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Abstract

At high proton-beam energies, beam-induced synchrotron

radiation is an important source of heating, of beam-related

vacuum pressure increase, and of primary photoelectrons,

which can give rise to an electron cloud. For the arcs of LHC

a sawtooth pattern had been imprinted on the horizontally

outward side of the vacuum chamber in order to locally

absorb synchrotron radiation photons without dispersing

them all around the chamber. Using the combination of the

codes Synrad3D and PyECLOUD, we examine the effect of

realistic absorption distributions with and without sawtooth

on the build up of electron clouds.

INTRODUCTION

In the arcs of the LHC a sawtooth pattern is imprinted on

the horizontally outward side of the so-called beam screen, in

order to locally absorb beam-induced synchrotron radiation

and to avoid dispersing it towards the top and bottom of

the dipole-magnet vacuum chamber, where it could become

seeds for an electron cloud. In previous work [1–4] we have

attempted to iteratively obtain a more and more realistic

photon distribution function (PDF), by which we mean the

azimuthal distribution of absorbed photons in the vacuum

chamber of the LHC arcs. PDFs were obtained by means of

the photon tracking code Synrad3D [5]. In a first step [1]

we used the LHC vacuum chamber shape, but neglected the

sawtooth pattern, which is imprinted on the outer side of the

wall. In a second step [2] we included an ideal model of this

sawtooth pattern. In a recent third step [6] we have improved

the model by adjusting certain parameters, according to

measurements performed on an actual beam-pipe sample at

BESSY II. We here present results from electron-cloud build-

up simulations, considering PDFs computed by Synrad3D

for the distribution of primary photoelectrons.

MOTIVATION

After the LHC incident in 2008, a number of LHC arc

dipole beam screens were installed with an inverted sawtooth

pattern (a situation which we will refer to as “inverted saw-

tooth”) [7]. Figure 3 shows the model of the LHC inverted

sawtooth beam screen as implemented in the code Synrad3D.
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Table 1: PyECLOUD Main Simulation Parameters

Parameter Value
Secondary emission yield 1.0–1.7

beam energy 7 TeV

bunch spacing 25 ns

PHOTON DISTRIBUTION FUNCTIONS

Using the code Synrad3D [5], we tracked photons in the

LHC arcs from emission to absorption through any number

of intermediate reflections. Our vacuum-chamber model

is shown in Fig. 1. The chamber material was treated

as a 10 nm carbon layer on a copper substrate with a sur-

face roughness (σ) of 50 nm, based on laboratory measure-

ments of a conditioned chamber; further improvements to

the model are presented in [6]; others are planned. The

underlying optics lattice file is HL-LHC version 1.1 (pre-

squeeze) [8], which in the arcs equals the optics of LHC, at

top energy, i.e. 7 TeV. The PDF was obtained for three cases:

a) a “smooth chamber”, without any sawtooth pattern; b) a

regular “sawtooth”; and c) an inverted sawtooth, where the

sawtooth was placed with inverted orientation (as shown in

Fig. 1c)). In Fig. 2 the normalized azimuthal distribution

of absorbed photons is shown for the aforementioned three

cases.

PyECLOUD

PyECLOUD is a 2D macro-particle code capable of sim-

ulating an electron cloud (EC) build-up in particle accel-

erators like the LHC [9]. For the present studies, we uses

a modified branch of the code version 6.6.0, provided by

G. Iadarola, which permits the code to launch photoelectrons

from a distribution defined by a separate input file. Thanks

to this modification we were able to feed PyECLOUD with

the PDFs generated by Synrad3D. For the EC simulations

we used the parameters reported in Table 1. We considered

a nominal LHC filling pattern consisting of 4 trains of 72

bunches and a train spacing of 225 ns. We carried out three

sets of simulations, each for a different PDF, corresponding

to the three beam-pipe surface configurations introduced

above, namely 1) without sawtooth pattern (smooth), 2) saw-

tooth pattern with correct orientation and 3) an inverted

orientation for the sawtooth pattern.

