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Abstract
At the end of 2018, an instability with multiple bunches
has been consistently observed during high intensity studies
at the CERN-SPS. This instability could be a significant limitation to achieve the bunch intensity expected after the LHC
Injector Upgrade (LIU). Therefore, a deep understanding of
the phenomena is essential to identify the best mitigation
strategy. Extensive simulation studies have been performed
to explore the consistency of the current SPS model, give
a possible interpretation of the instability mechanism and
outline some possible cures.

INTRODUCTION
Major modifications of the CERN-SPS took place during
the Long Shutdown 2 (LS2) in the framework of the LHC
injectors upgrade project (LIU) [1–3]. In particular, the RF
system has been modified with the aim of providing the necessary RF power for compensation of beam loading, which
was limiting the acceleration of LHC beams to an intensity
of about 1.3 × 1011 protons per bunch (ppb) before the upgrade. The LIU upgrades of the RF system, together with the
longitudinal impedance reduction, are expected to enable the
acceleration of the future LHC beams to reach the target intensity of 2.3×1011 ppb at the CERN-SPS extraction. While
such high intensity beams could not be accelerated before the
upgrade, they could already be studied at injection energy.
After a short description of measurement observations this
paper summarises the simulation studies performed to build
an understanding of the horizontal instability experienced at
injection energy with high intensity LHC beams.

INSTABILITY MEASUREMENTS
During the 2015 scrubbing campaign with high intensity
LHC beams (about 2.0×1011 ppb), a horizontal instability affecting the third and fourth batch of trains of 72 bunches was
observed. Stabilization was possible with high chromaticity
and octupoles.
Since 2017, an increased transverse damper gain at high
frequency was available, but high chromaticity was still
needed to stabilise the beam. If the chromaticity is not high
enough, the unstable bunches exhibit head-tail motion as
revealed by measurements with the SPS head-tail monitor.
In particular, oscillation patterns of mode 1 were observed
for horizontal normalised chromaticity (𝜉 = 𝑄′ /𝑄) settings
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of 0.1 ≤ 𝜉𝐻 ≤ 0.3 and mode 2 for 0.3 ≤ 𝜉𝐻 ≤ 0.5. A mode
3 pattern has also been observed for 𝜉𝐻 ≈ 0.5.
At the end of 2018, dedicated measurements were performed to further characterise the instability and test some
possible cures. Four batches of 48 bunches were used for
these studies. No instability was observed for lower number
of batches and bunch intensity up to 2.0×1011 ppb. The horizontal chromaticity was kept high (normalised chromaticity
of 𝜉𝐻 ≈ 0.5) for the injection of the first three batches but
lowered to 𝜉𝐻 ≈ 0.05 just before the injection of the fourth
batch while the transverse damper was on during the entire
cycle. The octupoles were adjusted in order to compensate the horizontal detuning with amplitude due to residual
non-linearities of the machine (setting of kLOF = -0.2 m−4).

With the operational batch spacing of 200 ns the intensity
threshold of the instability was found to be 1.8 × 1011 ppb.
Figure 1 (top) shows an example of the intensity evolution
along the SPS injection plateau for two different chromaticity
settings. Instability starts from the last batch and extends to
the other batches for lower chromaticity. Bunches in the last
batch exhibit significant losses in the top plot, while for lower
chromaticity (bottom plot), the instability clearly extends to
the second and third batch. The growth times associated to
this instability are in the order of 100 turns, as observed from
the head-tail monitor acquisitions or from the turn-by-turn
data of the transverse damper pickups. However, their exact
value strongly depends on the damper settings. The damper,
which does not have enough bandwidth to suppress the mode
1-2 head-tail instability, can, however, significantly modify
the growth rates of the instability. Depending on damper
settings, a variation of the instability growth rates up to a
factor of three has been observed. The instability growth
rates versus chromaticity have been measured and will be
compared with the mode expectations in the next section.

