8 Beam induced electron multipacting, electron cloud and vacuum
design

Vincent Baglin and Oleg B. Malyshev

8.1 BIEM and e-cloud

8.1.1

Introduction

Beam induced electron multipacting (BIEM) and electron cloud (e-cloud) are two coupled effects that can

compromise the performance of modern high intensity machines with positively charged beams. E-cloud was

first observed on the proton storage ring (PSR) at the Institute of Nuclear Physics (Novosibirsk, Russia) in

1965 [1,2,3]. A few months later the e-cloud related instability was observed on ZGS at Argonne National

Laboratory [4] and on AGS at Brookhaven National Laboratory [5] in USA. In the following years, the e-

cloud has been detected and investigated in a number of other machines [6,7]:

on Bevatron at Lawrence Berkeley National Laboratory (1971) [8], on PSR at Los Alamos (1986)
[9], on AGS booster [10] in 1998 and on RHIC [11] in 2001 at the Brookhaven National Laboratory,
on PEP-I1 in 2000 at SLAC [12], on Main Injector at Fermi National Laboratory in 2005 [13], on
SNS in 2006 at Oak Ridge National Laboratory [14] and on CesrTA in 2009 at Cornell University
[15] in USA;

on ISR in 1972 [16], on PS in 2000 [17] on SPS in 1999 [18] and on LHC in 2010 [19,20] at CERN
(Switzerland);

on KEK PF in 1988 [21] and on KEKB in 2000 and 2017 [22,23] in Japan;

on DA®NE at LNF/INFN in 2003 [24] in Italy;

on PETRA-III at DESY in 2009 [25] in Germany;

ISIS at RAL in 2008 [26] in UK.

The electron cloud problem has also been intensively studied for future machines such as CLIC [27], HL-
LHC [28], ILC [29,30] and FCC [31,32].

Such a strong and long-term interest to e-cloud problem highlights its importance for the beam dynamics:

— e-cloud can drive very fast, often destructive, beam instabilities (both single and multi-bunch);
— The space charge of the e-cloud focuses the positively charged beam thus leading to the betatron
tune shift and energy spread. This can negatively affect the beam dynamic aperture in storage rings

and the beam-beam interaction in colliders.

The BIEM process can qualitatively be described as follows. The initial electrons which appear in the

beam chamber due to synchrotron radiation induced photoelectrons or due to beam induced gas ionisation can

be accelerated in the electric field of the passing bunches, acquire kinetic energies of up to several hundreds

of eV and then collide with the beam pipe walls and produce secondary electrons. When the electromagnetic
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field generated by the bunch train create the resonant conditions, the electron multipacting can be triggered
in.
All these electrons create a negative space charge along the beam path and form an electron cloud (e-
cloud), thus the beam bunches are circulating in modified conditions:
- interacting with a space charge may cause the beam emittance growth above a tolerable level,
- which in conjunction with the collisions between beam particles and e-cloud electrons may increase
the beam particle loss rate.
Furthermore, electron multipacting cause the following negative impacts:
- The BIEM transfers energy from the beam to the vacuum chamber walls, thus this increases:
o the beam energy loss, requiring more power for the RF cavities to compensate the loss;
0 the heat of vacuum chamber, the power of such additional heat loads on a cryogenic vacuum
chamber could become critical for its cryogenic system.
- Electron stimulated desorption (ESD) due to multipacting electrons will increase the gas density which
can in its turn increase:
o0 the beam particle loss rate,
0 the rate of electron production due to residual gas ionization.

Figure 1 illustrates the electron cloud build-up in the LHC beam pipe. Synchrotron radiation emitted
in the dipole magnets by the proton beams generates photoelectrons from the photon interaction with the
vacuum chamber wall. Since these photoelectrons are in quasi-synchronism with the proton bunch, they can
be accelerated by it towards the opposite vacuum chamber wall. In the LHC, taking into account the pipe
diameter and the bunch population, the photoelectrons bombard the vacuum chamber wall at about ~ 200 eV.
As a consequence, secondary electrons are created and emitted into the beam pipe. If these secondary electrons
have not been absorbed by the vacuum chamber wall when the 2" bunch passes, they can be accelerated
towards the wall. In this illustration, the low energy secondary electrons (1 and 5 eV) are in the vicinity of the
bunch when it arrives 25 ns latter. Therefore, these secondary electrons receive a larger kick from the bunch,
bombarding the vacuum chamber wall in the keV range. Secondary electrons are then produced and emitted
into the beam pipe. When cumulated with the following bunches, this process, called BIEM, results in a
multiplication of the electrons into the beam pipe.

In this example, the seed of electrons originates from the photoelectron production, which is the
dominant process in LHC. However, the seed of electrons can also originates from beam gas ionization or

particle loss at the vacuum chamber wall.
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Figure 1: lllustration of BIEM and electron cloud build-up in the LHC beam pipe.

Note 1: In general, e-cloud could appear without BIEM, when the main sources of electrons are gas ionization
and/or photoemission. From another side, BIEM would not necessary create the e-cloud with an electron
density above a tolerable level. It is also worth mentioning that the RF cavities and waveguides may also
suffer from electron multipacting, while e-cloud is not an issue there.

Note 2: Theoretically, BIEM could be triggered on in the very high intensity machines with negatively charged
bunches [33]; the electron cloud effects for an electron-beam was studied both theoretically and
experimentally in some machines [34,35,36].

