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Abstract
In the SPS Q20 optics presently used for LHC beams, the

Landau octupole families of the SPS (LOF and LOD circuits)
generate large second order chromaticity due to the relatively
high dispersion at their locations. Since the induced second
order chromaticity results in enhanced losses due to the
large incoherent tune spread, these octupoles cannot be used
for mitigating transverse instabilities for LHC beams. A
new cabling scheme was proposed, exploiting additional
octupoles that were already installed in the machine but not
used, which allows minimizing the induced second order
chromaticity in both the Q20 optics used for LHC beams, as
well as the original SPS optics used for fixed target beams.
This paper summarises the optics calculations as well as the
experimental verification of the reduced chromatic detuning
of the new octupole scheme.

INTRODUCTION
The Super Proton Synchrotron (SPS) at CERN delivers

beam to the North Area fixed-target experiments as well as
to the HiradMat and AWAKE facilities, and serves as in-
jector for the Large Hadron Collider (LHC). Since the SPS
transverse damper is not sufficient to fully suppress resistive
wall instabilities of the high intensity fixed target beams,
Landau octupoles are used in routine operation to generate
amplitude dependent detuning and stabilise the beam. On
the other hand, for LHC beams in the present operational
intensity range (up to 1.3e+11 p/b) Landau octupoles are not
required for routine operation as in this case the transverse
damper is sufficient for suppressing coupled bunch instabili-
ties. However, horizontal coupled bunch instabilities have
been encountered for LHC beams with intensities above
1.8e+11 p/b during machine development studies even with
the transverse damper [1]. For comparison, after the LHC
injectors upgrade (LIU) project [2, 3], the SPS needs to de-
liver 2.3e+11 p/b to the LHC and thus mitigation measures
for this horizontal instability have to be prepared. A possible
solution would be to use the Landau octupoles also for the
operation of the future LHC beams [1].

The SPS has one family of Landau octupoles at positions
with large horizontal beta-function, called LOF circuit, and
another family at positions with large vertical beta-function,
called LOD circuit. Fixed target beams are operated with
the original SPS optics configuration with integer tunes of
26 (“Q26” optics). Since 2012 a low transition energy optics
with integer tunes of 20 (“Q20” optics) is used in routine
operation for LHC beams to overcome single bunch vertical
instabilities in preparation of the LIU upgrade [4–6].
∗ hannes.bartosik@cern.ch

OLD OCTUPOLE SCHEME
The Landau octupoles in their old configuration induced

large Q′′ (second order chromaticity) in the Q20 optics. Fig-
ure 1 shows the measured horizontal and vertical tune shift
as a function of momentum offset for normalised octupole
settings of kLOF = 2 m−4 and kLOD = 2 m−4 in comparison
to the optics model in the Q20 optics. The quadratic de-
pendence due to the induced Q′′ is evident. The range of
relative momentum deviations shown here correspond to the
bucket height of LHC beams at SPS injection with opera-
tional RF voltage settings. It should be emphasised, that the
amplitude detuning for these octupole settings is about one
order of magnitude smaller considering particles 4 standard
deviations away from the center of a beam with typical nor-
malised transverse emittances of 2 µm at the SPS injection
plateau of 26 GeV/c.

Figure 1: Measured tune shift as a function of momentum
offset compared to the optics model prediction for octupole
settings of kLOF = 2 m−4 and kLOD = 2 m−4.

The induced Q′′ restricted the usable octupole strength
for Landau damping of LHC beams: Figure 2 shows the
measured accumulated losses at the end of the flat bottom
and at the end of the cycle (i.e. including acceleration) for
an LHC beam in the Q20 optics as a function of the nor-
malised octupole strength of the LOF circuit. Within the
range of −3 m−4 ≤ kLOF ≤ 5 m−4 the flat bottom losses are
slightly enhanced, but the total losses remain the same. In
other words, the octupoles provoke flat bottom losses of par-
ticles, which would be lost during acceleration otherwise.
When the octupole strength is increased beyond these limits,
the total losses increase. This behaviour can be understood
considering that the LHC beam injected into the SPS has
large longitudinal tails resulting in full RF buckets and part
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Figure 2: Losses on flat bottom (green) and total losses in-
cluding acceleration (blue) as a function of octupole strength
of the LOF circuit for an LHC beam in the Q20 optics.

of the beam not even captured by the SPS RF system [7].
Thus, there are particles with large momentum offset circu-
lating in the SPS and the induced Q′′ can shift their tune
onto resonances (e.g. integer and half-integer). In fact, for
kLOF ≤ -5 m−4 the induced Q′′ is so large that even particles
within the RF bucket reach the horizontal integer resonance.