The effect of batch spacing on the instability was also
studied by varying the gap between batches in steps of 50 ns.
Fewer bunches are affected by the instability when increasing
the batch spacing and no instability was observed for a batch
spacing larger than 500 ns.
Finally, measurements of the stability limit as a function
of chromaticity and octupole settings were performed. As
before, four batches of 48 bunches were injected, where the
chromaticity was kept high for the injection of the first three
batches and then lowered just before the injection of the
fourth batch. Figure 2 shows the obtained stability limits for
an intensity of about 1.8 × 1011 ppb at injection. Positive
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Figure 2: Measured horizontal beam stability for different
chromaticity and octupole settings, where the QPH knob
controls the normalised horizontal chromaticity 𝜉𝐻 and the
LOF knob controls the normalised octupole strength. The
values for zero chromaticity and no amplitude detuning are
indicated by dashed lines. The markers indicate unstable
(red), stable (green) and settings where some shots were
stable and some unstable (black) as obtained from about 5
shots per setting.
the instability, with an advanced macro-particle simulation
model used for more quantitative analysis.

Analysis with Sacherer Theory

Figure 1: Intensity evolution along the SPS flat bottom for
𝜉𝐻 = 0.2 (top) and 𝜉𝐻 = 0.1 (bottom). In both cases,
the black line indicates the total intensity and the colour
indicates the relative bunch intensity. The bunch slots are
indicated on the scale on the right.
values of the octupole knob are not shown as they resulted
in worse beam stability.
As expected, the instability becomes more critical with
higher intensity. Thus, higher octupole strength and/or
higher chromaticity is needed to stabilize the beam. Stabilization was tested up to 2.1 × 1011 ppb. Therefore, there
is a large range of unexplored intensities to reach the target
LIU intensity of 2.6 × 1011 ppb at injection energy. A good
understanding of the instability is fundamental during the
intensity rump-up in order to put in place the appropriate
stabilization strategy in the unexplored range of intensities.

UNDERSTANDING OF THE INSTABILITY
A theoretical analysis based on the Sacherer theory [4]
has been performed to build a qualitative understanding of

The effect on beam dynamics can be qualitatively assessed
using the concept of effective impedance. For bunched
beams the impedance is sampled at an infinite number of discrete frequencies given by the mode spectrum. An ”effective
coupling impedance” can then be defined as the sum over
the product of the coupling impedance and the normalized
spectral density. The ”effective coupling impedance” is required for the calculation of both longitudinal and transverse
complex tune shifts of bunched beam and can be defined in
the transverse plane as [5–7]:
𝑝=∞

∑ 𝑍⊥ (𝜔′ + 𝜔𝛽 ) ℎ𝑙 (𝜔′ + 𝜔𝛽 − 𝜔𝜉 )

(𝑍⊥ )eff =

𝑝=−∞

𝑝=∞

. (1)

∑ ℎ𝑙 (𝜔′ + 𝜔𝛽 − 𝜔𝜉 )

𝑝=−∞

Here ℎ𝑙 (𝜔) is the power spectral density, 𝜔𝛽 is the betatron
angular frequency, 𝜔𝜉 is the chromatic frequency shift and
𝜔′ = 𝜔0 𝑝 + 𝑙𝜔𝑠 where 𝜔0 is the revolution angular frequency, 𝜔𝑠 is the synchrotron frequency and 𝑙 determines
the type of oscillations (the case 𝑙 = 0 describes the mode 0
head-tail instability). For a Gaussian bunch, ℎ𝑙 (𝜔) can be
written as:
2 2

