ2Þ−1=2; ð1Þ

where ϕ ¼ θσz=2σx is the Piwinski angle, θ is the crossing
angle and σz=σx is the ratio of the longitudinal and
transverse size of the bunch [6]. For the present LHC,
the Piwinski angle is ϕ ¼ 0.65 while for HL-LHC it is
ϕ ¼ 2.66 showing the steep reduction in the peak lumi-
nosity of 65% or higher of the total available luminosity.
An elegant scheme to transversely the bunches before

and after the collision point to recover the optimum overlap
between the colliding bunches is achieved using rf crab
cavities. Originally proposed for linear colliders, these rf
cavities impart a time-dependent electromagnetic trans-
verse kick to the particle bunches which is referred to as a
geometric compensation of luminosity loss for colliders
[7]. The kick is transformed to a relative displacement of
the head and the tail of the bunch at the IP to impose a head-
on collision which is schematically illustrated in Fig. 1.
This concept was later extended to circular colliders [8].
In circular colliders, a local crab compensation scheme

introduces a localized perturbation upstream of the con-
cerned IP and compensates for it downstream, such that
through the rest of the ring the bunches remain unperturbed.
A full crab compensation in HL-LHC requires a kick
voltage of up to 9 MV per beam per side of each collision
point [3,9]. In order to sustain such high surface electro-
magnetic fields in continuous wave (CW), superconducting
rf cavities are essential. The first operational crab cavities
used superconducting technology at a 508.9 MHz in
the KEKB eþ − e− collider at KEK in Japan [10]. The
frequency choice is primarily driven by the length of the
proton bunches. The finite rf curvature represents an addi-
tional reduction factor in the luminosity. For the specific case
of HL-LHC, it was shown that a frequency of 400 MHz and
for a wide range of transverse beam sizes at the IP, this
reduction factor is close to unity [11]. Very tight transverse
space constraints in the HL-LHC triggered the development
of novel and compact rf deflecting structures.
Crab cavities are in the baseline of future collider

projects. However, crab cavities were never operated with
hadron beams and the crab manipulation has never been
demonstrated on hadron bunches and there are key beam

physics questions that must be investigated. Proton bunches
are typically much longer than electron bunches leading to
lower frequencies and complex bunch shapes. Synchrotron
radiation damping is significantly weaker for hadrons and
emittance [12] growth due to rf noise and wakefields may
limit luminosity gain. In this paper we present the first
experimental demonstration of a crab cavity with a hadron
beam, performed in the SPS atCERN to analyze these effects.
Several key beam dynamics aspects of proton beams in the
presence of crab cavities are addressed opening the door to
transverse crabbing of proton beams in most future accel-
erators. A compact crab cavity geometry, which is four times
smaller than the KEK-B cavity scaled to the same frequency,
“double quarter wave” (DQW), was also demonstrated
[13–15]. The cavity and its electromagnetic fields is shown
in Fig. 2. Such transversely compact cavities reaching very
high voltages are the enabling technology to implement crab
crossing in the HL-LHC and future colliders.
Two superconducting prototype DQW-type crab cavities

manufactured at CERN underwent rf tests in a super-fluid
helium bath at a temperature of 2 K. These first cavity tests
demonstrated a maximum transverse-kick voltage exceed-
ing 5 MV, surpassing the nominal operational voltage of
3.4 MV [16].
These two identical DQW cavities were inserted into a

specially designed cryostat under ultra high vacuum to
reduce the cryogenic heat load and also to shield from stray
magnetic fields [17,18]. The position of each cavity inside
the cryomodule is measured by an optical system based
on frequency scanning interferometry (FSI) system [19].
From FSI measurements, the mechanical centers of the two
cavities were found to be displaced with respect to each
other by less than 200 μm compared to the specification of
500 μm. A “slow” mechanical tuning system is used to
control the cavity frequency to be synchronous to a
harmonic of the beam revolution frequency [20,21].

During 2018, a total of 7 sessions of the SPS accelerator
time, known as machine developments (MDs), each
10 hours long were dedicated to measurements with the
crab cavities. The SPS operates with a repeating master

FIG. 1. Bunches colliding with a crossing angle without crab
crossing (left); with the crab crossing (right).

