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Abstract

Simulations on the effects of an electron lens (e-lens) on the halo population
depletion have been carried out for the High Luminosity LHC (HL-LHC). In par-
ticular, the different operational modes, and the interaction with the non-linearities
introduced by octupoles and chromaticity have been explored.

This study has found that the random activation of the electron beam removes
completely the halo above its inner radius on a timescale of 10 s. For all other
operational modes, the octupole current variation increases the loss to higher values
and to different rates depending on the specific mode and current value. Also, the
increase of chromaticity causes a growth in population loss. Finally, an estimation
is given for chromaticity and octupole current at HL-LHC baseline values.
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1 Introduction

In the CERN Large Hadron Collider (LHC), there exists a system of collimators
used to dispose of halo particles in a controlled and safe manner. It plays an es-
sential role in the protection of the machine. The different elements of the system
are supposed to intercept the particles preventing them from being lost in the cold
aperture. However, a complete absorption of all particles interacting with a colli-
mator is not possible. The "leakage" from the collimators to the machine aperture
can be quantified with the so-called cleaning inefficiency, defined as the probabil-
ity for a particle interacting with a collimator of being lost on the superconducting
magnets [1]. The current LHC collimation system [2] has a cleaning inefficiency
on the order of 10−4 and the energy stored in the beams reaches beyond 300MJ
[3]. In the High Luminosity LHC (HL-LHC), the stored beam energy will reach
around 700 MJ [4]. Special attention has been paid to the energy stored in the
tails of the beam. Recent studies [5] at the LHC have shown that the particle
distribution would be better described with a double-Gaussian function than a
single-Gaussian one. This means that the energy stored in the tails will be larger
than expected if the HL-LHC beams also follow the same double-Gaussian dis-
tribution as seen for the LHC measurements. In particular, the energy for beams
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in the HL-LHC configuration would have a stored energy of around 30 MJ above
≈ 3.5 σ [6]. This level of stored beam energy increases the dangers of potential
damage from the beam tails. The potential risks include loss spikes and beam
dumps caused by orbit jitters and crab cavity phase slip, potential magnet quench,
and permanent damage to collimators [6] [7].

Faced with the challenges presented by the upgrade to HL-LHC, the addition
of a hollow electron lens (e-lens) [6] in the collimation hierarchy may improve the
current performance. Among the potential benefits, it would allow to mitigate loss
spikes, reduce the risks of magnet quench, and also mitigate the effect of crab cav-
ity failures [8]. Additionally, an e-lens will have the advantage of an active control
of the beam halo and its impact parameter on collimator jaws. Different setups of
the e-lens will allow an active control, for example, concerning the depletion rate
which may improve the cleaning performance [6].

The e-lens will be placed as an additional element in the collimation hierarchy.
The lens surrounds the beam and its inner radius is set to be smaller than the aper-
ture of the primary collimators. A schematic representation is given in Fig. 1 a.
This will allow controlling the depletion of the particles that have an amplitude
larger than the inner radius of the lens [6], since ideally there is no electromagnetic
field within the inner radius of the lens. In fact, in present conditions, the diffusion
rate grows as a function of particle amplitude due to the machine non-linearities
[9], although the electromagnetic interactions of the beam particles with the elec-
tron lens provide additional kicks that would enhance the diffusion rate. As a
consequence, the beam population in the tails and the loss spikes will decrease.
These two effects are illustrated in Fig. 1 b.

Since the region of operation of the e-lens mainly covers the part where the
non-linearities of the machine are the greatest, this study proposes to investigate
the interaction between the non-linearities in the optics and the e-lens. In partic-
ular, on a timescale of 10 s, the population depletion and the particle distribution
evolution are studied. The non-linearities involved are those caused by different
octupole currents and chromaticity values. However, beam-beam effects are not
included in this study.

