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Abstract
Events linked to fast losses in the LHC half-cell 16L2

have plagued a large part of the 2017 run. While a detailed
analysis of what happened is treated at the LHC Performance
Workshop (Chamonix 2018), this contributionwill gather the
available observations and the understanding of the situation
as predicted by simulations and models, before the warm-up
during the 2017 year-end technical stop (YETS). The impact
of the 16L2 events on the global LHC performance in 2017
will also be evaluated.

INTRODUCTION
Since the start of 2017 operation, abnormal losses were

observed by the beam loss monitors in the LHC half-cell
16L2 (see Fig. 1) [1]. During the year, in total 68 premature
dumps linked to losses in 16L2 occurred (see Fig. 2). The
events could be characterised by the following signature: a
sudden onset of high beam losses in 16L2, coherent beam
motion with very fast rise times, and eventually a beam dump
due to losses either on the collimation system, or directly in
the half-cell 16L2. In order to stay operational, the LHC was
limited to around 25% fewer than the nominal number of
bunches for most of the 2017 run, as is illustrated in Fig. 2.
From an early stage, several observations pointed to the

issue being related to a local vacuum degradation. Firstly,
the losses, which occurred on both beams in the same loca-
tion, indicated the presence of nuclei in the beam vacuum.
Furthermore, the losses occurred in a location where a pump-
ing module was connected to both magnet apertures during
the 2016–2017 extended year-end technical stop (EYETS),
when Sector 12 was opened for the exchange of a faulty
dipole magnet. In addition, unexpectedly high pressures
were observed by additional vacuum gauges installed in
16L2 during the beam screen regeneration (marked in Fig. 2),
which consists of increasing the beam screen temperature to
approximately 80 K, although the issue was not resolved [2].
These observations led to the suspicion that some air could
have been let in around 16L2 during the cool-down of Sector
12, and condensed on the cold surfaces as a frost, consist-
ing mainly of nitrogen and oxygen. The hypothesis was
confirmed during the complete beam screen and cold-bore
warm-up to 80 K that took place after the end of the 2017
run, where observations were consistent with several litres
of air having entered each beam line in 16L2 [3].

LOSS OBSERVATIONS AND MODELLING
The losses observed in 16L2 provided one of the most

important pieces of information for the understanding of the
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sequence of events leading to the beam dumps. Since the
losses are produced by inelastic collisions of beam particles
with nuclei, the observed longitudinal pattern in the beam
loss monitors (BLMs) allows estimating the location of the
nuclei based on energy deposition simulations. With the aid
of additional mobile BLMs that were installed in 16L2 for
improved diagnostics, the location of the losses could be
determined to within roughly 1.3meters, to the region of the
MCB.16L2 dipole corrector and/or the interconnection be-
tween the 16L2 quadrupole and its neighbouring dipole [4].
The measured beam loss pattern during a 16L2 event and the
simulated loss pattern are shown in Fig. 1. The loss patterns
were very similar for all the dump events, and there was
no significant change observed in the loss location after the
beam screen regeneration.

Figure 1: Measured and simulated BLM patterns for a beam
loss event in 16L2 at 6.5 TeV [4].

During the operational year, three distinct types of losses
could be observed in 16L2 [5]:

• Steady-state losses
Loss rates up to a few µGy/s (around a factor 10 higher
than the background) were observed throughout fills
from the beginning of operation [6]. Such losses were
significantly reduced by the beam screen regeneration.

• UFO-like spikes
Loss spikes of millisecond duration with loss rates up to
several tens of mGy/s were observed sporadically. Such
events on their own were not associated with coherent
beam motion, nor with beam dumps, and were similar
to standard dust particle, or UFO, events [7, 8].

• Dump events
These events are characterised by an increasing rate of
losses up to about a hundred mGy/s, over a duration
from a few milliseconds to several tens of milliseconds.
They were correlated with coherent motion and always
ended with a beam dump. As shown in Fig. 3, such
losses were often preceded by a UFO-like spike, as
described above.



Figure 2: Overview of fills in 2017. The green markers show the number of bunches per beam for fills that reached an
energy above the injection energy, while the red dots mark fills that were dumped due to events in 16L2.