Since the discovery of e-cloud and its impact on beam dynamics there was a significant effort in
looking for various techniques of e-cloud mitigation. This activity was intensified in last 20-25 years with the
design and operation of high intensity and low emittance colliders such as SSC, LHC, ILC, KEK-B,
SuperKEKB, DAFNE, PEP-I1, etc. These studies are covering a number of activities such as:

— Photon electron yield (PEY) and secondary electron yield (SEY) measurements of various
materials after different treatments, coatings, conditioning, etc.;

— Photon reflectivity of these materials;

— BIEM and e-cloud modelling;

— BIEM and e-cloud studies in the machines;

— Developing various BIEM and e-cloud mitigation techniques.

8.1.2 E-cloud models
Approximated equations, based on a stationary electron model, can be derived to evaluate the possible

existence or not of BIEM and electron cloud in a machine [37].

A first condition to allow wall-to-wall electron multipacting is that the electrons cross the beam pipe
of radius rp, between the successive bunch passages timely spaced by to. Assuming a bunch of uniform
transverse density, the minimum electric field required to provide enough speed to the electrons can be
computed. This translates in a minimum bunch population, Ny, given by:
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where re = 2.8x10™° m is the classical electron radius, and ¢ the speed of light .

A second condition for electron multipacting is that the energy of the electron bombarding the wall

shall be large enough to allow the production of secondary electrons. For this reason, the energy gain by the
electron from the passing beam bunch shall be computed. In the simple kick approximation, the energy gain

to the electron, AW(r), received by the kick from the bunch field as a function of the radial position r, is given
by:

AW (r)=2mc*r,’ (%) , (8.2)

where m = 511 keV/c? is the electron mass.

In the previous calculation, the transverse bunch density is assumed uniform. Therefore, the electric
field outside the bunch falls-off proportionally to 1/r. In a real machine, the transverse r.m.s. beam size of a
beam o is described by the Gaussian distribution modifying the electric field within the beam pipe. However,
at a distance larger than 2o, the difference between the simple kick approximation and the real electric field
is negligible. Thus, the simple kick approximation is valid for electrons, which are located at the distance of a
few beam radius away from the bunch. In particular, the previous equation is valid near the vacuum chamber
wall.

Figure 2 (left), shows the minimum bunch population required to allow a wall to wall multipacting as
a function of bunch spacing for several vacuum chamber radii (see Eq. (8.2)). Itis seen that a bunch population
in the range of 10! particle per bunch will generally trigger multipacting for almost any bunch spacing and
medium size (ID* ~80 mm) vacuum chambers. It must be stressed that the bunch population is computed for
a multipacting to occur between each bunches.

Figure 2 (right), shows the energy gain received during the passage of the bunch by a stationary
electron at several location in the vacuum chambers (Eq. (8.2)). For a bunch population in the range of 10!
particle per bunch, the energy gain received by the electron is 50 eV for electrons located at 40 mm from the
bunch and increase to 800 eV for electrons located at 10 mm from the bunch. For positions closer to the beam
(i.e. <10 mm), the movement of the electron during the passage of the beam shall be taken into account. A

more accurate evaluation of the energy gain can be then obtained by integrating the equation of motion.

" ID is an inner diameter of a beam pipe
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Figure 2: Left, minimum bunch population for a wall-to-wall multipacting as a function of bunch spacing for several vacuum
chambers radii; right, energy gain received by the electron from the bunch kick as a function of the bunch population for
several electron positions in the vacuum chamber.

The average energy gain in kinetic energy of an electron cloud stationary in time and uniformly
distributed is given by:

2

(AW ) = 6mc’r,? Ny , (8.3)

o

This handy formula can be used to evaluate the ESD vyields (which are a function of the energy) of a vacuum

chamber subjected to BIEM or to evaluate the deposited heat load if the electron flux to the wall is known.
Figure 3 shows the average kinetic energy gain of a stationary and uniformly distributed electron cloud

for several vacuum chamber radii. For a bunch population of 10 particle per bunch, the average kinetic

energy varies from 30 to 200 eV when decreasing the vacuum chamber inner diameter from 100 to 40 mm.
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Figure 3: Average Kkinetic energy gain of a stationary and uniformly distributed electron cloud for several vacuum chamber
radii.



When dealing with magnetic fields, complex vacuum chamber shapes or specific beam structures, a
better evaluation of the BIEM and electron cloud parameters can only be achieved by simulation codes e.g.
PYyECLOUD, CLOUDLAND, CSEC, POSINST, Factor2, etc. [38,39]. Figure 4 shows the simulated heat load
and electron current at the vacuum chamber wall as a function of the SEY in a beam screen dipole of the LHC.
This simulation is computed with PYyECLOUD.
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Figure 4: Simulated heat load and electron current as a function of the SEY in a beam screen dipole of the LHC when
operated at 7 TeV with different bunch population. Data are obtained from PyECLOUD simulation code in Ref [40].

In absence of magnetic field, the electron cloud interacts only with the circulating bunches and the
vacuum chamber wall. The motion of the electrons is not guided, and the cloud occupies the full cross section.
As shown in Figure 5, in the presence of a positively charged bunch, the electrons are repelled towards the
vacuum chamber walls (left side). When the kicked energy is large enough, some secondary electrons can be
produced and drift inside the vacuum tube ready to be kicked again towards the wall by the following bunch
(right side) [41].

