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Abstract
In the LHC beam pipe, photoemission and secondary emission give rise to a quasi-stationary electron
cloud, which is established after a few bunch passages. In addition, beam-induced multipacting of the
electrons may lead to an enhanced gas desorption and an associated pressure increase. In addition, the
energetic electrons heat the surfaces that they impact. Only a limited cooling capacity is available for the
additional heat load due to the electron cloud. If it is exceeded, a quench of the superconducting magnets
would result. This work gives results of the dependence of the heat load on several parameters: bunch
spacing, numbers of protons per bunch, secondary emission yields and bunch profiles.
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Introduction
The synchrotron radiation in the LHC creates a continuous flow of photo-electrons.
The critical energy of synchrotron radiation at collision energy is 44 eV, a value for which
the photoemission yield from the copper surface of the beam pipe is about maximum.
These electrons are accelerated by the electric field of the bunch, to energies of ~100 –
1000 eV, and hit the vacuum chamber on the opposite side of the beam pipe where they
create secondary electrons. The secondary electrons typically have ~ eV initial energies and
they are still inside the beam screen when the next proton bunch passes, so they are again
accelerated by the field of the next bunch [1, 3]. The avalanche-like build up finally reaches
a dynamic equilibrium due to the electrons’ electric space-charge field. In this way,
photoemission, (plus, residual gas ionization) and secondary emission give rise to a quasistationary electron cloud inside the beam pipe through a beam-induced multipacting
process [4]. It is schematically illustrated in Fig. 1.

Figure 1. Schematic of electron cloud build up in the LHC beam pipe.
The electron cloud has several bad effects on collider operation. First, it desorbs
gases from the walls of the beam screen, as a result of which the vacuum pressure may
increase by several orders of magnitude. Second, it can cause beam instabilities that lead to
emittance growth and even beam loss. The electrons near the center of the vacuum chamber
are attracted by the electric field of the beam and accumulated inside the proton beam
during a bunch passage. Because of this the protons at the tail of a bunch suffer additional
(nonlinear) focusing. These electrons can cause instabilities of the single proton motion and
thereby also a slow growth of the proton beam size [4, 5]. Lastly, the energetic electrons
heat the surfaces that they impact. Only a limited cooling capacity is available for the
additional heat load due to the electron cloud. If it is exceeded, a quench of the
superconducting magnets would result [2, 6].
Simulation model and beam parameters
The ECLOUD program simulates the build up of the electron cloud. The ECLOUD
simulation takes into account the electric field of the beam, arbitrary magnetic fields, the
electron space charge field, and image charges for both beam and electrons. As input
numbers, the code requires various beam parameters (bunch population, r.m.s. bunch
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length, bunch spacing, etc.), surface properties (secondary emission yield, photoemission
creation rate, photon reflectivity, etc.), the vacuum chamber geometry and the type of
magnetic field [7]. The parameters explored and varied in this project were: emission yield,
number of particles per bunch and bunch spacing.
In, almost, all simulations we assume a Gaussian longitudinal bunch distribution and cut
the bunch into 50 slices. Electrons close to the beam will oscillate in the beam potential and
cutting the bunch into slices allows a proper modeling of the electron motion during the
bunch passage. In the simulation program the electrons are represented by macro-particles
which initially all carry the same charge. In the simulations the program generates between
1000 and 5000 macro-particles per bunch. The initial macro-particle charge of about 4 x
107 e is chosen such that the total photoelectron charge is equal to the real one. The number
of macro-particles generated per beam slice is proportional to the number of protons inside
the slice. For each slice the program first generates the new photo-electrons and then
evaluates the force of the beam slice on the electrons. Thus, newly generated photoelectrons experience only a fraction of the full beam kick, depending on whether they are
generated near the head or the end of the bunch. When an electron hits the beam screen, the
program launches one or more secondary electrons at the point of impact. The total charge
of the emitted secondaries depends on the energy and on the incident angle of the lost
electron. The energy distribution of the emitted particle is determined by a Monte Carlo
algorithm.
On the other hand, secondary electrons surviving from a previous bunch will always
experience the full beam kick. For a non-circular beam pipe the image charges of the beam
on the vacuum chamber are included in the calculated beam kick on the electrons. An
additional option allows the generation of image charges which lead to the correct
equipotential surface at the vacuum chamber [2]. Figure 2, shows a schematic of this
simulation recipe.

