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Introduction
o Since the start of 2017 operation, abnormal losses observed in LHC half-cell 16L2

o Above 60 premature dumps with the following signature occurred during 2017: 

» Sudden onset of high beam losses in 16L2

» Coherent beam motion with very fast rise times

» Beam dump due to losses in IR7, TCTs, or 16L2

o To stay operational, the LHC was limited to fewer than the nominal number of 
bunches for most of the 2017 run
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X. Buffat L. Ponce et al.



Overview

o First 16L2 event during scrubbing

o Several events during ramp-up

o Further events after TS1

o Corrector current mitigation
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o Beam screen flushing 1

o Quench

o Beam screen flushing 2

o Increased activity

o Dumps during special physics run

B. Salvant
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Vacuum
o Several considerations point to the problem being vacuum related

» The events affect both beams in the same location 

» The location corresponds to where a pumping port was connected to both apertures 
during the 2016-2017 EYETS for the venting of Sector 12

» The pump was left during the cool-down of the sector, and could have let air in

» Unexpectedly high pressures were measured at 16L2 during the beam screen 
flushing (although the issue was not resolved)

o Working hypothesis: 

» Air was let in, and some of the species,
N2 (and/or O2), condensed onto cold 
surfaces and formed a ‘frost’

» Consistent with measurements at the start 
of the YETS, which estimate that several 
liters of air were released
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https://www.youtube.com/watch?v=c0rK2bLTimQ

https://www.youtube.com/watch?v=c0rK2bLTimQ


Losses
o Three types of losses observed

o All types of losses occur on both beams

o The losses indicate the beam must be interacting with nuclei 

» Losses in 16L2 produced by inelastic collisions of beam particles with nuclei

o The loss pattern in the BLMs allows to estimate the location of nuclei

» The location of the losses is very similar in all three cases, and didn’t significantly 
change by the beam screen flushing
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• Up to a few μGy/s
• Non-linear dependence 

on intensity up to 
around 2000 bunches

• Much lower after beam 
screen flushing

• Up to a few mGy/s
• Do not lead to dumps
• No associated coherent 

motion observed

• Up to a few 100 mGy/s
• Linked with coherent 

motion
• Often preceded by UFO-

like spike
• Followed by dumps

Steady state losses UFO-like spikes (ms) Loss plateau (10s ms)

A. Lechner, D. Mirarchi
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Loss localisation
o With the added mobile BLMs the loss location could be determined to within ~1.3 m

A. Lechner



Loss characterisation
o Several considerations point to the different losses having the same origin:

» The location is very similar for all three types of losses

» The characteristics of the UFO-like spikes and the spikes preceding dump events are  
very similar

o Potential explanation for the different types of losses:
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Steady state losses UFO-like spikes Transient loss plateau

Beam-gas scattering due 
to outgassed nitrogen

A solid nitrogen 
macroparticle that enters 
the beam, gets positively 
charged and heated up by 
Coulomb interactions and 

is repelled by the beam 

A solid nitrogen 
macroparticle that enters 
the beam, gets positively 
charged, but heated up 
sufficiently to undergo a 
phase transition to a gas

A. Lechner, L. Grob, R. Schmidt 



Possibility of macroparticle phase transition
o Beam interaction with macroparticle:

» Coulomb interactions  ionize and deposit energy in macroparticle
» Inelastic nuclear interactions  particle showers, detected by BLMs
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Minimum required energy density estimated 
from nitrogen phase diagram and specific heat

Although the inelastic scattering 
events don’t contribute to energy 
deposition, they do allow to estimate 
the path length of protons within the 
macroparticle, and therefore the 
deposited energy

Assuming spherical shape

Stopping power and scattering length 
determined by FLUKA simulations

Number of inelastic collisions 
estimated from BLM signals

A certain macroparticle size is needed to produce a 
certain number of inelastic collisions 
(not reflected here) 

A. Lechner



Possibility of macroparticle phase transition
o For a typical case of 107 inelastic losses

» The presence of gas could possibly explain the observed loss duration of tens of ms, 
which is not possible for solid macroparticles, since they are repelled by the beam

o The atomic density can be estimated based on the measured loss rates
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For a macroparticle with a radius 
smaller than a few tens of μm, the 
energy density could become high 
enough (>110 J/g) to induce a 
phase transition to gas 

A. Lechner



Possibility of macroparticle phase transition
o For a typical case of 107 inelastic losses

» The presence of gas could possibly explain the observed loss duration of tens of ms, 
which is not possible for solid macroparticles, since they are repelled by the beam 

o The atomic density can be estimated based on the measured loss rates
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Assuming that 
• only nitrogen gas is present 
• the pressure bump extends 

longitudinally over 10 cm and 
over the beam cross section

Atomic density: 1020 – 1022 m-3

A. Lechner

For a macroparticle with a radius 
smaller than a few tens of μm, the 
energy density could become high 
enough (>110 J/g) to induce a 
phase transition to gas 



Instabilities
o Several different types of coherent motion associated with 16L2 events

» Single bunch or a few bunches at the head of trains

» Coupled bunch motion, often starting from the end of trains

» Sometimes only small amplitude oscillation over full beam

o Instability rise times typically a few tens of turns 

» A few longer cases, one case at injection up to 500 turns

o Practically impossible to damp instabilities with any available means
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X. Buffat



Coherent effects

o Intra-bunch motion affecting the tail of the 
bunch

» Extracted from HeadTail monitor data 

» Only visible on some events

o Positive tune shifts of up to 2 × 10-2

» Extracted from ADT data

» Often the signal is not clear enough to 
reconstruct tune data

» Positive tune shift  negative 
charge around beam: electrons?
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Head Tail