X [mm] X [mm]

Figure 5: Electron cloud cross section distribution in absence of magnetic field during the passage of the bunch, left, and
after the passage of the bunch, right. Slide 11 in Ref [41].
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Figure 6: Effect on the magnetic field configuration on the electron cloud transverse distribution. Adaptation of Fig. 10 in
Ref. [42] and Fig 25 and 26 in Ref. [43].

In the presence of a magnetic field, the electron motion is guided by the magnetic field lines. Figure 6
shows the transverse distribution of the electron cloud density for dipole, quadrupole, sextupole and solenoid
fields. In the case of a dipole field, the electrons motion forms two stripes. The position of the stripes is a
function of the bunch density and dipole field. The electron cloud interacts only with the upper part and lower
part of the vacuum chamber. For the cases of the quadrupolar and sextupolar fields, the electrons motion
follows the field lines and interacts with the vacuum chamber wall at the poles position. Applying a solenoid
field maintains the electron cloud close to the vacuum chamber walls along its perimeter. In this case, the kick
received from the bunch is minimised and, in the occurrence the electrons receive enough energy to produce
secondary electrons, the energy of the secondary electrons being very low, they are maintained in the close
vicinity of the wall chamber [42,43].



Input parameters for the BIEM and electron cloud phenomena depend on the shape of the vacuum
chamber and its surface properties. BIEM in the vacuum chamber causes the electron stimulated gas
desorption and may require modification of the vacuum system to deal with it. These input characteristics for

BIEM and e-cloud modelling will be discussed the following sections of this Chapter.

8.2 Mitigation techniques and their impact on vacuum design
There are three main sources of electrons for BIEM and e-cloud in vacuum chamber [44]:

1. Electrons that appear due to residual gas ionization by the beam particles;
2. Photo-electrons that were emitted from vacuum chamber walls due to synchrotron radiation, see
Chapter 3;
3. Secondary electrons emitted due to electrons multipacting, see Section 8.3 below.
Apart these three main sources there could be a few additional that may contribute into the process:
4. Electrons that appear due to residual gas ionization
o0 by multipacting electrons and
0 bySR;
5. Bremsstrahlung photon, that appear due to beam-gas collisions, can contribe to
O gas ionization and
o photoelectron emission;
6. Beam particles hitting vacuum chamber, collimators and tapers may cause
O secondary electron emission,

o0 Bremsstrahlung radiation and, therefore, photo-electron production.

To lower the BIEM intensity and the e-cloud density, these sources of electrons must be minimised or
even suppressed. Thus, the production of electrons due to residual gas ionization can be mitigated by
specifying the maximum gas density, which requires using vacuum chambers with low photon and electron
stimulated desorption (PSD and ESD) yields and providing sufficient (preferably distributed) pumping speed.
Production of photo-electron emission due to synchrotron radiation is proportional to a photon flux, so it can
be reduced by reducing the photon flux irradiating the beam vacuum chamber walls using photon traps, photon
absorbers, antechambers, etc. Production of both photo-electrons and secondary electrons could be reduced
by aiming reducing their production rates: photo-electron yield (PEY) and secondary electron yield (SEY)
defined as a number of photo-electrons or secondary electrons, respectively, per impact of photon or electron.

A large number of BIEM and e-cloud mitigation methods have been developed over recent years.
These mitigation methods can be divided into two groups: passive (i.e. they require no controllers or power
sources after installation or implementation) and active (requiring controllers, power sources, feedback

electronics, etc.).



Various solution can be applied, the choice is dictated by a few criteria. First of all, a chosen solution

must solve the e-cloud and/or BIEM problem. Among working solutions, the most preferable one should be

simple, cost effective and very reliable in long terms. Ideally, the preferred solution should works for a

duration of machine lifetime, it does not take space, it does not require controllers and feedthrough.

8.2.1 Passive methods
Passive methods are implemented as an integrated part of the vacuum chamber, they don’t require controllers,

power sources, feedthroughs, feedback electronics, etc., once implemented they should work for a full lifetime

of machine without maintenance. If a passive method works (i.e. reduces BIEM and e-cloud to below a

tolerable level) for a whole machine or its sections then it is a preferable solution. Thus, a significant effort

was made to find and develop a number of passive mitigation solutions [45,46,47,48].

(1) The PEY and SEY are related to surface material and chemical state, thus the significant interest was

attracted to the materials and surface coating with material which have a low intrinsic SEY':

16:

(0]

Material have different PEY/SEY, for example, Cu has lower SEY than Al, see Figure 15 and Figure

The PEY/SEY of as-received materials with a natural oxide layer [49,50,51,52];

The PEY/SEY of specially treated surface, for example etched and controlled oxidation,
nitration or carbonation [53,54,55,56,57,58];

The PEY/SEY of pure materials after scrubbing with SR, electrons or ions in vacuum [14-
16,21];

Effect of temperature and cryosorbed gases [59,60].

= Pro: asimple choice from a short list of materials and low cost treatments;

= Contra: a limited choice of materials compatible with vacuum chamber specifications.

