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Abstract
Coherent electron cloud instabilities pose a serious lim-

itation for luminosity upgrades in the Large Hadron Col-
lider (LHC) at CERN. In particular, when bunch spacings
reach below 50 ns, electron cloud formation is enhanced
which in turn drives beam instabilities. The beam can be
stabilised by shifting the tune and by increasing the tune
spread using sextupoles or octupoles, respectively. The re-
sulting values for the chromaticity and the detuning param-
eters must be selected with care, however, in order not to
run into head-tail instabilities or to considerably reduce the
dynamic aperture. A simulation study has been launched
to estimate the parameters necessary for stabilisation of the
beam under the influence of electron clouds.

INTRODUCTION
Coherent electron cloud instabilities pose a major limita-

tion on the peak luminosity in the LHC [1]. The mitigation
of this type of instabilities is roundly being investigated.
The instabilities can be handled either passively by affect-
ing the electron cloud build-up or actively by directly con-
trolling the beam dynamics by means of the machine op-
tics. As such, the electron cloud build-up can be suppressed
by local solenoidal fields, by surface coating or by in-situ
surface cleaning using scrubbing runs for example. Beam
stabilisation through the machine optics, on the other hand,
is performed by adjusting the chromaticity and detuning
parameters using sextupoles and octupoles. Introducing
sextupolar and octupolar fields however increases the ma-
chine non-linearities, thus, enhancing parametric and cou-
pling resonances and reducing the dynamic aperture. The
sextupolar and octupolar fields strengths must, therefore,
be well selected in order to provide sufficient stabilisation
with regard to collective effects while keeping non-linear
resonances at a manageable level.

This study investigates the beam under the influence of
electron clouds and its stabilisation purely from incoherent
detuning, thus, explicitly disregarding any non-linearities
imposed. That way, the collective effects and their miti-
gation can be investigated separately from any non-linear
resonance phenomena.

The effect of the chromaticity and the detuning with am-
plitude on the electron cloud instability is investigated at
450 GeV and at 3.5 TeV.

NUMERICAL MODEL
In the numerical model the machine is composed of

dipole, quadrupole, sextupole and octupole magnets to-
gether with evenly distributed electron clouds.

Sextupoles and octupoles introduce chromatic tune shift
and detuning with amplitude given as

∆Qx,y = ∓ 1
4π

∮
βx,y(s)

(
Kx,y(s)2 ∓ S(s)2D(s)

)
δ ds ,

∆Qx =
3

8π

∮
O2
(
βx(s)2Jx − 2βx(s)βy(s)Jy

)
ds ,

∆Qy =
3

8π

∮
O2
(
βy(s)2Jy − 2βx(s)βy(s)Jx

)
ds .

Ku(s), S(s) and O(s) are the quadrupolar, sextupolar and
octupolar field strengths, respectively. βu(s) are the beta
functions, D(s) is the dispersion and Ju are the actions 1.
The chromaticity and the detuning parameters are accord-
ingly defined as

ξ′ =
∂∆Q
∂δ

, and αij =
∂∆Qi
∂Jj

, (1)

respectively. By means of this parametrisation the total
tune variation translates to

∆Qx = ξ′xδ + αxxJx + αxyJy

∆Qy = ξ′yδ + αxyJx + αyyJy .
(2)

The numerical studies are carried out using HEAD-
TAIL [2]. The beam dynamics is calculated by alter-
nate application of linear beam transport matrices and kick
matrices in a second order symplectic manner (Leapfrog
scheme). The linear beam transport matrices are computed
according to the local Twiss parameters as 2

M0→1 = N(s1)R(∆ψ)N−1(s0)

=
( √

β1 0
− α1√

β1

1√
β1

)
×
(

cos ∆ψ sin ∆ψ
− sin ∆ψ cos ∆ψ

)
×

(
1√
β0

0
α0√
β0

√
β0

)
,

(3)

and the sextupole and octupole magnets are implemented
purely via their effect on the particle detuning by means of
the chromaticity and detuning with amplitude parameters
according to eq. (2), as mentioned earlier. This leads to the
phase advance per ring section

∆ψ =
2π C
s1 − s0

(Q0 + ∆Q) , (4)

in eq. (3), where C is the ring circumference.
1u = (x, y)
2Throughout this study the smooth approximation was used.
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The kick matrix is represented by the interaction of the
beam with the electron cloud which is computed slice-by-
slice using a 2D FFT-type Particle-In-Cell (PIC) solver.

For Landau damping to be effective, a sufficient overlap
of the incoherent spectrum with the coherent modes is re-
quired in order to provide a sufficient supply of resonant
particles to absorb energy into the incoherent motion. For
TMCI-like instabilities it is therefore necessary to obtain a
tune spread in the order of the synchrotron tune, which is
already hard to achieve in practise [3]. For electron cloud
instabilities (ECI) the situation becomes more complex as
the electron cloud potential itself is strongly non-linear and
introduces additional incoherent detuning. Hence, the inco-
herent tune spectrum reflects the combined impact of chro-
matic tune shifts and amplitude dependent detuning from
sextupole and octupole magnets as well as from the inter-
action with the electron clouds.

