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Motivation

Throughout 2017 operation, abnormal losses were observed in the LHC 

• Located in the 16th half-cell left of Point 2 (‘16L2’)

68 premature dumps with the following signature occurred during 2017: 

• Sudden onset of high beam losses in 16L2

• Coherent beam motion with extremely fast rise times 

• Beam dump either due to losses on the collimation system or directly in 16L2

To stay operational, the LHC was limited to fewer than the nominal number of bunches for 
most of the 2017 run. Several 16L2 events occurred also in 2018.
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Sequence of events in 16L2

The problems in 16L2 are thought to have been caused by air frozen inside the beam 
chamber, through the following sequence of events:
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The macro-particle undergoes a 
phase transition to a gas, leading 

to a a high local gas density

A macro-particle of frozen air 
(N2, O2) is detached, 

possibly triggered by e-cloud,
and enters the beam 

The beam ionizes some of the gas 
in its path. Its interaction with the 
The beam ionizes some of the gas 
in its path. Its interaction with the 
generated electrons/ions causes 
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We have been working on modelling the last 
part of this sequence of events:

o If we assume a high gas density in the beam 
chamber, can we reproduce the observations 
in a consistent manner?
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Past studies and development (2017-2018)

o Implementation of multi-species (electron-ion) simulations

- For high gas densities, we cannot assume that electron and ion populations 
generated through gas ionization do not influence each other

o Multi-species build-up and stability simulations with beam-induced ionization of N2 gas

 Confirm that electron and ion populations significantly influence each other above 
gas densities of 1019 m-3

 Qualitatively validate the proposed instability mechanism:
Fast instabilities with intra-bunch motion and positive tune shifts observed

- Quantitative agreement with loss observations is missing:
Higher gas densities (by two orders of magnitude) are required in the simulations 
compared to those deduced from losses

o See e.g. LBOC #82
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https://indico.cern.ch/event/650384/


Electron-induced ionization

The discrepancy could be due to a missing ingredient in the model

• Electrons in the energy range of 50 – 500 eV have a 50 – 100 times larger ionization 
cross section than the beam particles

6
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Electron-induced ionization

The amount of ionization depends on the electron energy distribution 

• In simulations, electron energies are favourable for electron impact-ionization in particular 
for gas densities of 1020 – 1022 N2/m-3

– See e-cloud meeting #67
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https://indico.cern.ch/event/811014/


Recent studies and development (2019)

o Implementation of cross-species ionization

- For the implementation of the cross-species ionization, we keep the same 
simplifying assumptions as are made for the beam-induced ionization

- Assume a uniform gas density in the chamber 
(no neutral macro-particles, no collisions  not full-scale plasma simulations)

- Single ionization only

o See e-cloud meeting #69
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Beam-induced ionization Electron-induced ionization

https://indico.cern.ch/event/835473/


Recent studies and development (2019)

o First simulation study with cross-species ionization included

- With electron induced ionization,  electron and ion densities are significantly increased 
for gas densities above 1019 m-3

o See e-cloud meeting #69
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An unexpected self-sustaining 
behaviour is observed with 

gas density 1020 N2/m3

Sudden drops and recoveries 
of the electron density occur 
also for higher gas densities 

all along the train

To investigate if these features are 
physical, code developments as well 

as detailed studies, saving and 
exploring the full simulation state at 

regular intervals along the simulation, 
have been performed

https://indico.cern.ch/event/835473/


Energy evolution

As a first consistency check, we monitor the total energy in the system

• Previously only the kinetic energies of each cloud were saved, so calculation and saving 
of the electrostatic energy was implemented

After the last bunch passage, no external 
energy is injected into the system

 The total energy should stay 
constant or decrease

• Instead, an increase is observed in
every energy component

 The evolution after the bunch 
train is unphysical
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The wall is a net energy absorber



Energy evolution

During the bunch train passage, energy is injected only during individual bunch passages

 The total energy should stay constant or decrease between bunch passages

• Instead, an energy increase is observed
also between bunch passages

 The evolution becomes unphysical 
already during the bunch train 
passage
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Unphysical evolution 
correlates roughly with 
neutralisation of system

The wall is a net energy absorber



E-field evolution

There appears to be a correlation between the artificial energy growth, the (quasi-) 
neutralization of the system and increasingly noisy e-fields
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E-field evolution

There appears to be a correlation between the artificial energy growth, the (quasi-) 
neutralization of the system and increasingly noisy e-fields
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Also the e-field magnitude 
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E-field evolution

There appears to be a correlation between the artificial energy growth, the (quasi-) 
neutralization of the system and increasingly noisy e-fields

It looks like the simulation suffers from numerical heating, where local noise in the electric 
field artificially accelerates the electrons  unphysical energy growth
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Effect of regenerations

During e-cloud simulations, the electron 
densities increase exponentially

• To keep the number of macro-particles 
manageable, macro-particles are 
rescaled (regenerated) throughout the 
simulation

• When performed in large steps, a 
correlation is observed between the 
regenerations and the slope of the 
(unphysical) energy growth

24



Effect of regenerations

During e-cloud simulations, the electron 
densities increase exponentially

• To keep the number of macro-particles 
manageable, macro-particles are 
rescaled (regenerated) throughout the 
simulation

• When performed in large steps, a 
correlation is observed between the 
regenerations and the slope of the 
(unphysical) energy growth

 The regenerations inject more noise 
into the system

25



Effect of regenerations

During e-cloud simulations, the electron 
densities increase exponentially

• To keep the number of macro-particles 
manageable, macro-particles are 
rescaled (regenerated) throughout the 
simulation