All three types of losses were observed intermittently on
each beam, and the loss pattern showed that the location
of their source was very similar [9]. These considerations,
together with the similarities between the UFO spikes and
the initial stage of the dump events, point to a common origin
for all three types of losses.

Assuming the presence of condensed air (nitrogen and/or
oxygen) in the beam chamber, the different losses could be
explained as follows. The steady-state losses may arise due
to beam-gas scattering with out-gassed nitrogen or oxygen.
The UFO-like spike events could be explained by a solid
nitrogen/oxygen macro-particle that is detached from the
condensate and intercepts the beam [7, 8]. As for typical
UFO events involving dust particles, the macro-particle is
heated and positively charged through Coulomb interactions
with beam particles, and is eventually repelled by the beam.
The dump events, on the other hand, although often initi-
ated by a UFO-like spike, cannot be explained simply by a
solid macro-particle entering the beam. Instead, such a loss
pattern could arise if a macro-particle that enters the beam,
as described above, is sufficiently heated up to undergo a
phase transition to a gas [7,10]. The subsequent presence of
the gas, could explain both the continued high loss rate and
the observed coherent effects. The loss pattern of a typical
dump event is shown in Fig. 3, with the presumed transition
from a solid macro-particle to the gas phase indicated.

Figure 3: Measured loss rate as a function of time during a
16L2 dump event.

The possibility of a phase transition from solid to gas to
occur for a nitrogen macro-particle has been studied based
on loss observations and energy deposition studies [11]. The
minimum required energy density for a transition from solid
to gas can be estimated based on the phase diagram and
specific heat of nitrogen to be around 110 J/g. Assuming
a spherical macro-particle of radius r, the energy density
deposited in it by the beam can be estimated to

εd (Ni ,r) =
dE
dx
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Niλ

3
4πr3

, (1)

where dE
dx

���r is the restricted stopping power of beam protons
in the macro-particle, Ni is the number of inelastic collisions
of beam protons with nuclei in the macro-particle and λ is
the inelastic scattering length for the macro-particle. The
stopping power and scattering length can be determined
by energy deposition simulations, whereas the number of
inelastic collisions can be estimated from BLM signals.

Figure 4: Measured loss rates (top) and estimated atomic
densities (bottom) during beam loss events in 16L2 in 2017.



For a typical dump event, with an estimated 107 inelastic
collisions during the loss peak, the energy density could be-
come high enough (>110 J/g) to induce the phase transition
to gas of a macro-particle with a radius around a few tens of
micrometers. The macro-particle could thus lead to a local
pressure bump, with significantly higher gas densities than
expected for the residual gas. The atomic density during indi-
vidual dump events can be estimated based on the measured
loss rates [11]. Assuming that only nitrogen gas is present
and that the pressure bump extends longitudinally over a
distance of 10 cm and transversally over the full beam cross
section, the atomic densities during the events in 2017 are
estimated to lie in the range 1020 – 1022 m−3, as illustrated
in Fig. 4.

OBSERVATIONS AND MODELLING OF
COHERENT EFFECTS

The 16L2 dump events were often associated with co-
herent beam motion. Several distinct patterns of unstable
bunches were observed during different dump events [12].
In some events, only a few bunches at the head of the bunch
trains were oscillating, while in others coupled-bunch mo-
tion over a large part of the bunches could be observed.
In some cases the first pattern could be seen initially, fol-
lowed later by the second one. In other events, only a small-
amplitude oscillation over the full beam could be detected.
When significant coherent oscillations occurred, the unstable
motion developed very fast, typically with rise times shorter
than 100 turns [13]. This is faster than expected from known
instability driving mechanisms for the LHC at 6.5 TeV, such
as impedance or electron cloud. Attempts to mitigate the
instability with standard techniques, e.g. by increasing the
Landau damping with octupole magnets or increasing the
damping rate of the transverse feedback, were unsuccessful,
as anticipated for such fast instabilities.

Figure 5: Coherent motion observed during a 16L2 event.