RESULTS

In Figure 3, we show a typical EC build-up behavior for the

three different vacuum-chamber surfaces considered. The
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Figure 1: Synrad3D model of the LHC beam-screen design. (a) xy beam-screen cross section, (b) enlarged view of the

sawtooth portion of the xy cross section, (c) xs cross section. A beam moving towards the positive s direction will see an

inverted sawtooth; a beam moving towards negative s will witness the correct form of the sawtooth. [4]
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Figure 2: Simulated azimuthal distribution (integral normal-

ized to unity) of absorbed photons without (blue curve) and

with a sawtooth (red curve) and with an inverted sawtooth

(black curve) chamber. [4]

case for a secondary emission yield (SEY) of 1.3 is depicted

as an example, comparing the three vacuum chamber surface

configurations. The EC linear density evolves as a function

of time as the four trains are passing through an LHC arc

dipole section.

Linear Electron Density

In Figure 4 we present the average linear electron density

as a function of the SEY. The average has been taken over

the entire simulation time. We notice that the linear density

is higher for a chamber with a smooth surface, and lower

for the surfaces with the pattern imprinted on them. For all

values of SEY, the lowest electron density is obtained with

the sawtooth of inverted orientation.

0 1 2 3 4 5 6 7 8

Time (s) 10
-6

10
3

10
4

10
5

10
6

10
7

10
8

10
9

L
in

e
a

r 
D

e
n

s
it

y
 (

e
/m

)

Correct Sawtooth Pattern

Inverted Sawtooth Pattern

Smooth Surface

Figure 3: Electron linear density for a SEY = 1.3 and for a

smooth chamber (blue curve), a sawtooth pattern correctly

oriented (red curve) and an inverted-orientation sawtooth

pattern (black curve).

Electron-Cloud Heat Load

Figure 5 shows the average heat load per unit length as

a function of the SEY for each of the three surface config-

urations. The smooth surface chamber exhibits the highest

values of heat load. Similar to the finding for the linear den-

sity, the inverted sawtooth yields a (slightly) smaller heat

load than the correctly oriented sawtooth.

DISCUSSION

We observe a significant effect of the different surface

configurations on the simulated electron line density and

heat load, as shown in Figs. 4 and 5, respectively. At top

energy, for SEY values between 1.0 to 1.3 the linear den-

sity increases by a factor of 3 to 8; at SEY values above
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Figure 4: Average linear density as a function of SEY for

three vacuum surfaces: smooth chamber (blue curve), cor-

rectly oriented sawtooth (red curve), and inverted sawtooth

(black curve).
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Figure 5: Average heat load as a function of secondary emis-

sion yield (SEY) for three vacuum surfaces: smooth cham-

ber (blue curve), correctly oriented sawtooth (red curve) and

sawtooth with inverted orientation (black curve).

1.4, where the build up approaches saturation, the sawtooth

pattern becomes comparatively less effective. The inverted

sawtooth pattern is the configuration that gives rise to the

lowest electron linear density and heat load by a tiny amount.

It, therefore, seems that the inverted sawtooth is slightly

more effective that the correct sawtooth, however, the PDF

is highly dependent on the surface roughness of the material

and our PDFs are valid for very low surface roughness (σ)

of order 50 nm, which is the value expected for the LHC

chamber; and the current model does not include imperfec-

tions.

Future Work

The presented results are based on a standard LHC beam

filling pattern. Further work will consider the LHC filling

pattern of 2017, and also scan a large range of surface rough-

nesses (σ values). In addition, the effect of the PDF on EC

build up in LHC beamline components other than dipole

magnets will be studied, e.g. in quadrupoles and no-field

regions. Other ongoing work is directed towards improving

the vacuum chamber model and to validating the simulated

PDFs, by closing the gap between experimental measure-

ments and simulations [6]
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