In practice, it is also possible to tune the activation of the e-lens at different
turns to create different pulsing patterns. Each pulsing pattern would constitute an
operational mode. The electron beam current would only change on a turn-to-turn
basis according to the pulsing pattern. The various operational modes have also
been included, since it has been confirmed by previous studies (e.g. [10] and [11])
that there is a difference in the performance for the different operational modes.
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(a) (b)

Fig. 1: Schematic representation of the transverse section of an e-lens (a). The
red dots represent the tail particles, the solid lines the different types of collimator
and the shaded blue area the electron beam. The beam population without e-
lens (solid black line) and with e-lens (dashed black line) and the diffusion rate
without e-lens (solid brown line) and with e-lens (dashed brown line) are plotted
qualitatively against the particle amplitude in (b).

2 Method and simulation setup

2.1 Optical parameters

These simulations have been carried out by using MAD-X [12] and SixTrack [13],
where MAD-X generates input files regarding the optics used by SixTrack to per-
form particle tracking. For this study the optics of the HL-LHC version 1.3 [14]
has been used. In particular, the optics scheme used is the opt_150_150_-
150_150_thin.madx, referring to the baseline collision optics. One single
beam has been simulated to go through the hollow electron lens. The beam travels
at the top energy of 7 TeV and the beam-beam interaction has not been included, in
order to study what happens before collision and to separate the various influenc-
ing factors to obtain a more thorough understanding. The optics has been chosen
to be as complete as possible and field errors have also been included to the fol-
lowing elements: MBRB, MBRC, MBRS, MBX, MBW, MQW, MQTL, MQMC,
MQX, MQY, MQM, MQML, MQ, MQXF, MCBXF and MBRD. However, in
generating the input optics with MAD-X for SixTrack only one seed (seed 1) has
been used. Thus, the following results are subject to the particular error fields
generated with that seed. Concerning the collimation system, only two primary
collimators are positioned at a distance of 6.7 σ (the emittance used is the nominal
HL-LHC emittance of 2.5 µm) one in the vertical and one in the horizontal plane,
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since the aim is to merely track losses. These collimators are TCP.D6L7.B1 and
TCP.C6L7.B1.

2.2 Electron lens parameters

The hollow electron lens is positioned at a distance of 3292.28 m from IP3, i.e. in
IR4. Input value of the inner radius for SixTrack is 0.77 mm, while the outer radius
is 1.54 mm. In terms of beam size, the inner radius corresponds approximately to 3
σ . In the implementation of the e-lens element in SixTrack no imperfection, such
as residual fields in the hollow region of the electron beam, has been included.
The modes studied do not include offsets for the e-lens, i.e. the centre of the lens
is perfectly aligned with the centre of the proton beam. Other parameters can be
found in Table 1.

Table 1: This table shows some of the relevant parameters of the electron lens.

Current 5 A
Length 3 m

Electron energy 10 keV
Electron distribution uniform within the ring

Fig. 2: Layout of the LHC collimation system as of Run 2.
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2.3 Initial proton distribution and simulation specifications

Previous measurements at the LHC have revealed that the single-Gaussian can
be insufficient to describe the tails of the beam [5]. Instead, a double-Gaussian
function has been deemed to be more appropriate. Therefore, the distribution of
the particles used is that of a double-Gaussian and the beam ranges up to approx-
imately 10 σ on both sides and in both planes. The double-Gaussian distribution
has also been applied to the phase space coordinates. This is done for the beam
size at IP3, where the particles start. The initial distribution in the x and y plane is
shown in Fig. 3. The percentage of the particles beyond 3 σ occupy approximately
27% of the entire population.

(a) (b)

Fig. 3: Initial particle distribution in both planes (horizontal (a), vertical (b)) plot-
ted in terms of particle number against the particle amplitude expressed in beam
size. The vertical bars are positioned at -6.7, -3, 3 and 6.7 σ , respectively for both
plots. The 3 σ -distance corresponds to the inner radius of the e-lens and the 6.7
σ -distance corresponds to the positions of the collimators.