The contribution of octupoles to second order chromatic-
ity can be calculated as

Q′′
x,y = ±

1
2 × 4π

∮
βx,y(s)K3(s)D2

x(s)ds, (1)

where βx,y(s) are the optical beta functions, K3(s) is the
normalised octupole strength and Dx(s) is the horizontal
dispersion function. Figure 3 shows a schematic of the old

Figure 3: Schematic of the old SPS octupole scheme. The
location of octupoles in the lattice is indicated by markers for
LOF (blue) and LOD (red) octupoles for each sextant, where
the symbol inside the marker indicates the polarity (“+” for
normal, empty markers for disconnected). The dispersion
function of the Q20 optics is also shown.

octupole scheme of the SPS together with the dispersion
function in the Q20 optics. Note that the dispersion function
performs resonant oscillations in the arcs since the phase
advance per arc is about 3×2π [4]. Therefore the dispersion
function reaches relatively large peak values. In particular,
the dispersion is quite large at the locations of the octupoles
(at least of some of them). This explains the large Q′′ gener-
ated by the octupoles in the Q20 optics. In the Q26 optics on
the other hand the induced Q′′ is much smaller because the
dispersion function evolves differently along the arcs (phase
advance of 4 × 2π per arc) and its value is much smaller at
the location of the octupoles. The arrangement of octupoles
follows in general the six-fold symmetry of the SPS lattice
(except for two LOF octupoles that had to be moved in the
past to make space for special equipment, and two missing
LOD octupoles). However, not all of the Landau octupoles
installed in the SPS were actually powered in the old scheme,
but some were simply disconnected.

OCTUPOLE RECONFIGURATION
The SPS octupole scheme was reconfigured in September

2018 during a technical stop with the aim of minimizing the
octupole induced Q′′. Figure 4 shows a schematic of the
new octupole scheme. Note that the polarity of the octupoles
at locations with the maximum dispersion in the Q20 optics
have been inverted in both the LOF and the LOD circuit.
This allows best cancellation of the overall contribution to
Q′′ from all octupoles, as their individual contribution is
proportional to the square of the local dispersion function
(Eq. 1). However in this case the contribution to amplitude
detuning is also partially cancelled due to the polarity inver-
sion. Therefore additional octupoles (already installed in the

Figure 4: Schematic of the new SPS octupole scheme. The
location of octupoles in the lattice is indicated by markers for
LOF (blue) and LOD (red) octupoles for each sextant, where
the symbol inside the marker indicates the polarity (“+” for
normal, “-” for reversed, empty markers for disconnected).
The dispersion function of the Q20 optics is also shown.
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Figure 5: Measured tune shift as a function of momentum
offset compared to the optics model prediction for octupole
settings of kLOF = 3 m−4 and kLOD = 3 m−4 for the Q20 op-
tics (top), the Q22 optics [8] (middle) and the Q26 optics
(bottom).

machine but previously disconnected) have been included
in the circuits. In the new configuration, two octupoles per
sextant effectively generate amplitude detuning compared
to three octupoles in the old configuration. This means that,
in the new configuration, 1.5 times higher octupole strength
is needed to achieve the same amplitude detuning. Fig-
ure 5 shows the measured horizontal and vertical tune shift
as a function of momentum offset with the new octupole
scheme for normalised octupole settings of kLOF = 3 m−4 and
kLOD = 3 m−4 in comparison to the optics model for the avail-
able SPS optics configurations. It should be emphasized that

Table 1: Comparison of SPS Octupole Schemes

LOF position 08/04 22/30 26 28
Old polarity + 0 + +
New polarity + + – +

LOD position 03 07 27 33 35
Old polarity 0 + + 0 +
New polarity 0 + + + –

these settings produce the same amplitude detuning as for
the measurement in the old scheme shown in Fig. 1. The
clear reduction of the induced Q′′ is observed. Furthermore
it should be pointed out that similarly low values of Q′′ are
achieved in all presently available SPS optics configurations.

A comparison of the octupole polarities between the old
and the new scheme is summarised in Table 1 for the various
octupole positions in the SPS lattice (in half cell slots), where
“+” means normal polarity, “-” means inversed polarity and
“0” means disconnected. It should be emphasised that the
modification of the octupole circuits could be achieved by
an intervention on the patch panels of the corresponding
magnets and thus did not require major hardware modifica-
tions. The power converters for the SPS Landau octupole
circuits provide largely sufficient margin for the operationally
required octupole currents in this new configuration even
considering that 1.5 times higher octupole strength is needed
for the same amplitude detuning (operational values of up
to 50 A were used for fixed target beams in the old configu-
ration, while the maximum available current is more than
200 A). However, the power converters had to be retuned for
the increased load and this resulted in a reduced achievable
rate of current change dI/dt. This required a change in the
cycling of the magnets at the end of each SPS cycle (when
the beam is already extracted), but there is no issue for pro-
gramming of the octupole functions during beam presence
(as only slow variations during acceleration are needed).

CONCLUSION
In their original configuration the SPS Landau octupoles

could not be used for curing transverse instabilities for LHC
beams, as they induced large Q′′ which limited the usable
octupole strength due to incoherent losses. After the re-
configuration of the octupole circuits, the induced Q′′ is
significantly reduced as expected from optics simulations
and confirmed in measurements, and is now similar in all
available SPS optics. This opens the possibility of using the
Landau octupoles also for the stabilization of transverse in-
stabilities with LHC beams, as already exploited in machine
development studies at the end of 2018 [1].
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