FIG. 2. Cross section views of the vertical DQW cavity and
coupler design used for the beam tests in the SPS.
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cycle with embedded subcycles to provide beams to
different users including crab cavity MDs. At the beginning
of each cycle, the rf frequency of the accelerating cavities in
the SPS operating at 200 MHz must become synchronized
with the crab cavity frequency operating at 400 MHz. The
two rf systems are physically separated in the SPS ring by
approximately 3 km. Due to the large bandwidth of the
accelerating rf system of the SPS, a fixed crab cavity
frequency is used as a master and sent to the accelerating
cavities’ control system via a phase compensated fiber
optical link to re-synchronize the beam. The crab cavities’
voltage was then ramped up to the operating level once this
synchronization is completed.
Shortly after the first injection of protons, the crab

cavity—SPS frequency synchronization was operational
and the first static crabbing of a proton beam could be
measured at a transverse voltage of 1 MV. To precisely
measure the crabbing signal, a static orbit offset is removed
from a reference signal acquired before the rf synchroniza-
tion becomes active [22]. The equivalent crab cavity voltage
measured by the head-tail (HT) monitor [23] was calculated
from the focusing configuration of the SPS magnetic
elements (also known as magnetic optics) and the measured
intra-bunch offsets. A comparison of the intrabunch trans-
verse displacement of a single bunch is seen in Fig. 3, which
shows the particle density for several cases; crab cavities
switched off (left) and synchronous crabbing coming from
two crab cavities in phase (center), demonstrating clearly the
transverse (y)—longitudinal(t) correlation.
The use of the crab cavities for HL-LHC also requires

that during the injection, energy ramp or operation without
crab cavities, the cavities remain transparent to the beam,
known as “crabbing off.” Since more than one cavity is
used, counterphasing (such that the relative cavity rf
phase ¼ ϕ1 − ϕ2 ¼ π) reduces the effective kick voltage
to zero while always keeping accurate control of the cavity
field. This scheme is also most effective for beam stability
and was successfully demonstrated as shown in Fig. 3
(right). The counterphasing of two crab cavities was
successfully demonstrated in the SPS beam tests. Each

cavity was individually powered to V1 ¼ V2 ¼ 1 MV
and set as close to the crabbing phase as possible
(ϕ1 ¼ ϕ2 ¼ 0). The measured bunch tilt for three different
cases is seen in Fig. 3, the left plot shows the beam with
both the crab cavities held at zero voltage, cavities in-phase
and at V ¼ 1 MV in the middle plot, and the right plot
showing the cancellation effect between the two cavities
when the cavities are counterphased. This is the first
demonstration to make crab cavities invisible to a hadron
beam when not in use and an essential step for the operation
of crab cavities in colliders such as the HL-LHC. The
strong rf curvature in the longitudinal plane where both
cavities are in-phase matches exactly to the 400 MHz rf
wave with no measurable negative effects on beam quality
and lifetime compared to that of the case with the cavities
off. The bunch tilt was measured to be 17 mrad, which is a
good match to the expected 400 MHz sinusoidal shape at
V ¼ 1 MV. The crabbing was cancelled between two
cavities to the level of approximately 60 kV, which is
the limit of the tilt measurement in the HT monitor.
The longitudinal impedance of the operating mode of

these cavities vanishes on axis, i.e., there is no beam
loading for a centered beam; the rf generator does not
exchange energy with the beam [24]. For a beam circulat-
ing at an offset Δx, the beam-induced voltage is propor-
tional to the offset and average beam current. Therefore, the
electrical center was inferred by scanning the beam in
the transverse plane and measuring the zero-crossing of the
induced voltage. First measurements were carried out in the
vertical plane for the DQW cavities with 2 batches of
24 bunches spaced by 25 ns and a gap space of 225 ns,
like in the LHC, with a bunch intensity of 1 × 1011 p=b.
Figure 4 shows that the electrical centers are well within
the specified tolerance and close to the theoretical