For this series of simulations, the proton beam performs a total of 112360 turns
(∼ 10 s as one turn takes 89 µs) with 60000 particles tracked. The simulations
have been divided into groups of 600 particles each, with 100 sub-simulations.
For each simulation the number of surviving particles is recorded turn by turn at
IP3, while the information on their distribution is recorded every 11236 turns (∼ 1
s) just before TCP.D6L7.B1. In the population survival studies, the number of lost
particles in each sub-simulation has been averaged over the 100 sub-simulations.
The distribution information is retrieved by binning the coordinates of the remain-
ing particles every second and fitting the initial double-Gaussian distribution in
Eq. (1) to obtain the σ of the distributions.
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Fig. 4: The fraction of particles lost with respect to the initial number of particles
without activating e-lens is plotted in terms of number of turns. The legend shows
the particle loss for different the octupole current and chromaticity value, q′. The
shaded part of each line corresponds to the uncertainty range.
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where A is a scaling factor, x is the position of the particle, µ is the expected value
and σ is the standard deviation.

3 Simulations without electron lens

In order to explore the dependence of the e-lens performance as a function of
octupole current, the tail population depletion without e-lens has been checked.
The current of the octupoles was varied from -300 A to 300 A in steps of 150 A.
The chromaticity value here was always set to 2.

From the octupole scan, there is a clear natural beam loss. The fraction of
particles lost can be found in Fig. 4. In particular the fraction of particles lost at
10 s can be found in Table 2.

With the double-Gaussian fitting, it has been found that there is a change in
the shape of the distribution after the first second and then the distribution stays
constant with minor fluctuations. The initial scraping is due to the fact that the
initial distribution goes beyond 6.7 σ , where the TCPs are placed and to the non-
linearities present in the simulated machine. The horizontal distribution of when
there is zero octupole current and 2 units of chromaticity is shown in Fig. 5. The
apparent loss from the core can be understood by considering the small inner
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Current Percentage of particles lost
-300 A (0.54 ± 0.04)%
-150 A (0.44 ± 0.04)%

0 A (0.35 ± 0.03)%
150 A (0.28 ± 0.03)%
300 A (0.27 ± 0.03)%

Table 2: This table gives the percentage of particles lost at 10 s when different
octupole currents are present and without the e-lens active.

radius of the e-lens and that particles closer to the centre in one plane may be far
in the other plane. This consideration also applies to other distribution plots.

As the distribution only stabilised at 1 s after all collimation losses took place,
the computed σ of the distribution at later times have been normalised to this
value to understand the action of octupoles and chromaticity. The evolution of σ

of different configurations with time can be found in Fig. 6. It is clear that the
value stays constant for all configurations with a fluctuation of 2%, as expected.

Concerning the scan for different chromaticity values when the e-lens is switched
off, the present study has not obtained distinguishable particle loss results after
including uncertainties. For all modes, the particle loss reaches a value of approx-
imately (0.36 ± 0.03)%.

4 Scan of the activation pattern

The e-lens can be turned on at different turns, i.e. the kicks due to the EM field
can be applied only at certain turns. The various operational modes apply different
activation patterns. This group of simulations is aimed at understanding how these
operational modes affect the performance of population depletion. To do so, the
octupole current is turned down to zero and chromaticity to 2.

The modes of activation studied here can be divided into four types, as listed
below:

• Continuous (DC), during which the device is continuously turned-on and
supplying electrons at a constant rate;

• Random (RND), when the device is turned on and off at random turns;

• Pulsed 1 (1t), this mode turns on the device every other turn;

• Pulsed 2 (2t), this mode allows the electrons to be injected every third turn;

• Pulsed 3 (3t), this mode allows the electrons to be injected every fourth turn.
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Fig. 5: The horizontal distribution of particle position is shown with the number of
particles plotted against the amplitude expressed in beam size. Here, the octupole
current is zero and the chromaticity value is 2. The legend shows the time interval.
The vertical bars represent the inner radius of the electron beam.

From Fig. 7 we can see a clear hierarchy in the effectiveness of the modes,
where the random mode (RND) appears to be the most effective with 26.7 % of
loss corresponding to the entire tail population. The full list of hierarchy and the
numerical values of particle loss for each mode can be found in Table 3.