ℎ𝑙 (𝜔) = (

𝜔𝜎𝑧 2𝑙 − 𝜔 2𝜎𝑧
) 𝑒 𝑐 ,
𝑐

(2)
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where 𝜎𝑧 is the standard deviation of the Gaussian bunch
profile (root mean square (RMS) bunch-length) and 𝑐 is the
speed of light in vacuum. The real and the imaginary parts
of the ”effective impedance” give the growth rate and the
frequency shift of the mode under consideration, respectively [7–10]. If the real part of (𝑍⊥ )eff is negative, the
beam can become unstable. The real part of the transverse
impedance is an odd function of frequency. Therefore, for
the mode 𝑙 = 0, simply assuming that the impedance is
positive for positive frequencies leads to the conclusion that
this mode would be stable for positive spectral shift and
unstable for negative spectral shift (see Fig. 3). The situation is different if we consider higher mode numbers. For
a given chromatic shift the sign of the effective impedance
depends on the impedance type. Therefore, no general rule
for stability criteria can be given for these modes.
Figure 4 for example shows an illustrative view of the
mode 𝑙 = 1 together with the SPS resistive wall impedance
(decreasing with frequency) and the SPS ferrite loaded kicker
impedance (increasing with frequency). For the resistive
wall impedance and for 𝜉 < |𝜉𝑚𝑎𝑥 | (𝜉𝑚𝑎𝑥 is defined as the
chromaticity value at which the first sign inversion of the
growth rate occurs) the mode 𝑙 = 1 is destabilizing for positive chromaticity and stabilizing for negative chromaticity,
the situation is exactly reversed in the case of the impedance
of ferrite loaded kickers, which is increasing with frequency
up to almost 1 GHz. The overall effect of different impedance
contributions depends on the weight of stabilizing and destabilizing effects. An impedance increasing with frequency
has a stabilizing effect for mode 𝑙 = 1 and 𝜉 > 0. Reducing
this kind of impedance makes the situation worse.
A first attempt to understand the nature and the possible
impedance source of the instability was performed by using
the SPS impedance model [11]. This model was successfully
adopted in the past years to benchmark several single bunch
beam observations (instability growth rate of mode 0 versus
chromaticity [11], tune shift versus intensity and Transverse
Mode Coupling Instability (TMCI) behaviour [12]).
The effect of the elements included in the model has been
studied and it was found that the combination of kickers
and wall impedance is responsible for the observed instability [13].
The expected growth rates as a function of the chromaticity are shown in Fig. 5 for the different modes. The results
are in good agreement with the measured intra-bunch motion
versus chromaticity [14] discussed in the previous section.
This is a strong indication about the nature of the instability,
which is considered to be a head-tail instability requiring
multiple bunches to be strong enough to be observed in the
machine.

Macro-Particle Simulations
The analysis with Sacherer theory allowed the possible
nature of the instability and the impedance sources to be
identified. However, the development of a macro-particle
model for multi-bunch simulations including the actual beam
pattern, the feedback system, the detuning impedance and
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Figure 3: SPS wall impedance model (red) and power spectral density for the mode 𝑙 = 0 in arbitrary units for a chromaticity 𝜉 = 0.2 (blue) at injection energy for the Q20
optics.

Figure 4: Power spectral density for the mode 𝑙 = 1 in
arbitrary units for a chromaticity 𝜉 = 0.2 (blue) together with
the SPS wall impedance model (top) and the SPS kickers
without serigraphy (bottom) at injection energy for the Q20
optics.
the effect of nonlinear chromaticity, octupoles and nonlinear
synchrotron motion is essential to perform quantitative comMOP12
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Figure 5: Normalized horizontal instability growth rates as
function of the horizontal chromaticity of the head-tail mode
1 in magenta, mode 2 in red and mode 3 in black. The growth
rates have been computed by using the Sacherer theory with
Gaussian bunches for the SPS impedance model at injection
energy for the Q20 optics.
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Figure 6: Losses versus intensity. Measured intensity threshold of the instability is represented with the orange line. Both
pre-LS2 case (representing the situation during 2018 measurements) and post-LS2 case are displayed, but these two
curves are almost indistinguishable as the upgrades of the
machine are not expected to change the transverse impedance
significantly.

parisons with the measurements. These studies allow the
level of accuracy of the model to be qualified, when used to
investigate some possible cures of the instability in the unexplored range of intensities. The macro-particle simulations
were performed with the multi-bunch version of PyHEADTAIL [15]. The SPS wake model, which is the main input
of these simulations, has been successfully benchmarked in
past years with single bunch measurements. However, the
10 ns single bunch model is not appropriate for multi-bunch
simulations. A big effort has been devoted to the development of a model more appropriate for multi-bunch studies.
In particular, the wall wake has been computed up to 1 ms
allowing to take into account a wake memory of 43 turns,
and the kicker wake has been computed over 1 𝜇s in order to
consider all the relevant range of the wake before it vanishes.
The coupled-bunch wake model, including kickers and
wall impedance, was then used to benchmark the observation of the SPS horizontal instability with the multi-bunch
version of PyHEADTAIL. The simulation considers the exact beam pattern used in measurements (4 × 48 bunches with
25 ns bunch spacing and a batch gap of 200 ns). An initial
Gaussian distribution with 𝜎𝑧 = 0.23 m is used. A nonlinear model is used for chromaticity (up to the third order)
and synchrotron motion. The double SPS RF system is also
taken into account and an ideal bunch-by-bunch damper with
damping time of 30 turns is included. The initial transverse
emittance of the beam is set to 2.5 µm.
The simulations can reproduce the main instability observations such as the bunch intensity threshold (see Fig. 6) and
the growth rate versus chromaticity for optimized damper
settings (see Fig. 7). The behavior with chromaticity and
octupoles of Fig. 2 is also reproduced (see Fig. 8).