Due to the very fast development of the dump events,
it was rarely possible to acquire sufficient data for further
analysis of the unstable motion. In a few events, however,
the headtail monitor, which was set up to record the last 11

turns of dump events, detected a clear signal of intra-bunch
motion [14]. In these cases, intra-bunch motion affecting
in particular the tail of the bunches was observed, as shown
in Fig. 6a. Furthermore, during slower events, where the
instabilities evolved for a sufficient number of turns before
the beam dump, it was also possible to perform frequency
analysis of the unstable motion to deduce the single bunch
coherent tunes [15]. In these cases, positive tune shifts of
magnitudes up to 2 × 10−2 were observed. An example of
measured tune shifts during a 16L2 event is shown in Fig. 6b.

(a) Intra-bunch motion during the last turns of a 16L2 event. The
head of the bunch is on the left and the tail on the right.

(b) Bunch-by-bunch coherent tunes during a 16L2 event. The
reference tune is indicated by the blue line.

Figure 6: Measurements during 16L2 events.

Since the instabilities were much faster than expected
from impedance or electron cloud, it was initially speculated
whether they could be caused by ions [16]. However, both
the observed intra-bunch motion and the tune shifts suggest
that electrons likely play an important role in the instability
mechanism. Intra-bunch motion concentrated at the tail of
bunches is a typical signature of fast electron cloud instabil-
ities [17], whereas ions are too slow to move significantly
on the time scale of a bunch passing, and therefore are not
expected to cause significant intra-bunch motion. In addi-
tion, a positive tune shift can be caused by a concentration



of negative charge in the core of the beam [18]. In order
to induce the observed fast rise times and the large positive
tune shifts, however, the electron densities involved must
be significantly higher than expected in standard electron
clouds in the machine.
The required electron density for a tune shift of 10−2

could be estimated based on analytical models to around
5 × 1017 m−3 if stretched over a 10 cm length [19]. An
equivalent broad-band resonator impedance model for an
electron cloud could also roughly reproduce the observed
rise time and intra-bunch motion, with a shunt impedance
Rs = 150 – 500 MΩ/m at the frequency f r = 2.6 GHz [20].
Macro-particle simulations of the beam-electron interaction
confirm that an electron density of 1017 m−3 over 10 cm may
lead to similar rise times, tune shifts and intra-bunch motion
as observed [21]. However, simulations also show that such
a large electron density on its own cannot easily be sustained
in the beam chamber. After each bunch passage, when the
electrons hit the wall, the density is reduced by several orders
of magnitude (see Fig. 7). This suggests that a recurring
source of electrons and/or an ingredient that modifies the
electron dynamics, e.g. ions, must be present in the chamber.

Figure 7: Simulation results of the average electron density
during a bunch passage for different N2 gas densities.

The presence of a high gas density, such as estimated from
the loss observations, could generate a high electron den-
sity at each bunch passage through beam-induced ionization.
Figure 7 shows simulation results of the average electron
density during a bunch passage for beam-induced ionization
with varying N2 gas densities. Beam dynamics simulation
studies show that beam-induced electrons can induce fast in-
stabilities and tune shifts of 10−2 for atomic densities around
1026 m−3 over 10 cm. However, beam-induced ionization
generates electrons and ions in equal amounts. Preliminary
simulation studies show that also ions alone can induce fast
beam instabilities, if the gas density is above 1024 m−3, but
the observed tune shifts and intra-bunch motion have not
been reproduced. In both cases, the integrated gas densities
required to induce fast instabilities in the simulations are

larger than the densities estimated from the loss observa-
tions.

The simulation studies discussed above consider only the
interaction between the beam and one type of particle (elec-
tron or ion) at a time, due to the current limitations of the
available simulation tools. For typical electron-induced in-
stabilities where the residual pressures are relatively low and
the electron population builds up over multiple bunches or
trains, while ions are repelled by the beam onto the wall, it
can be justified to neglect the presence of ions. However,
with the high gas densities expected in 16L2, where high
numbers of the two species may be produced over a sin-
gle bunch passage, the electrons and ions may significantly
impact each other’s motion. Furthermore, additional gas
ionization by the electrons (and potentially ions) moving in
the vacuum chamber may also be an important ingredient
in the 16L2 events and might enhance the electron and ion
densities for a given neutral gas density. Efforts to extend the
current simulation tools to model the full beam-electron-ion
system as well as the effects of electron-induced ionization
are currently on-going [22, 23].