The distribution evolution for all modes, except RND, does not have major
variation throughout time and it stabilises after the first second at the same value
as for the cases when e-lens is deactivated. This behaviour is expected as im-
perfections in the e-lens are not included and the simulation tools used for these
studies only act on the tails. The distribution in the RND mode however, changes
due to the strong loss of particles, thus changing the distribution. The horizontal
distribution can be found in Fig. 8 for the RND mode and DC mode (as it is repre-
sentative for other modes too). It is also clear that for the random mode, the e-lens
gives a sharp cut at its edges.

The fitted distribution beam size, σ , gives a more concise overview on the
evolution of the distribution, namely that for all modes, except the random mode,
σ stays constant with a 2 % fluctuation, while the random mode receives a small
decrease for both planes. This is shown in Fig. 9.
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Fig. 6: The fitted value of the distribution σ is plotted against time for different
configurations of octupole currents and chromaticities, when the e-lens has been
turned off. The error bars represent the standard error of the fit. The legend shows
the plane of the distribution (‘H’ for horizontal plane and ‘V’ for vertical plane),
the octupole current and the value of chromaticity, q′.

5 Octupole current scan

In the octupole scan, different values of octupole magnet strengths have been ap-
plied to each of the modes while keeping the chromaticity value at 2 units.

The performance of the random mode is not affected by the change of octupole
current with no significant variation during the 10 s of run with respect to the total
loss and a loss of approximately 27 % at the end of 10 s. Other modes see a
change in the hierarchy of the efficiency in the sense of percentage of particles
removed from the tails as a function of octupole current with respect to the one
found without e-lens. At small timescales the hierarchy follows the same as that

Mode Percentage of particle loss Percentage of tail particle loss
RND (26.6 ± 0.3)% 98.5%
DC (1.69 ± 0.07)% 6.2%
2t (1.30 ± 0.06)% 4.8%
3t (1.30 ± 0.06)% 4.8%
1t (1.17 ± 0.05)% 4.3%

Table 3: This table gives the percentage of particles lost at 10 s and the percentage
of the particles lost with respect to the particles in the tails only when the e-lens is
turned on with different modes. There is zero octupole and 2 units of chromaticity.
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(a) (b)

Fig. 7: The fraction of particles lost with respect to the initial number of parti-
cles of the entire population with different modes of e-lens is plotted in terms of
number of turns and time. The dashed line represents the total loss, while the
continuous line is the loss after the subtraction of the loss when no e-lens has
been applied. The legend shows the name of the mode. The shaded part of each
line corresponds to the uncertainty range. Fig. (a) shows all modes, while (b) is a
zoomed version of (a).

shown by the scenarios with no e-lens. For longer times, the particle loss of some
octupole values grows faster and crosses the ones that were originally higher in the
ranking. This increase in the speed of tail depletion occurs for different octupole
values at different times. Depending on the octupole values and the mode, the loss
is also enhanced to a different degree.

From a numerical point of view, the particle loss of all modes, except 3t, does
not differ significantly from that of when the octupole current is zero. The detailed
results of the remaining population at 10 s can be found in Fig. 10 a. From this
plot we can conclude that at least on the 10 s timescale the modes DC, 1t, and
2t keep a constant loss percentage between 0.5 % and 2 %. The final percentage
of particles remaining ranges from 2 to 5.5 times the value obtained when there
was no e-lens. The random mode maintains a constant performance within the
uncertainties.