(0}

(0}

Coating any material with low PEY/SEY materials, see Figure 17:

TiN coating is a well-known technique with low PEY/SEY coating used in various application
[61,62,63,64,65] ;

NEG coating [66] provides similar low PEY/SEY [61,67,68] combined with distributed
pumping, i.e. a very good combined solution to suppress all three sources of electrons, thus,
when a bake-out is acceptable, NEG coating is a preferred solution as an ideal for vacuum
design due to low gas desorption and distributed pumping (see Chapter 5);

Amorphous carbon (a-C) coating [55,69,70]) lead to significant reduction of SEY (6max<1) and
suppression of electron multipacting;

Other low SEY coatings such as Cr, CrN, TiCr [71].



= Pro: it does not affect a choice of vacuum chamber materials, low SEY coating can be done on
any vacuum chamber material;
= Contra: it requires using a vacuum based deposition technology, therefore increases the cost of the

vacuum chamber.

(2) Surface geometry may help reducing the net SEY:
— Modifying a surface geometry by machining different shape grooves [45,72,73], see Figure 7, Figure
11 and Figure 18. Although the intrinsic SEY remains the same as for flat surface, the reduction of net
SEY happens due to multiple interactions of electrons with grooves walls, thus higher probability of
electron energy loss and electron absorption. The net SEY reduces with an increase of a ratio of height
h to distance between grooves (a and b in Figure 7) and with decrease of rib width.
= Pro: it works;

= Contra: it required precise machining, thus may increase the cost considerably.
(a) (b) l\&/
b

Figure 7. Two types of grooves for reducing the net SEY: (a) sawtooth-shaped grooves (h is a height and a is a distance
between grooves); (b) rib-shaped grooves (h is a height, b is a distance between the ribs and c is a rib width).

— Coating with low SEY microstructure (ex.: copper black, gold black; columnar NEG) [68,74,75,76]:
0 Materials that grow in a form of columns, pyramids, nanotubes, flakes, could be very efficient
in reducing PEY and SEY.
= Pro: it works;
= Contra: the created features could be fragile; cleaning with solvents could be difficult; a possibility
of increasing thermal outgassing, PSD, ESD and ISD has to be investigated; there is a risk of

particulate generation.
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— Surface micro-engineering by ion etching, chemical etching, etc. [74], see Figure 8:
o An technology that allows to rough the surface and reduce PEY and SEY.
= Pro: it works;
= Contra: the created features could be fragile; cleaning with solvents could be difficult; after this
wet technology the surface is saturated with hydrogen thermal outgassing, PSD, ESD and I1SD

could increase; there is a risk of particulate generation.

WD \" t m 5 pm ——
— 3 0 5.1 mm 5 \ = m ICMM-CSIC

Figure 8. Ag plating, ion etched with Mo Mask (Fig. 3 in Ref. [74]).

— Laser ablation surface engineering [77,78,79,80], see Figure 19:
o0 The most recently invented technology for reducing PEY and SEY, allowing to obtain low
SEY with (6max<1) for as-received metal surfaces modified by a nanosecond pulsed laser.
Bakeout or bombardment with electrons led to even lower value of Smax<1 [81,82].
= Pro: In comparison with other technologies used for surface engineering, the laser treatment has a
few advantages such as simple equipment, the treatment does not require vacuum condition and it
can be done in air under atmospheric pressure, reduces PSD, ESD and ISD.

= Contra: it requires particulate control.

Note: all surface engineering technologies could increase the surface resistance, which, in turn, could

potentially impact on the beam impedance.

(3) Vacuum chamber shape may help in e-cloud suppression:
— Using antechamber and shadowing critical components from SR is a very efficient mean to reduce the
number of photoelectrons in beam chamber, the photoelectrons emitted in antechamber don’t play a

role in BIEM and e-cloud [83,84,85,73]:
11



o0 In comparison to photoelectrons emitted from the beam chamber walls, the photoelectrons
produced in an antechamber are exposed to a much weaker beam electric field, they have a
strongly reduced probability to enter the beam chamber through a narrow gap between the
chamber and antechamber to participate in BIEM and e-cloud.

0 SR absorbers in antechamber could have a special design to minimise the PEY, for example,
absorbing photons at normal incident, photoelectron traps similar to a Faraday cup, using low

PEY materials, etc.

= Pro: it takes away one of the main sources of electrons in the beam chamber and it allows to
efficiently use the benefits of an antechamber when it is already considered in a vacuum chamber
design (e.g.: for SR beamline, for higher vacuum conductance or for distributed pumping);

= Contra: a more complicate design and more expensive vacuum chamber than a simple (e.g.:

round or elliptic) beam chamber.
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Figure 9: (a) schematics and (b) a photo of yokes with permanent magnets attached to the bellow chambers at SuperKEKB
low energy ring (Fig. 12 and 11(b) in Ref. [86], respectively).

(4) Use of permanent magnet field for trapping electrons [48,86]:
0 Permanent magnets are applied to suppress e-cloud at KEK-B, see Figure 9.
= Pro: it works, it is quite simple and low cost, it doesn’t not require power controllers and cables,
it can be installed at any stage of machine lifetime, it does not affect vacuum system as it is outside

of vacuum chamber.
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= Contra: it can only mitigate electron clouds in magnetic field-free areas, it may affect operations
of BPMs, vacuum gauges and other sensitive equipment. Maximum bakeout temperature of these
permanent magnets should be checked, it could be below the vacuum temperature bakeout
temperature of 250-300 °C, in the latter case these magnets should be removed before and re-

installed after each vacuum chamber bakeout.

(5) Various combinations of all the above can be applied as well [48,73], see Figure 10 and Figure 11:
a. Antechamber combined with grooves in the beam chamber;
b. Antechamber combined with TiN coating;
c. NEG coating on rough surface;
d. Any other possible combinations.