Within this framework, both the chromaticity and detun-
ing with amplitude are used to shift and to widen the tune
spectrum in an attempt to regain stability.

SIMULATION STUDY
Simulations on the stabilisation of the electron cloud in-

stabilities using sextupole and octupole magnets have been
performed at 450 GeV and at 3.5 TeV for straight sections.
The electron cloud densities were set to 4× 1011 m−3 and
6×1011 m−3 for the two energies, respectively. These val-
ues generate instability rise times below 5 ms according to
results found in earlier work [4]. Table 1 shows the optics
and numerical parameter settings.

Bunch intensity [ppb] 1.15× 1011

εx,norm, εy,norm [µm] 2.5, 2.5
βx, βy [m] 103, 106
Qx, Qy 64.28, 59.31

Bunch length (rms) [m] ∼ 0.1

Table 1: The Parameters used for the Numerical Simula-
tions

Mitigation of ECI Using Sextupoles
Keeping the octupoles turned off and scanning the chro-

maticity ξ′ from values 2 up to 30, figs. 1 and 2 show
the coherent instability can be suppressed for values above
ξ′ ≈ 15 at both 450 GeV and 3.5 TeV which is consistent
with previous findings [5]. Only the vertical coherent mo-
tion is shown in the figures. The horizontal motion behaves
the same for straight sections and remains stable in bend-
ing magnets. At these chromaticity levels, however, higher
order headtail modes are no longer efficiently damped and
may become unstable.

Mitigation of ECI Using Octupoles
The chromaticity is set to ξ′ = 2. The octupole current

Ioct is scanned up to 550 A which is the maximum available
current that can be obtained from the power supplies. As

Figure 1: The vertical coherent motion under the influence
of electron clouds at an energy of 450 GeV for different
chromaticities.

Figure 2: The vertical coherent motion under the influence
of electron clouds at an energy of 3.50 TeV for different
chromaticities.

opposed to chromatic aberration, detuning with amplitude
is strongly energy dependent via the action J = ε/2 =
εn/(2γβ) where εn is the normalised emittance which is a
Hamiltonian time invariant. Hence, at high energies detun-
ing with amplitude becomes less effective.

Figure 3 shows that Landau damping can be achieved
at 450 GeV for octupole currents around 200 A. Fig. 4
shows the incoherent mode spectrum relative to the coher-
ent modes at this current level and reveals a sufficient sup-
ply of resonant particles for effective Landau damping 3.
Again, in practise the maximum octupole current is limited
by the dynamic aperture of the machine to about 20 A for
450 GeV [6].

Figure 5 displays that the coherent motion is not sup-
pressed at 3.50 TeV for any of the reachable octupole cur-
rents. Accordingly, fig. 6 reveals the loss of resonant par-
ticles through the narrowing of the incoherent mode spec-
trum at 200 A leading to a loss of Landau damping. As

3In the figures, the coherent mode spectrum is the spectrum for the full
bunch, whereas the incoherent spectrum is the distribution of the dominant
mode of each particle.
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Figure 3: The vertical coherent motion under the influence
of electron clouds at an energy of 450 GeV for different
octupole currents.

Figure 4: The coherent vs. incoherent mode spectrum. The
large overlap indicated there are sufficient resonant parti-
cles contributing to Landau damping.

noticed above, detuning with amplitude is nearly ineffec-
tive at 3.50 TeV.

It must be concluded that, unfortunately, for electron
cloud densities well beyond the coherent instability thresh-
old, octupoles alone are not an effective method for beam
stabilisation neither at injection energy and even less at
higher energies.

CONCLUSIONS
Beam stabilisation above the ECI threshold in the LHC

by means of sextupole and octupole magnets was investi-
gated numerically at 450 GeV and 3.50 TeV using HEAD-
TAIL. It was found that neither chromatic aberration nor
detuning with amplitude seem to provide sufficient stabili-
sation within practical limits when the electron cloud den-
sity is well beyond the instability threshold limit. Chro-
maticity values of ξ′ ≈ 15 are required for stabilisation
at both 450 GeV and 3.50 TeV. Octupole currents of up
to 200 A must be provided for stabilisation at 450 GeV
whereas the beam can not be stabilised by octupoles at
3.50 TeV. To understand better the impact of the sextupole
and octupole magnets relative to the incoherent detuning
introduced by electron clouds, future studies will attempt

Figure 5: The vertical coherent motion under the influence
of electron clouds at an energy of 3.50 TeV for different
octupole currents.

Figure 6: The coherent vs. incoherent mode spectrum.
The incoherent spectrum is shifted away from the coherent
spectrum and is too narrow to sufficiently cover the coher-
ent modes.

to separate the contribution of sextupoles, octupoles and
electron clouds to the incoherent spectrum.
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