The case that clearly shows dependency from octupole current variation is 3t,
where the positive currents increased the total loss to (4.7 ± 0.1) % for 150 A
and (2.48 ± 0.08) % for 300 A. The evolution with time is given in Fig. 10 b.
For a current of 150 A there is a sharp increase at around 0.01 s. However, this
increase, although small, can also be noticed for current 300 A at the timescale
of 1 s and for current -300 A at approximately 0.1 s. According to the results
obtained with the settings described previously, these changes differ in timescale
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(a) (b)

Fig. 8: The horizontal distribution for RND mode (a) and DC mode (b) is shown.
The number of particles is plotted against the amplitude in units of beam size.
The legend shows the number of turns, which correspond to approximately 0 s,
1 s, 2 s, etc.

and magnitude. The fact that the current values mostly affected are the positive
currents leads to the hypothesis that the configurations with a larger tune spread
are the most susceptible to enhancements in population loss.

Regardless of the physical causes, we can conclude that the change in octupole
current affects the loss speed in magnitude and the timescales at which this occurs
depending on the different mode.

In terms of the particle distribution, there is no significant difference from the
zero octupole current case.

6 Chromaticity scan

In the chromaticity scan, the value of octupole current is fixed and the chromaticity
value is made to vary from 5 to 15 with steps of 5 units.

For all activation modes (except the random mode) there is a clear increase in
the population loss as a function of chromaticity. The case of 3t is illustrated in
Fig. 11 a as an example. However, the exact amount of increase is different for
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Fig. 9: The σ of the fitted distribution normalized to the value at the first second
is plotted against time. The error bars represent the standard error of the fit. The
legend gives information on the relevant plane (‘H’ for horizontal plane and ‘V’
for vertical plane) and the mode used.

each mode. The random mode remains unaffected. The total loss for the individ-
ual modes is indicative of the quantitative differences between the susceptibility
of each mode. This is shown in Fig. 11 b. The mode 3t is the most susceptible
to chromaticity change. This behaviour can be understood by looking at the frac-
tional part of the tune which is 0.31 and 0.32. Unlike in the octupole scan, all
changes in population loss occur at the same timescale of 0.1 s.

The particle distribution evolution is not affected by the variation of chro-
maticity.

7 Estimations with HL-LHC baseline values

An estimation of the population loss has been made for the octupole current value
and the chromaticity value of the baseline design in HL-LHC [15], i.e. Ioctupole =
−300 A and chromaticity has a value of 15.

The strong octupole and chromaticity values have caused a change in the hi-
erarchy of efficiency in the activation modes, despite the random mode still being
the most efficient one. The evolution of the population loss with time can be found
in Fig. 12.

The percentage of population loss in the tails is shown in Table 4.
In terms of particle distribution evolution, no significant change has been ob-

served from the mode scan cases.
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(a) (b)

Fig. 10: In (a) the normalized particle number (fraction of particles lost with re-
spect to the entire population) at 10 s is plotted against the octupole current for
different activation modes (in the legend). In (b) the number of particles remaining
at each turn normalized to the initial particle number is plotted against the number
of turns and the corresponding time for mode 3t. The dashed lines represent the
total loss, while the continuous ones represent the loss after the subtraction of the
loss when no e-lens has been applied. The legend shows whether it is the total
or partial loss (e-lens), the position of the inner radius (3sig, i.e. 3 σ ) and the
octupole current.

8 Conclusion

This study investigates the dependence of the collimation electron lens (e-lens)
performance with respect to the non-linearities introduced by the octupole mag-
nets and high chromaticity operation in a realistic optical setup of the High Lumi-
nosity LHC. In particular, the particle loss as a function of turns and the particle
distribution per second were explored. No beam-beam effects were included. The
configuration included multipole errors, although with only one seed. Only two
collimators have been placed horizontally and vertically at the distance of 6.7 σ to
track the particle loss. The inner radius of an ideal e-lens was placed at a distance
of 3 σ with 5 A of current and an energy of 10 keV. Since previous measurements
at the LHC have revealed a particle distribution that would be better described
with a double-Gaussian function [5], this distribution is used to generate the ini-
tial distribution of the particles. 60000 particles (core and tails) were tracked for
112360 turns (10 s). Different operational modes for the electron lens powering
have been explored: continuous (DC), activation at random turns (RND), activa-
tion every second turn (1t), activation every third turn (2t) and activation every
fourth turn (3t).
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(a) (b)

Fig. 11: In (a) the fraction of particles lost with respect to the initial number
of particles of the entire population with different values of chromaticity (in the
legend) is plotted in terms of number of turns and time for mode 3t. The shaded
part of each line corresponds to the uncertainty range. The dashed line represents
the total loss, whereas the continuous line represents the loss after subtracting
the loss found in the corresponding no e-lens case. Fig. (b) plots the fraction of
particles lost at 10 s against the chromaticity value for different modes.