MITIGATION OF DUMP EVENTS
Whereas it proved not to be possible to mitigate the in-

stabilities during dump events, the losses observed in 16L2
were found to be affected by different beam and machine con-
figurations. The current in the dipole corrector MCB.16L2,
in the vicinity of the 16L2 quadrupole, was found empirically
to have an impact on the losses. A strong correlation was
observed between the steady state losses and the corrector
current, while the beam orbit was kept fixed by compensating
with other corrector magnets [24]. In the range of currents
with a beneficial effect on the steady state losses, also the
dump events were efficiently mitigated [25]. This allowed
a period of 12 days of luminosity production without any
premature dumps due to 16L2 events, using the full BCMS
beam with 2556 bunches, as foreseen for physics production
in 2017. After the subsequent beam screen regeneration,
however, the corrector current was no longer sufficient to
prevent dump events (see Fig. 2).

Several observations over the run suggested that the losses
in 16L2 may be sensitive to electron multipacting. First,
during a fill with 50 ns bunch spacing, which is known to
significantly suppress electron multipacting with respect to
the 25 ns bunch spacing, a reduction was observed in steady
state losses per proton [24]. Furthermore, a possible expla-
nation for the beneficial effect of the corrector current on the
losses could be provided by the impact of the magnetic field
on electron multipacting. Results from electron cloud simu-
lations, Fig. 8a, show that the current of electrons impinging
on the chamber walls depends significantly on the magnetic
field in the corrector for the standard 25 ns beam [26]. In
addition, whereas in a field-free region the full surface is
exposed to the electron current, a dipolar magnetic field lim-
its the surface area that is exposed, which may have had an
important effect on the losses.



(a) 25 ns beam with 2800 bunches.

(b) 8b+4e beam with 1900 bunches.

(c) 25 ns beam with 2800 bunches in solenoid field.

Figure 8: Simulation results of the electron current for differ-
ent beams, magnetic fields and maximum secondary emis-
sion yield, δmax.

A difficult period following the beam screen regeneration,
during which attempts to gradually ramp up the bunch in-
tensity and number of bunches to the nominal values failed
due to frequent 16L2 events, could be overcome by using an
electron-cloud-reducing filling scheme. The 8b+4e bunch
pattern, which consists of trains made up of several short
trains of eight bunches with 25 ns bunch spacing, separated
by four empty slots, was shown in 2015 to effectively sup-
press electron cloud [27]. The bunch pattern was predicted
to significantly reduce the electron current in the sensitive
areas in 16L2 compared to the standard 25 ns beam [28], as
seen in Figs. 8a and 8b. Operating with the 8b+4e bunch
pattern, a significant reduction of UFO-like spikes and dump
events was observed, enabling to run stably with nominal

bunch intensities of 1.1 × 1011 protons and around 1900
bunches per beam, the maximum number possible for this
filling scheme [29].
To further reduce the electron multipacting, a solenoid

was installed in the drift space in 16L2 during the second
technical stop of the run (TS2) [30]. Simulation results, seen
in Fig. 8c, indicate that the solenoid fields achievable with the
installed device, around 5 – 10 mT, can reduce the electron
current on the chamber walls. Similar solenoid fields were
successfully used at CERN in the past to reduce electron
cloud in the transfer line between the PS and the SPS [31].
Tests with the solenoid in 16L2 switched variably on and
off showed a decrease of steady state losses of 60 – 70%
when the solenoid was switched on [32]. With the solenoid,
the bunch intensity could be further increased to around
1.25 × 1011 protons for the remainder of the physics run.

IMPACT ON PERFORMANCE
Despite the issue in 16L2, the integrated luminosity de-

livered to the two main experiments exceeded the target of
45 fb−1 set for 2017. This can be attributed in part to the
effective mitigation strategies, but also to additional mea-
sures implemented in order to increase the instantaneous
luminosity. Once stable operation with the 8b+4e beam was
established, an alternative production scheme using batch
compression (BC), which yields a higher beam brightness,
was employed in the injectors to increase the luminosity [33].
In addition, after TS2, the β∗ in interaction points 1 and 5
was reduced to 30 cm, further enhancing the instantaneous
luminosity [34].