B. Salvant, T. Levens

D. Amorim et al.



Instability modelling
o For a tune shift of 10-2, the required electron density is ~5e17 m-3 over 10 cm 

» Estimated based on formula for ion trapping in electron machines

o An equivalent broad-band resonator impedance model for an e-cloud 

» Based on F. Zimmermann et al

» Shunt impedance Rs = 150 – 500 MΩ/m at frequency fr = 2.6 GHz

» Could reproduce observed rise time and intra-bunch motion

o Electron cloud simulations confirm that a density of 1017 m-3 over 10 cm may lead to

» A positive tune shift of 10-2, instability rise times below 100 turns, and intra-bunch 
motion at the tail of the bunch
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X. Buffat

N. Biancacci et.al



Instability modelling
o An electron density of 1017 m-3 over 10 cm can explain several of the observations, 

but simulations also show that such a large electron density cannot easily be 
sustained 

» After each bunch passage, when the electrons hit the wall, the density is reduced by 
several orders of magnitude

» Need either a mechanism that affects the electron dynamics and/or a recurring source of 
electrons in the chamber 
 the presence of gas in the chamber can possibly provide both

o Beam-induced ionization generates 
electrons and an equal amount of ions 

» We cannot yet simulate both species
together (work is on-going)

» Some conclusions can be drawn from 
simulations with single species
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Average electron density, during bunch 
passage with beam-induced ionization 
for different gas densities

Gas densityElectron density



Electron and ion effects
o Beam-induced electrons alone induce fast instabilities and tune shifts of 10-2 for 

atomic densities around 1026 m-3 over 10 cm

» However, ions induce strong instabilities already at atomic densities above 1024 m-3

» Ions also induce negative tune shifts, counteracting the effect of the electrons

» Both densities are higher than estimated from the losses

o The most likely scenario (based on simulations so far) is the following:

» Densities during a dump event are similar to the loss estimate: up to 1022 – 1023 m-3

» Electrons (and ions) accelerated by the beam induce additional ionization

» Ion and electron dynamics are affected by
the space charge of each other
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Electrons with energies of 50 – 500 eV
have a 100 times larger ionization cross 
section than the beam particles

BUG et al.,  Phys. Rev E.88



Sensitivities of dump events
o Current in corrector MCB.16L2  (keeping orbit fixed)

» Strong correlation between current and steady state losses before flushing

» Efficient mitigation of runaway dump events until flushing, but not sufficient after

» Mitigation possibly thanks to reduction of e-cloud due to corrector field

o E-cloud reducing bunch patterns

» Steady state losses reduced during single 50 ns fill

» With 8b4e a clear reduction of spikes (UFO-like events) and dump events

• Allowed to run with 1900 bunches and bunch intensities of 1.1 × 1011 
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25 ns  2800 b
6.5 TeV

8b4e 1900 b
6.5 TeV

G. Iadarola et al.

D. Mirarchi et al.



Sensitivities of dump events
o Solenoid installed in QQBI16L2 during TS2 

» Conceived, constructed and installed with impressive schedule

» A solenoid field of 5 – 10 mT can partially mitigate e-cloud build-up

o Observations

» Decrease of steady state losses of 60 – 70 % wrt. with solenoid switched off

» Allowed another increase in bunch intensity to 1.25 × 1011 

» Very likely had a beneficial effect: fill dumped in MD4 during ramp without solenoid 
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Solenoidal field [mT]

25 ns  2800 b
with photoelectrons

G. Arduini, A. Milanese, D. Perini et al. G. Iadarola et al.



Helpful tools and diagnostics
o Since 16L2 was a completely unexpected situation, with a complex sequence of 

events, all tools that could give any additional information were welcome

» Vacuum gauge in 16L2

» The BLMs, additional mobile BLMs, dBLMs Essential for loss analysis 

» BBQ and ADTObsBox, with new automatic triggering  Instability analysis

» HeadTail monitor  intra-bunch motion

» UFO buster

» Everyone who made tools available and followed up on the analysis of data
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o LHC performance in 2017 – what could it have looked like without the 16L2 issue?

» The corrector current mitigation allowed to run with 2556 bunches for 12 days

» Assume the same luminosity production per available day for all physics periods

• Remove fault-time explicitly due to 16L2 (beam loss root cause, beam screen flushing…)

• Ramp-ups, special physics periods, MDs etc. not included

» Luminosity gain going to 30 cm β* and 1.22 × 1011 ppb estimated to 20% (after TS2)

Data from LPC and AFT
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Total integrated luminosity

Data from LPC and AFT

o LHC performance in 2017 – what could it have looked like without the 16L2 issue?

» The corrector current mitigation allowed to run with 2556 bunches for 12 days

» Assume the same luminosity production per available day for all physics periods

• Remove fault-time explicitly due to 16L2 (beam loss root cause, beam screen flushing…)

• Ramp-ups, special physics periods, MDs etc. not included

» Luminosity gain going to 30 cm β* and 1.22 × 1011 ppb estimated to 20% (after TS2)



Conclusions
o The 16L2 issue was likely due to air left and ‘frozen’ on the vacuum chamber 

o This could have had the following consequences:

» Flakes could be released and enter the beam, potentially triggered by e-cloud

» Under some conditions the beam could deposit sufficient energy in a flake to cause 
a phase transition 

» The resulting gas could explain the losses and instabilities  the typical 16L2 dumps

 Many assumptions have to be made to arrive at these conclusions, but many 
different observations point in the same direction

o If luminosity production would have continued at the same rate as during the 
period without 16L2 dumps, an additional 13% of luminosity could have been 
produced

» This could have been further improved by pushing the parameters as was done for 
the 8b4e beam
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