Figure 2. Schematic of simulation recipe.
In order to limit the growth of the electron cloud, as in reality, the electric spacecharge field of the electrons is included in the simulation as well.
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Methodology
Four sets of simulations were performed: set A, set B, set C and set D,
corresponding to a nominal LHC scenario, a 50-ns alternative LHC scenario, one upgrade
LHC scenario and another upgrade with new bunch profile LHC, respectively.

Table 1. Summary of the parameters for each set of simulations.
Set A "nominal" - this group of simulations includes nominal parameters of LHC.
Set B "50-ns alternative" - this set of simulations has the same characteristics as set A
except for the changing of the "bunch spacing" of 25 ns to 50 ns. The Set C is an upgraded
scenario for the LHC, where the number of protons per bunch was increased from 20 x 1010
to 60 x 1010. And, finally, the set D is an upgraded scenario with a new bunch profile. Sets
A, B, C were simulated using a Gaussian bunch profile and set D correspond to a long flat
bunch profile.
Results
Figures 3 and 4 present the average heat load for the 1st and 2nd batch,
corresponding to set A. We can see the heat load is very similar for the 1st and the 2nd
batch. Figures 5 and 6 show the average heat load for the 1st and 2nd batch in case of the 50ns alternative LHC scenario. Again, we can see that in, both cases, the heat load is very
similar. Finally, Figures 7 and 8 show plots for the third set of simulation (upgrade LHC
scenario) along with those for the set B. Overall, we observe that the heat load exceeds the
cooling capacity lines for some (high) values of secondary emission yields (SEY) and for
some (high) numbers of protons per bunch (Nb). Finally, Figures 9 and 10 show the
equivalent plots for the 1st and 2nd batch of the ES/FCC upgrade scenario, with a Gaussian
bunch profile. Figures 9 and 10 show plots of the new long flat bunch profile for the socalled LPA upgrade scenario.
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Figure 3. Plots of the average heat load for 1st batch of the set A.

Average heat load - 2nd batch - 25 ns spacing
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Figure 4. Plots of the average heat load for 2nd batch of the set A.
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Average heat load - 1st batch - 50 ns spacing
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Figure 5. Plots of the average heat load for 1st batch of the set B.

Average heat load - 2nd batch - 50 ns spacing
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Figure 6. Plots of the average heat load for 2nd batch of the set B.
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Average heat load - 1st batch - 50ns - ES/FCC scheme

Heat load (W/m)

2.0

1.5

1.0

0.5
Yield = 1.1
Yield = 1.3
Yield = 1.5
Yield = 1.7
Cooling capacity low luminosity
Cooling capacity high luminosity

0.0

-0.5
11

0

11

1x10

11

2x10

11

3x10

11

4x10

11

5x10

6x10

Nb
Figure 7. Plots of the average heat load for 1st batch of the set C.
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Figure 8. Plots of the average heat load for 2nd batch of the set C.
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Average heat load - 1st batch - 50 ns - LPA scheme
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Figure 9. Plots of the average heat load for 1st batch of the set D.
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Figure 10. Plots of the average heat load for 2nd batch of the set D.
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Conclusions
•
•

The heat load for the 1st & 2nd batch is almost the same for all cases.
25 ns spacing:
for SEY < 1.3 ultimate parameters,
for SEY < 1.4 nominal LHC,
for SEY < 1.5 up to Nb = 9 x 1010
• 50 ns spacing:
for nominal β* = 0.55 m up to Nb > 2x1011
High-luminosity upgrade requires separate cooling for IRs; then
ES/FCC (β* = 0.08 m) up to Nb ~ 4.5x1011
LPA (β* = 0.25 m) up to Nb ~ 5.5x1011
• 50 ns spacing and new bunch profile:
The heat load depends on the bunch profile. At the same 50-ns bunch spacing, the
heat load is higher is 20 - 40% higher for flat long bunches than for bunches with a
Gaussian bunch.
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