Although the LHC performance was better than predicted
in 2017, it was significantly impacted by the 16L2 events.
Both the decreased time in physics production due to the
premature beam dumps and the limitations on the total beam
intensity in order to avoid the events will have degraded
the performance. Because the down-time due to 16L2 is
visible in the LHC statistics mainly as increased time in
operations due to the shortened fill times, rather than as
unavailable machine time, its impact on the performance
is not straightforward to evaluate [35]. Instead, the 12-day
period without 16L2 dumps, enabled by the corrector current
mitigation, can be used as a reference period to estimate the
luminosity that could have been produced with a similar
performance throughout the run.

In practice, the reference period is used to define the aver-
age integrated luminosity production per available machine
time for the BCMS beam with 2556 bunches. The avail-
able time in the absence of 16L2 is then estimated for other
parts of the run, by considering the machine to have been
available during any down time explicitly caused by 16L2,
such as the recovery from a 16L2-induced quench and the
time for the beam screen flushing. The projected integrated
luminosity based on these considerations is shown in Fig. 9
by the red bars, for different periods as well as over the full
run. Any periods that were not strictly dedicated to standard
physics production at maximum capacity, such as intensity



Figure 9: Integrated luminosity in IP 1 and 5 during different periods of the 2017 run. The delivered luminosity (blue) is
compared to extrapolated values in the absence of 16L2 events, without (red) and with (green) a reduction in β∗ after TS2.

ramp-ups after stops, machine development sessions and
special physics runs, have not been included in the analysis
and their luminosity is included as such. For comparison,
the blue bars in Fig. 9 show the actual delivered luminosity
during the run. The largest impact is seen between the cor-
rector current mitigation and the third machine development
block (MD3), which was indeed a period with frequent 16L2
events (see Fig. 2). In total, it is estimated that 13% more
integrated luminosity could have been produced during the
run without the 16L2 events.
After TS2, the delivered integrated luminosity exceeds

the projected value, which can be attributed to the increased
beam brightness, bunch intensity, and decreased β∗ after this
period. Luminosity evolution models suggest that similarly
increasing the bunch intensity and decreasing the β∗ with the
full BCMS beam would increase the luminosity compared to
the reference case by around 20% [36], yielding a modified
projection illustrated by the green bars in Fig. 9. With these
additional measures implemented after TS2, it is estimated
that the delivered integrated luminosity could have been
increased by 23%.

It should be noted that there were additional consequences
of the operational scenario that are not considered in this
analysis. With the 8b+4e bunch pattern the delivered lumi-
nosity was produced with a higher pile-up to luminosity ratio
than with the standard beam, which is less favourable for the
experiments [37]. In addition, LHCb in particular suffered
from the reduced number of bunches and the smaller number
of collisions compared to the standard bunch trains.

CONCLUSION
In 2017, the LHC suffered from beam dumps with a char-

acteristic sequence of events that were never observed in the
machine before. The problem is now understood to have
been caused by the presence of condensed air inside the
vacuum chamber, after an accidental air inlet during the
cool-down of the affected sector. The observations and anal-

ysis summarized in this contribution point to the following
explanation for the dump events.

The events were triggered by macro-particles of the frozen
air being released and entering the beam. Under certain
conditions, the beam could deposit sufficient energy in the
macro-particle to induce its phase transition to a gas. This is
the key event leading to the runaway conditions that would
inevitably lead to a beam dump. The interaction of the beam
with the gas resulting from the phase transition could explain
both the continued losses and the instabilities associated with
16L2 dumps. More advanced tools that allow detailed mod-
elling of the instability mechanism to support this hypothesis
are under development.
Thanks to the realisation that electron cloud played an

important role in releasing the macro-particles, stable op-
eration could be restored with measures in place to limit
electron cloud production. Together with the steps taken to
enhance the luminosity production, excellent LHC perfor-
mance was achieved. Nevertheless, it is estimated that the
integrated luminosity over the year could have been 13-23%
higher without the 16L2 events.
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