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E-cloud effects in the Large Hadron Collider:

1 Heat loads,
2 Instabilities (reviewed by L. Mether),
3 Longitudinal phase shifts (mentioned by T. Argyropoulos),
4 Emittance growth,
5 Slow beam losses.
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Section 1

Measurements
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The Losses

Luminosity burn-off decreases (because of Intensity)
Continuous rate of additional losses

1Instruments used: Fast Beam Current Transformer, ATLAS, CMS.
2Data collected in Run 2, 2018.
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The Filling Scheme

Standard 2018 Physics filling scheme (2556 bunches) [lpc.web.cern.ch]

Magnification:
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All Bunch-by-Bunch Losses

“Global” picture: Fairly constant loss rate (Corrected for
burn-off), growing from head to tail of trains.
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The 4 different bunches
Number of Beam-Beam Long-Range (BBLR) interactions changes
per bunch in the filling scheme.

Group 1: Few BBLR, reduced e-cloud effects
Group 2: Max BBLR, reduced e-cloud effects
Group 3: Max BBLR, stronger e-cloud effects
Group 4: Few BBLR, stronger e-cloud effects

7 / 25



Case #1: A Physics Fill

Immediately, a bunch-by-bunch pattern emerges that reminds of a
typical E-cloud buildup behaviour.
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Case #2: The Crossing Angle

Typical crossing angle leveling Test with constant crossing angle

Crossing angle definitely plays a role,
decreasing crossing angle → increase of losses.
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Case #3: Final Focusing Quadrupoles (Inner Triplets)

PyECLOUD3 e-cloud build-up simulations:
One beam Two beams

1 Beam: In small 200 ns gaps between batches the electron cloud
decreases significantly.
2 Beam: Beams are not synchronized and e-cloud cannot decay.
build-up continues uninterrupted.

3https://github.com/PyCOMPLETE/PyECLOUD
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Case #3: Final Focusing Quadrupoles
One beam Two beams

In both cases: Losses bunch-by-bunch pattern resembles the
electron cloud buildup in the Final Focusing Quadrupoles.

42 trains of 12 bunches were injected in the other beam (one colliding and
one not) for extra checks.
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Case #4: Measurements with a different β∗

β∗ = 65 cm , φ = 120µrad
(Large ATS telescope)

β∗ = 30 cm , φ = 150µrad
(Moderate ATS telescope)

We decrease β in the final focusing quadrupoles to reduce the
effect of their e-cloud.
We increase β in arcs to enhance the effect there.

5For more details, see S. Fartoukh:
https://indico.cern.ch/event/772189/contributions/3209049/.
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https://indico.cern.ch/event/772189/contributions/3209049/


Summary of measurements

Electron cloud related losses are
enhanced when:

1 reducing β∗,
2 reducing crossing angle,
3 two beams are present;

yet not when:
4 increasing beta function in

the arcs.

E-cloud snapshot6

All observations point to the Inner Triplets.

6PyECLOUD simulation of a quadrupole in the Inner Triplets.
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Section 2

Towards Simulation
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Numerical Tracking
Single-particle tracking simulations (MAD-X, Sixtrack, etc...) have
had great success and are routinely used to:

1 study Dynamic Aperture (magnet misalignments, field
imperfections, beam-beam interactions etc.)

2 perform Frequency Map Analyses,
3 optimize Luminosity,
4 and others.
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2 perform Frequency Map Analyses,
3 optimize Luminosity,
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“Proof of principle” study → we
can use GPUs with Sixtracklib to
directly simulate slow losses.

LHC lattice (24k elements)
6D Beam-Beam lenses
2 · 107 turns = ∼30mins
10000 particles/GPU
4.5 days

[J. Malewicz]
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Electron cloud kick

Strategy

Implement a 6D symplectic electron cloud kick7 in tracking
produced by the Hamiltonian H(x , y , ζ; s) = qL

β2γmc2φ (x , y , ζ) δ(s),
where the scalar potential φ describes the e-cloud8.

x 7→ x

px 7→ px −
qL

β2γmc2
∂φ

∂x
(x , y , ζ)

y 7→ y

py 7→ py −
qL

β2γmc2
∂φ

∂y
(x , y , ζ)

ζ 7→ ζ

δ 7→ δ − qL

β2γmc2
∂φ

∂ζ
(x , y , ζ)

7Thin-lens, rigid beam, “frozen” pinch approximation, ζ = β
β0

s − βct
8see G. Iadarola, CERN-ACC-NOTE-2019-0033.
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Tricubic Interpolation

Objective

If the e-cloud scalar potential, φ(i ,j ,k) is known on a 3D grid,
Tricubic Interpolation9 can produce symplectic 6D kicks.

f (x , y , z) =
3∑

i=0

3∑
j=0

3∑
k=0

aijkx
iy jzk

aijk is found by imposing{
f , ∂f∂x ,

∂f
∂y ,

∂f
∂z ,

∂2f
∂x∂y ,

∂2f
∂x∂z ,

∂2f
∂y∂z ,

∂3f
∂x∂y∂z

}
on the 8 corners.

9Lekien, F & J. E., Marsden. (2005). Tricubic Interpolation in Three Dimensions. International
Journal for Numerical Methods in Engineering. 63. 10.1002/nme.1296.
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Application to a PyECLOUD simulation

tail head

Macro-particle noise can be reduced by
averaging many simulations.
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Application to a PyECLOUD simulation

tail head

Macro-particle noise is reduced by
averaging 1000 simulations.
Analytical derivative of the interpolant
(i.e. kick) seems well-behaved.
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Interpolator Issues

Closer look reveals irregularities.
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Interpolator Issues

Closer look reveals irregularities.
Refinement of the Poisson problem solution can mitigate these
artifacts.
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Impact of irregularities

Simple tracking of a linear
2D phase space rotation and
an e-cloud symplectic kick.
Very important to minimize
irregularities.
By reducing them, there is
significant impact on the
particle motion.
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Conclusion

Electron cloud effects can damage the lifetime of the beam.
In the LHC, losses in collision are caused by e-clouds and can
be traced back to the final focusing quadrupoles.
Can create undesired systematic variations across bunches.
Can constrain the use of other non-linearities for the
migitation of coherent beam instabilities.
Work is ongoing to integrate these effects in tracking
simulations used to study incoherent effects in the LHC
(Sixtracklib code).
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I thank you for your attention!
Konstantinos Paraschou
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The Betatron Squeeze

Clear correlation between
Loss rate and the betatron
function at the interaction
points.
Bunches with stronger
e-cloud effects exhibit
larger losses.
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