Beam pipe
(SuperKEKB LER)

Figure 10. KEK vacuum chamber with grooves and an antechamber (Fig. 6 in Ref. [87]).

Cross-sectional Cooling Beam chamber
area transition channels
feature Antechamber

Ceramic pillars Grooves NEG strips

Figure 11. A layout of wiggler vacuum chamber in the ILC positron damping ring (Fig. 3 in Ref. [73]).
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8.2.2 Active methods
Active methods are used in many machines, they could be used as a single solution or in combination with

others, the examples of such methods, with their pro and contra are shown below.

(1) As shown in Figure 12, a weak solenoid field (~50 Gauss) can be applied along the drift chambers
[88,89]. Magnetic field traps photo- and secondary electrons near the surface and away from the beam
path, thereby reducing the BIEM and electron cloud as shown by the reduction of the pressure increase.
Usually it is used in combination with TiN or NEG coating of such vacuum chambers.
= Pro: a coil can be added after the beginning of the machine operation to solve unexpected issues.

It is can be easily implemented only on simple straight sections.
= Contra: requires winding the coils, cables, controllers and power supplies. Such solution might be

not compatible with a bakeout system. It can be used in magnetic field-free regions only.
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Figure 12: Left, KEKB low energy ring solenoids. Right, observation of pressure rise with and without solenoid field as a
function of the positron beam current. The non-linear behaviour, signature of electron multipacting, is supressed when a
solenoid field is applied. Picture Courtesy of Y. Suetsugu, KEK. Fig. 7 in Ref [89].

(2) Clearing electrodes (biased up to +/-1000 V) in wigglers and dipoles are not allowing electrons to
multipact [47,90,91,92,93,94]. As shown in Figure 13, the clearing electrodes in the DA®NE dipole
chambers strongly reduces the horizontal instability even at large beam current.
= Pro: it works. It can be installed inside dipole, quadrupole and wigglers
= Contra: requires designing and manufacturing of these electrodes, redesigning and adopting a

vacuum chamber to accommodate these electrodes, their holder and electric feedthroughs.
Electrodes and insulating materials may dramatically increase the gas density in a vacuum chamber
due to thermal, photon, electron and ion induced gas desorption. Choice of material for electrodes
and insulating layer as well as in-vacua design must be UHV compatible, i.e. requires additional
vacuum studies and testing. Feedthroughs increase the chance of vacuum leaks to air. It requires,
cables, controllers/power supplies which significantly increase the cost for large machines.
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Figure 13. Left: clearing electrode in a DA®NE dipole vacuum chamber; right: electron intensity grow rate (Figs. 5 and 14
in Ref [90], respectively).

(3) Optimising the beam train parameters to avoid high intensity resonant conditions by varying a beam
charge and a beam spacing, introducing satellite beams, etc. [95,96].
= Pro: it also works. It requires no change in vacuum design, no additional cables, controllers and
power supplies in the machine tunnel.
= Contra: it reduces the flexibility in machine operation. In high-energy particle colliders, it may

results to more collisions per crossing thereby limiting the particle detectors efficiency.

8.2.3 Which techniques suits the best
It is important to mention that all the active and passive methods are working well and can be employed on

its own or in various combinations with each other.

In general, different techniques could be the most efficient for different components and different
sections of the machine. Thus, a machine design team should balance effort, efficiency, impact on various
machines systems, costs, etc., and choose the techniques, which will suit the best for whole machine, for a
sector or a particular component.

— First of all, the chosen BIEM and e-cloud mitigation technique must be explicitly fitted for the

purpose.
— A simple solution is preferable as it is usually more robust.

— The cost of mitigation could vary for different techniques, thus an increase in the cost of vacuum

chamber should be taken into consideration during the design phase.

— The mitigation technique should be vacuum compatible, and vice versa, a solution for beam vacuum

chamber should be compatible with a BIEM and e-cloud mitigation technique.

— The mitigation techniques employed inside beam vacuum chambers (surface roughening, coatings,
asymmetric vacuum chamber shape (e.g. due to an antechamber), clearing electrodes, etc.) may affect
the longitudinal and/or transversal beam impedance. An implementation of such mitigation
techniques would be recommended then an impact on the beam impedance is below a tolerable level.
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— Therefore, a mitigation solution should meet all the requirements for BIEM and e-cloud mitigation,

beam impedance, particulate generation, vacuum specification and machine risk analysis.

It must be noted here, that an implementation of mitigation techniques in a design phase is much easier,
while solving the BIEM and e-cloud problem on an already existing and operating machine has a shorter list

of possible solutions.

8.3 Secondary electron emission (laboratory studies)
8.3.1 SEY measurement method
When a primary electron interacts with matter, it causes the emission of secondary electrons. Primary electrons
penetrate into the solid along 1-10 nm and produce secondary electrons. Those electrons can be scattered or
diffused into the solid and might be consequently emitted into the vacuum. The total SEY (or 9) is defined as
a total number of electrons emitted from the surface per incident electron:

PRy (8.4

IP
where Is is the secondary electron current (including both elastic and inelastic processes) and I is the primary

electron current.