When no e-lens is present the particle loss is most pronounced for large and
negative octupole currents (approximately 0.54 % of the total number of particles
lost at 10 s when Ioctupole =−300 A) and least pronounced for large and positive
octupole currents (around 0.27 % of the total number of particles lost at 10 s when
Ioctupole = 300 A). The particle distribution would stabilise after 1 s (no data is
recorded for time interval shorter than 1 s) with a fluctuation of 2 % of the stable
beam size.

When there is zero octupole current and 2 units of chromaticity, most oper-
ational modes have a particle loss between 1 and 2 % with respect to the initial
particle number, except for the RND. The random mode has a loss of around 27 %,
which corresponds exactly to the percentage of particles lying beyond 3 σ in the
initial distribution. The performance of RND is not affected by the variation of
octupole current nor chromaticity. The distribution evolution for other modes does
not change significantly from when there is no e-lens. This situation repeats for
octupole and chromaticity scans as well.

The variation of octupole current changes the hierarchy of performance of the
operational modes. It gives rise to an increase in population loss which occurs at
different timescales, with a different magnitude and rate for different octupole cur-
rents and operational modes. A possible explanation may be found in the global
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(a) (b)

Fig. 12: The fraction of particle lost with respect to the initial number of parti-
cles of the entire population with different modes for the baseline configuration is
plotted in terms of number of turns and time. The dashed line represents the total
loss, while the continuous line is the loss after the subtraction of the loss when no
e-lens has been applied. The legend shows name of the mode. The shaded part of
each line corresponds to the uncertainty range. Fig. (a) shows all modes, while
(b) is a zoomed version of (a).

tune spread. The most susceptible mode is 3t which sees a growth of loss from ap-
proximately 2 % of the initial population at zero current to almost 5 % at a current
of -150 A. Other modes maintain a loss range between 0.5 % and 2 % at 10 s.

When there is a variation of the chromaticity, the positive dependence of the
loss with respect to the chromaticity values is clear. All modes (except RND)
show different degrees of increase in loss with the growth of chromaticity values.
The 3t mode remains the most susceptible, reaching approximately 3.5 % of loss
with respect to the initial population with q′ = 15 at 10 s.

Finally, by setting the octupole current to -300 A and chromaticity to 15, the
population loss increases up to between 1.47 and 3.07 % of initial population at
10 s.

9 Outlook

The present study is limited by the lack of statistics in the implementation of
multipole errors. Hence, more seeds should be used in the future to check whether
the results presented here have been significantly affected by this particular setup.
The results can be further improved by also increasing the total number of particles
tracked.
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Mode Percentage of particle loss Percentage of tail particle loss
RND (27.0 ± 0.3)% 100%

3t (3.07 ± 0.09)% 11.4%
DC (2.07 ± 0.07)% 7.7%
2t (1.65 ± 0.07)% 6.1%
1t (1.47 ± 0.07)% 5.4%

Table 4: This table gives the total percentage of the particles lost at 10 s in terms of
the initial number of particles and the percentage of the particles lost with respect
to the particles in the tails only. These values are given for every activation mode.

The octupole scan results show the importance of timescales and how the ef-
ficiency may vary depending on this. Therefore, longer timescales should be in-
vestigated to check the variation of time dependence of the various modes and
machine non-linearities.

Dependence on other e-lens parameters, e.g. higher pulsing intervals, e-lens
strength modulation with betatron frequency or otherwise, electron current, e-lens
radius etc may be explored. Future studies may also try to recreate scenarios
closer to operational ones.
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