• When performed in large steps, a 
correlation is observed between the 
regenerations and the slope of the 
(unphysical) energy growth

 The regenerations inject more noise 
into the system

26

With smaller regenerations, no evident 
correlation occurs.  The unphysical evolution 

is slightly damped and postponed, but not 
mitigated



Cross-ionization imbalance

Another source of artificial imbalance is introduced in the system by the cross-ionization

• In principle the same amount of electrons and ions should be generated 

• But, since the probabilistic algorithm 
depends on the macro-particle weight 
of each cloud, small fluctuations occur

• The introduced imbalance is small 
compared to the number of particles 
in the clouds
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Cross-ionization imbalance

Another source of artificial imbalance is introduced in the system by the cross-ionization

• In principle the same amount of electrons and ions should be generated 

• But, since the probabilistic algorithm 
depends on the macro-particle weight 
of each cloud, small fluctuations occur

• The introduced imbalance is small 
compared to the number of particles 
in the clouds

...but not so small with respect to the 
net charge (electrons - ions), which 
essentially determines the fields
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An option was implemented to enforce the 
algorithm to use the same probabilities for 

all clouds, removing the imbalance, but 
this didn’t cure the simulation



Macro-particle number

Numerical noise can also be decreased by increasing the number of macro-particles

• In order to keep the computational time within reasonable limits, a parallelization 
scheme was introduced in the build-up simulation

• A clean e-cloud build-up simulation typically requires around 250 000 macro-particles, 
for these studies the number was pushed up to 8 million per cloud
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Macro-particle number

Numerical noise can also be decreased by increasing the number of macro-particles
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for these studies the number was pushed up to 8 million per cloud
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The numerical breakdown 
can be shifted to later in 

the bunch train, but is not 
avoided

Before the breakdown, the 
simulation is converged 

with respect to the macro-
particle number



Convergence with respect to time step

The time step is scanned, keeping a large number of macro-particles

• The electric fields are updated at each step, whereas in typical build-up simulations 
updates can be done every 5-10 time steps

• With the smallest time step, simulating 60 bunch passages takes about 10 days
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Also a small time step is 
needed in order to 

postpone the numerical 
breakdown

Before the breakdown, 
convergence with respect to 
the time step is acceptable



Convergence with respect to grid cell size

The dependence on the grid cell size is non-linear:

• For a fixed number of macro-particles, a smaller cell size makes the fields more noisy 
and the numerical instability set in earlier

• A large cell size is also prone to numerical instability
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Before the breakdown, 
convergence with respect 

to grid size is good



Higher gas densities

Increasing the gas density by a factor of 10 
to 1021 m-3, the numerical breakdown 
occurs already at the beginning of the 
simulation
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Higher gas densities

Increasing the gas density by another
factor of 10 to 1022 m-3, the numerical 
breakdown occurs during the first 
bunch passage

34

Sudden drops of the electron 
density occur when the simulation 

is already compromised



Conclusions

We have identified the limit of our simulation model due to numerical heating

• For a gas density of 1020 m-3 the simulation is converged for 50-60 bunch passages 

• We cannot currently simulate gas densities above 1020 m-3, as the breakdown occurs after 
only a few bunch passages

The simulation is converged wrt numerical parameters until the runaway starts

• This indicates that this model is sufficient to cover the evolution until that point

• To try to improve the simulation further, neutrals would need to be tracked and collisions 
modelled  full-scale plasma simulations (huge development efforts required)
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Conclusions

Based on what we have so far, we can conclude that

• Cross-ionization increases the electron and ion densities up to at least 1017 m-3

• Based on previous instability simulation studies (with a different initial state without 
cross-ionization, but similar average electron and ion densities), this could be 
compatible with the observed instabilities

• Refined instability simulations could be done starting from the results of build-up 
simulations with cross-ionization with a reasonable effort (a few more weeks of work)
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Nominal LHC vacuum

For low gas densities, only a small number of particles are produced through ionization

 Numerical instability is not a problem

 Electron population is dominated by secondary emission

Simulations with ionization have been carried out with 10-8 mbar of CO gas in LHC at 7 TeV

37

The small number of ions 
produced through gas ionization is 

insignificant for the heat load 

…but could perhaps be relevant 
for the surface chemistry of the 

beam screen 



Nominal LHC vacuum

For low gas densities, only a small number of particles are produced through ionization

 Numerical instability is not a problem

 Electron population is dominated by secondary emission

Simulations with ionization have been carried out with 10-8 mbar of CO gas in LHC at 7 TeV
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The ion current and energy 
spectrum have been determined



Conclusion

Under nominal LHC vacuum, ionization processes are insignificant for the build-up process 
and the heat loads

• The energy spectrum and current of the ion population produced through ionization 
have been estimated, to help determine if they can be relevant e.g. for the beam screen 
surface chemistry
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Multi-species build-up

Multi-species simulations show that electron multipacting becomes less important than 
beam-induced ionization from gas densities around 1020 N2/m3 and the dynamics are 
qualitatively and quantitatively different compared to single-species simulations
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450 GeV, SEY=1.75



Beam stability
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The gas density during the 16L2 events 
could be estimated based on the observed 
loss rates

• For the 2017 events, N2 gas densities 
were estimated to 1019 – 1021 L-1m-2, 
with the gas covering the length L

A. Lechner et al IPAC 2018

First multi-species beam dynamics 
simulations show beam instabilities for gas 
densities ≥ 1021 L-1m-2

• This covers only the upper range of the 
observed instabilities in the machine 
(1019 – 1021 L-1m-2)

Electron-induced ionization, which has been neglected here, may increase the electron 
and ion densities for a given neutral  gas density, if it is important in the studied cases