A typical layout of secondary yield measurements is shown in Figure 14. During the SEY
measurements, the sample is bombarded by electron with energy in range from 10 eV to 3 keV (depending on
the operation range of connected electron gun). The sample can be biased between 0 and -100 V to repel
secondary electrons toward the Faraday cap. The SEY measured with no bias are higher than with no bias.
The SEY increases with a bias and reaches its saturation at certain bias value, which depends on the gap
between the sample and a Faraday cap. In the experiments reported below the bias was always applies at the
saturation value. Two currents can be measured simultaneously in the experiment: a sample drain current, Ip,

and a current at the Faraday cap, Ir. The total SEY can be calculated as:

5::_S:| I+FI ' (®.5)
P FTlp

An alternative method used to measure the SEY consists in doing the measurement in two steps. In a
first step, the sample is biased negatively to repel the secondary electrons and the sample drain current, Ip, is
measured. In a second step, the sample is replaced by a Faraday cup from which the primary electron beam
current, Ip can be measured. The amount of secondary electrons is derived from the subtraction of the primary
electrons current minus the sample drain current. In this case, the SEY is given by the following equation:

5=:—S='F"D:1—'—D. (8.6)
P

I I

16



(a) Primary (b) —— —Primary electron — —

' electron beam Secondary beam
electrons |1
Secondary \ /
| electrons —>
/ \ [ Faraday Sample |~
cup <=

Sample —@—I + I

Far:aday
cup

Figure 14. Typical layout of secondary yield measurements (a) simultaneous measurements of currents from a sample and

a Faraday cup with a passing through primary electron beam, (b) two-step measurements of currents from a sample only
and a close Faraday cup only.

In this section we summarise the main tendencies in SEY in various conditions.

8.3.2 SEY as afunction of the incident electron energy
Figure 15 shows SEY curves of typical materials used for the construction of accelerator vacuum systems as

a function of the incident electron energy. The values are given for ‘as-received’ unbaked material, i.e. without
any specific treatment to reduce the yield [97]. The curves have a *bell” shape with a maximum in the range
200-300 eV. The maximum of the SEY, dmax, ranges from dmax = 1.5 for TiN coated sample to dmax = 3.5 for
aluminium. Typical values for titanium, copper and stainless steel are around Jmax ~ 2. Any electrons

bombarding a surface with a primary energy up to 2 keV will subsequently produce secondary electrons
increasing the total amount of electron in the accelerator.
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Figure 15: Secondary Electron Yield (SEY) curves of some technological materials used for the construction of accelerators.
Fig 3 in Ref. [97].
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8.3.3 Effect of surface treatment by bakeout, photon, electron and ion bombardments
As mentioned previously, several techniques are used to lower the SEY of technical surfaces. This is illustrated

in Figure 16 (left side), where, for instance, the maximum SEY of copper surface reduces by baked at 300 °C
to Jomax~1.7. Cleaned copper surface, i.e. bombarded with Ar ions in a way to sputter the native oxide,
hydrocarbon and contaminants layer, has a maximum SEY of dmax ~1.4 at a primary kinetic energy of ~650
eV [97]. Electron bombardment can also reduce the secondary electron yield of technological surfaces. This
effect is often used in various equipment, e.g. radio-frequency cavities or accelerators, to mitigate the electron
multipacting. Figure 16 (right side) shows the evolution of dmax Of an as-received Cu surface as a function of
the electron dose. After bombardment with electron of kinetic energy above 50 eV, dmax can be reduced to
~1.1. However, for lower kinetic energy and the same electron dose the conditioning is less efficient and the
value of dmax reaches ~1.35. The origin of this reduction phenomenon (called “scrubbing” or “conditioning”
in accelerator scientist’s jargon) is ascribed to removing oxides (by ESD) and the graphitization of the surface
[54,68].
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Figure 16: Secondary electron yield curves of Cu as a function of surface treatment: bakeout, Ar glow discharge (left),
electron bombardment (right). Fig. 2 in Ref [97] and re-arranged data of Fig.2 in Ref [54].

8.3.4 Effect of surface material
Even cleaned following the UHV standards, the technological surfaces are covered by a surface layer

consisting of oxides and physisorbed /chemisorbed gases, which modify the secondary electron emission of
the pure material. An ion bombardment can sputter the contaminants removing then from the surface. As
already shown in Figure 16, Cu has dmax ~ 1.4 when sputter cleaned under ion bombardment. Table 1 shows
the maximum secondary electron yield, dmax, and the corresponding impinging energy, Emax, Of Some common
pure materials.

A reduction of the secondary electron production can also be achieved by coating the surface with a

low SEY material.
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The TiN coating on technological surfaces such as copper, aluminium or stainless steel substrate allows

reducing omax to 1.5, see Figure 15.

Table 1: Maximum secondary electron yield of some usual chemical components.

Material Ag Al Au Polished C Cu Nb Ti
Omax 15 1 15 1 1.4 1.2 0.9
Emax (V) 800 300 700 300 600 400 280

The non-evaporable getter (NEG) films coated on the same substrates can also reduce the maximum
SEY, as it was described in Chapter 5, see Figures 5-22 and 5-23 (Oleg to check!). Thus, SEY was reduced to
omax = 1.1 with a 1-pum thick Ti-Zr-V getter film coated on copper and activated at 200 °C [98].

Carbon coating also reduces the production of secondary electron cloud. The SEY curve of amorphous
carbon coated on stainless steel deposited under Ne and Ar discharge is shown in Figure 17. A remarkable

value of dmax < 1 is achieved: multipacting do not occur with such surface [99].
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Figure 17: Secondary electron yield curves of amorphous carbon coating. Adapted from Fig.1 in Ref. [99].