FIG. 3. Intra-bunch motion from three different cases measured
with the HT monitor. Left: crab cavities switched off
(voltage ¼ 0). Center: synchronous crabbing with both cavities
in phase corresponding to VCC ≈ 2 MV total voltage (VCC1 ¼
VCC2 ¼ 1 MV). Right: cavities in counterphase, corresponding
to residual VCC ≈ 60 kV total voltage.
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values [25]. This was independently confirmed by the FSI
survey measurements.
In the HL-LHC, a single frequency reference generated

at the rf controls of the accelerating cavities will be sent
over phase-compensated links to respective crab cavities
at IP1 and IP5 to synchronize the crab cavities with the
beam. An amplitude jitter in the crab cavity voltage
introduces a residual crossing angle at the IP and a phase
jitter in the cavity voltage results in a transverse offset
at the IP. The impact of rf noise on emittance and
luminosity was experimentally studied with eþe− beams
in SKEKB [26].
The emittance growth induced by rf noise is of particular

concern with proton beams, which have very low synchro-
tron radiation damping and long physics fills. For example,
first performance estimates in HL-LHC with realistic crab
cavity amplitude and phase noise yield about a 2%
luminosity loss [27]. The amplitude and phase control
must be achieved also during filling and energy ramping
with small (or zero) field in the cavities in the presence of
beam loading. Smooth transition between no-crabbing and
crabbing must be realized prior to collisions, as demon-
strated during the transparency test.
The 270 GeV cycle in the SPS was used to study the

effect on the emittance growth and predict the requirements
on the rf feedback for amplitude and phase noise. At
270 GeV, the beam in the SPS can be maintained for
extended periods (several hours) with proton bunches very
close to properties of the bunches injected into the HL-
LHC. A single low intensity proton bunch is used to
minimize all other mechanisms of emittance growth in the
SPS with a residual growth of approximately 5 μmh−1
[28]. Controlled amplitude and phase noise up to 10 kHz
was injected into the rf feedback to overlap with the
betatron sideband at 7.74 kHz. Emittance measurements
using the SPS wire scanners [29] were made with varying
noise levels and compared to predictions [30] as shown in
Fig. 5. The relative emittance growth with an injected phase
noise of −110 dBc=Hz was measured to be 1.75 μm per
hour. The measured amplitude noise is approximately
10 dB below the phase noise at the betatron sideband.
The emittance growth scaling with noise level

increases similar to the theoretical estimates while the
measured growth rate is consistently a factor of 2-3 lower
than the predicted values. The agreement of the scaling
with theoretical estimates allows to put an upper bound of
approximately −143 dBc=Hz on the required rf phase
noise specification for HL-LHC. Further experiments will
be conducted to investigate the sensitivity of the emit-
tance growth to the bunch length, bunch longitudinal
distribution, crab cavity voltage, impedances and the
impact of the phase offset between the crab cavities
and the accelerating system to understand the discrep-
ancy. These measurements allows us to put an upper
bound on the required rf phase noise specification for

HL-LHC which could be relaxed by approximately 10 db
with respect to the initial estimates.
On resonance, the large impedance of the fundamental

deflecting (dipole) mode is canceled between the positive
and negative sideband frequencies, which are symmetric
around main rf frequency, ωrf . The active feedback
will reduce the impedance and hence the growth rates
by a large factor.
For higher order modes (HOMs) in HL-LHC, the cavities

equipped with HOM couplers were carefully designed to
keep the impedance within tight tolerances, and the system
remains close to the limits [3,31,32]. As such the SPS test
aimed to verify that the impedance was in good agreement
with the simulated values. The DQW cavity uses three on-
cell HOM couplers mounted in the vertical plane and a
mushroom-shaped antenna on the cavity beam pipe to meet
the impedance specifications [14,15].
Dedicated measurements of the HOMs were carried out

in the SPS for different beam parameters and bunch filling
schemes. Figure 6 shows the measured power as a function
of frequency over the broad range of 0.5–2.0 GHz where
the upper limit is chosen at the beam pipe cut-off frequency.
In the SPS, the longitudinal line density of the bunch is
best represented by a binomial distribution. The fitted
distribution of the longitudinal bunch profile measurements
yield the exponent term μ ¼ 1.5 and a full width half
maximum bunch length of 1.06 ns. Using these parameters,
a good overall agreement between the measured HOM
spectrum and simulation was observed over this large
frequency range.
Some discrepancies in the measured amplitude peaks

could arise due to the lack of the exact distribution of the
power at each discrete frequency through the three HOM
couplers on the DQW cavity. In simulations the power is
assumed to be equally distributed. The large discrepancy at
1800 MHz is caused due to a mismatched termination on