Figure 7: Growth rates as function of the horizontal chromaticity of the instability for a bunch intensity of 2.0 × 1011
ppb. Pre-LS2 and post-LS2 cases have been computed with
PyHEADTAIL simulations and compared with the measured
values obtained with optimized damper settings.

PREDICTION FOR THE LIU BEAM
The model used in the PyHEADTAIL multi-bunch simulations has reproduced the behaviour of the instability with
a high degree of accuracy [16]. The remarkable agreement
in the behaviour versus chromaticity and octupoles gave us
confidence to use the simulation model to investigate possible stabilization strategies for the nominal LIU beam (4 × 72
bunches with 2.6 × 1011 ppb at injection) using chromaticity
and octupole knobs.
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Figure 8: Horizontal beam stability for different chromaticity and octupole settings as obtained from PyHEADTAIL
simulations with bunch intensity of 1.8 × 1011 ppb, where
the QPH knob controls the normalised horizontal chromaticity 𝜉𝐻 and the LOF knob controls the normalised octupole
strength. The markers indicate unstable (red), stable (green)
and settings where there are no significant losses but exponential growth of the amplitude is visible (black). These
points could be reasonably assumed to be at the limit of
stability.
The simulations are summarized in the stability map displayed in Fig. 9. A simulation point is assumed to be stable
if over 10000 SPS turns there is no exponential amplitude
growth, emittance blow-up is below 10% and losses are below 1%. Stable points are represented in green and unstable
points in magenta. Using these points the unstable area is
depicted in red. Stability without octupoles is expected for
𝜉𝐻 ≥ 0.7. With octupoles for |𝑘𝐿𝑂𝐹| < 10 stabilization is
expected for 𝜉𝐻 ≥ 0.5. Beam lifetime and quality for the
explored operational settings still need to be investigated.
The backup mitigation strategy is the deployment of a
wide band feedback system [17]. A prototype of such a
system has been demonstrated to be effective in the SPS in
the vertical plane against TMCI. Efficiency for the horizontal
instability with multiple-bunches needs to be verified in
simulation. In order to be able to install the system in the
horizontal plane during LS3, dedicated studies need to be
launched by 2023. An alternative mitigation strategy could
consist in the introduction of an ad-hoc impedance to have
a stabilizing effect for the head-tail mode 1-2 horizontal
instability [18].

CONCLUSION
The SPS horizontal instability could be a serious limitation to inject the nominal LIU beam (4 × 72 bunches with
N=2.6 × 1011 ppb). The impedance mechanism driving the
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Figure 9: Stability map at injection energy for the nominal
LIU beam (4 × 72 bunches with N=2.6 × 1011 ppb). Stable
points are represented in green and unstable points in magenta. Using these points the unstable area is depicted in
red. A simulation point is considered to be stable if over
10000 SPS turns there is no exponential amplitude growth,
emittance blow-up is below 10% and losses are below 1%.
instability has been identified by using Sacherer theory. A
more detailed simulation model including the actual filling scheme, damper, detuning impedance and nonlinearities
can reproduce intensity threshold and growth rate versus
chromaticity as well as the behaviour of the instability for
different settings of octupoles and chromaticity.
The simulation model was used to identify a possible
stabilization strategy. The simulations predict stabilization
of nominal LIU beam for 𝜉𝐻 ≥ 0.7 without octupoles and
𝜉𝐻 ≥ 0.5 with octupoles. Beam lifetime and quality for the
explored settings still need to be investigated.
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