8.3.5 Effect of surface roughness
The morphological aspect of a surface reduces also the secondary electron production. When the secondary
electrons produced from the surface performed several collisions with the material, their chance of being
absorbed is increased which results in a reduction of the net SEY.

Thus, the low SEY of as-received TiN coating happened not only due to low SE of TiN but also due
to pyramidal structure created by TiN grains (due to the roughness of its surface). Indeed, thin TiN coating

has a goldish colour which dmax = 2.4, whereas, the surface coated thick layer of TiN is black with dmax = 1.5,
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the black aspect being attributed to the roughness of the material [100]. Thick amorphous carbon films reduce
as well the SEY due to its surface roughness [99].

The production of macroscopic or microscopic structures with mechanical or laser ablation reduces
further the SEY.

As illustrated in Figure 7 and Figure 18, a groove, rib or a honeycomb structure can trap the secondary
electrons to reduce the effective SEY of the material [101,102]. TiN grooved with 40° opening angle and
depth of 1 mm provides omax = 1.2 [103]. Drilled copper with 75% holes of depth ~ 0.5 mm and diameter ~
1 mm provides dmax = 1.2.

primary electrons

l i l l secondary electrons

Figure 18: Surface roughness produced by grooves means (left) and drilled means (right) [101,102].

Laser ablation surface engineering (LASE) is a promising technology currently under development
[77-82]. The laser ablation produces organised microstructures on a surface with SEY below 1: multipacting
do not occur with such a surface. As depicted in Figure 19, left, the SEY of a laser treated Cu sample is below
1 for impinging electron energies up to 1 keV. On the right side, the scanning electron microscope image
(SEM) shows the microstructure of the Cu sample where secondary electrons are trapped following successive

absorptions.
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Figure 19: Secondary electron yield curves of laser treated Cu samples (left) and SEM image of “Sample 9” (right). Figs. 9
and 10 in Ref. [82].
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8.3.6 “True” secondary electrons, retro-diffused electrons and reflected electrons
It must be stressed that the secondary electrons taken into account for the evaluation of the SEY in the figures

above are the sum of “true” secondary electrons, retro-diffused electrons and reflected electrons [104,105].
Thus, for each point measured at a given incident primary electron kinetic energy, the emitted electrons are
not mono-energetic but have rather a distribution in energy. Such electron distribution curves are highly
peaked towards low energy below ~ 5 eV. However, there is always a contribution from reflected electrons.
This contribution increase when decreasing the incident electron kinetic energy. For a technical surface such
as copper, reflectivity above ~ 60% is measured for impinging electrons with kinetic energy below ~ 20 eV.
This is illustrated in Figure 20 where the electron energy distribution curves are measured for primary electron
energy ranging from 4 to 200 eV [106]. These curves are typically measured with semi-hemispherical electron
analysers or low energy electron diffraction devices. The reflectivity at low electron energy of clean
polycrystalline copper (i.e. sputtered copper) is ~ 20 % [107].
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Figure 20: Electron energy distribution curves for primary electron energy ranging from 4 to 200 eV. Adapted from Fig. 1
in Ref. [106].

For the purpose of modelisation of the BIEM and electron cloud, the SEY curve can be described by
the sum of true secondary electrons and reflected electrons as a function of energy of the primary impinging
electrons, E, [108, 109]:

8(Ep) = (Ep )+ Sasic (E, ) (8.7)
Where the contribution of “true” secondary electrons is given by the equation below with s ~
1.35, dmax the maximum of the SEY curve and Emax the primary energy corresponding to dmax:

S 5,
(Ep)=6rax % . (8.8)
e
Emax

Figure 21 shows curves for Cu the obtained with Eq. (8.8) for Emax = 250 eV and dmax = 2.2, 1.7 and 1.2. As
shown, when the maximum secondary electron yield is decreased, not only the amount of multiplied electrons

0,

true

is decreased, but also the energy range of primary electrons that could be multiplied. When dmax = 2.2, the
SEY is larger than 1 for primary energy range up to 3 keV; however, when dmax = 1.2, the energy range of

multiplied primary electrons is reduced to the range of 100-700 eV.
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Figure 21: SEY curves of Cu, computed with Eq. (8.8), for several values of dmax.

8.3.7 Effect of incident angle
When decreasing the incidence angle, the SEY increases due to the electron production closer to the surface.

Introducing the angle & with respect to the surface normal, the parameters dmax, Emax and s may vary like [110]:

5max (9) _ 5maxeo.4(1—cose) (89)
Epnax (6) = Ep X (1+0.7(1—cos 8) ) (8.10)
s(0)=5x(1-0.18(1-cos ) (8.11)

In magnetic field-free regions, the azimuthal distribution of the true secondary electrons follows the Beer-
Lambert law but the reflection of the elastic electrons is specular.