FIG. 5. Emittance growth measurements as a function of single
sideband (SSB) phase noise injected into the cavity feedback on a
logarithm scale.
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the field antenna in presence of a rf filter needed for the
fundamental mode signal. The highest contributor to the
HOM power is the longitudinal mode at 960 MHz.
The majority of this power (>98%) couples to the top
HOM coupler and remains below the 1 kW threshold for the
HL-LHC parameters (see Table I). This mode is close to a
node of the binomial distribution in the frequency domain.
Therefore, the calculated spectral power is sensitive to the
exact frequency value and the longitudinal bunch profile.
A stochastic study of the calculated HOM power for both
binomial and Gaussian distributions using measured cavity
impedance are in all cases within the threshold of 1 kW
except for a worst case scenario being 8% over the threshold
which is acceptable. For the transverse plane, the power
induced in the lowest frequency mode at 748 MHz was
measured as a function of the beam offset. The measured
power with beam offset was identical to the simulated
results. These detailed impedance measurements are ana-
lyzed with proposals for improvements in HOM damping
for HL-LHC in Ref. [33]. Due to the compact nature of the
crab cavity design, a strong nonlinear component of deflect-
ing field (skew sextupole) is expected which could have a

negative impact on the beam dynamics of the HL-LHC.
During the beam-based experimental measurements, the
skew sextupolar component was measured to be within an
acceptable range for the HL-LHC [34,35].

Many future particle colliders require crab cavities to
align bunches for collision at the IP. These cavities have
previously been demonstrated on electron beams and in this
paper we have shown, for the first time, the crabbing action
of crab cavities on hadron beams. We have demonstrated
this first crabbing of a proton beam in the SPS super-
conducting rf test stand at CERN with a transverse voltage
of 1 MV per cavity. The transverse beam manipulation was
measured with a HT monitor. It was possible to drive both
cavities in counterphase to demonstrate that the cavities
can be made transparent to the beam. The induced
emittance growth from rf noise was shown to be a factor
of 2 to 3 lower than predictions. The longitudinal imped-
ance of the crab cavities was measured and found to agree
with simulations.
In terms of the cavity beam dynamics, the bunch rotation

was measured to be the expected 17 mrad. The nonlinear
dynamics were investigated using turn-by-turn beam posi-
tion monitors, to study the nonlinear coupling between the
transverse planes resulting from the skew nature of the crab
cavity. This analysis led to some course bounds on the
skew-sextupole component of the cavity and further work
is needed to disentangle the contribution of the crab cavity
from the SPS optics nonlinearities, which play a dominant
role over the faint signal induced by the crab cavity skew-
sextupolar component. Further beam measurements are
described in Refs. [33,34,36].
The major accomplishments made in this operation of a

crab cavity in a hadron beam are a stepping stone toward
the successful use of crab cavities for future colliders as the
HL-LHC and opens the door to an era of high luminosity
hadron beam physics.
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TABLE I. Relevant rf and beam parameters for crab cavities in
the HL-LHC and SPS tests.

Quantity unit HL-LHC SPS-tests

Beam energy GeV 7000 26–270
Frequency MHz 400.79 400 [.528–.787]
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Maximum cavity radius mm ≤145 N.A.
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R=Q (linac convention) Ω 430 430
Pdynamic at 2 K, 3.4 MV W ≤5 ≤5
Qext (fixed coupling) 5 × 105 5 × 105

rf power (CW; 1 ms peak) kW (40; 80) (40; 60)
LLRF loop delay μs ≈1 ≈1
Cavity detuning (if parked) kHz ≈1.0 ≈4.0
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