The contribution of the “elastically” reflected electrons as a function of impinging electron energy is
given by [111]:

0,

elastic

( L\/_ = +8OJ (8.12)
\/_ \/ E, +¢&,

with Ro, the reflectivity for electron impinging the surface with zero energy (Ro ~ 0.6) and &o the negative step

potential onto which the plane-wave electron wave function is incident (g0 ~ 150 eV). Figure 22 shows the

relative contribution to the total SEY, Eq. 5, of “true” and “elastic” secondary electrons. The contribution of

reflected electrons is important for primary energies below 10 eV and negligible above 50 eV.
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Figure 22: Relative contribution to the SEY of the “true” secondary electrons (plain) and the “elastic” secondary electrons
(dot) computed from Egs. (8.7), (8.8) and (8.12).
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8.4 How the BIEM and e-cloud could affect vacuum
It was already mentioned above that electrons can be accelerated by the bunch charge, gain an energy of up

to a few hundred eV and hit the vacuum chamber wall, producing not only the secondary electrons but the
ESD as well.
Therefore, the gas dynamics balance equations in Chapters 5 and 6 include the gas desorption term q

which consists of a few main sources: thermal desorption, PSD and ESD:
q=nF+nT+n,0. (8.13)
To estimate the BIEM and e-cloud effects on vacuum, one need to obtain
— the electron flux © [e7/(s-m)],
— the (average) energy of hitting electrons <E¢> [eV] which required to estimate the ESD yields,

— how well the surface was conditioned with SR and photoelectrons before the electron multipacting has

been triggered on.

8.4.1 Estimation of electron energy and incident electron flux
The e-cloud modelling codes input includes a selected set of parameters such as PEY, SEY, gas density and
charge particle beam characteristics. The results of the modelling provides an intensity of BIEM an e-cloud
density distribution.

To calculate ESD for gas dynamics calculations we can use either the electron energy distribution, &
(E):

N

Oesp :Z(ne(Ei)G)i), (8.14)

i=1
or the average power dissipation of multipacting electrons to the walls of vacuum chamber, . #[W/m], and the
average energy of hitting electrons <E¢>. A use of the average electron energy, < Ee>, is sufficient to calculate
effective electron flux ® from the electron power .# Considering a linear dependence of ESD yields with the
electron energy in the range 50 eV < E < 1 keV (see Chapter 4),. Since the power is

y[ﬂ}z |e[ﬁ}u[v]:®{i}<Ee>[ev], (8.15)

m m s-m
then the effective electron flux per meter of vacuum chamber length can be calculated as:

(8.16)

“{ ; }:<E b3

s-m Jlev]a[C]

Then the ESD per meter of vacuum chamber can be calculated:
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Geso =7 ((E.))©. (8.17)

If the average electron energy is not provided, it can be estimated as follows. The time-averaged electric field

& of the beam with a Gaussian profile can be given in Sl units by:

g(r)ZZﬂ:‘ocr 1—e_{"f] : (8.18)

where | is the proton beam current; & = 8.85-10*2 [F/m] is the permittivity of free space; c is the speed of
light in vacuum; ox is the rms beam size, o, = \/W ; I is the distance from the centre of beam. However,
a peak electric field (in presence of bunch of particles) is a factor T/z higher than an average electric field
value (herezis the bunch length and T is the bunch spacing):

| o) T
- 27e,Cr 1-e [ j ’

B eak (r) (8.19)

The electrons are accelerated toward the beam when bunch is present, and are drifting between bunches.
Thus, the electron can gain the energy up to
2 | T 1—e7[‘7']
Eae = [ e (r)dr = — dr. (8.20)
0

27e,C T %, r

The electron incident energy varies in the range 0 < Ee < Emax.
Integration in Eq. (8.20) can be performed numerically (see, for example, a procedure in Chapter 9) or

analytically with Euler gamma functions:

t I T a) aY ,
E, o = {éﬁ)eak (r)dr = Irco. ?(Iog {[;J ]+FLO,(EJ ]+}/], (8.21)

here, I"(0,2) is the incomplete Euler gamma function, F(O, z) = J. x ‘e *dx ; yis Euler’s constant, y ~ 0.577216.

When the average electron energy, <E>, can be calculated from numerical result or artificially set it to
<Ee> = Emax/2.

8.4.2 Estimation of initial ESD.

The ESD vyield data were discussed in Chapter 4. The ESD is proportional to ESD yield 7, the number
of electrons hitting the walls in unit of time (the electron flux ® [e7/(ss-m)]). The ESD vyield increases with
incident electron energy E.. Alike the PSD, the ESD reduces with both an integral photon and electron dose.

When there is no SR in a designed particle accelerator, then the ESD results from Chapter 4, from

literature or from new dedicated experiments are applicable directly.
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In a presence of SR, the beam chamber is conditioned (or scrubbed) with direct and reflected SR, see
Figure 23. The SR conditioning (or scrubbing) will reduce both PSD and ESD vyields. The conditioning effect
can be enhanced by photoelectrons that also bombard the area of beam chamber which is not irradiated by
direct SR, however the magnetic field can redistribute or trap these photoelectrons [112,113].

Reflected SR

Reflected SR

Directly
irradiated
area

Reflected SR Beam chamber

Figure 23. A vacuum chamber irradiated with direct and reflected SR.

Most commonly, the start-up scenario of the machine allows sufficient time for tuning and
commissioning the machine. This means that machine runs with low beam current when SR is emitted,
irradiating and conditioning the beam chamber walls, but the beam parameters are below the BIEM threshold.
After some dose, the conditioning effect is not uniform neither along the beam path (see Figs. 4.31 - 4.33 in
Chapter 4) nor around the beam pipe cross section, where the area directly irradiated by SR has been
conditioned more intensively than other parts irradiated by reflected SR.

Thus, after reaching the BIEM threshold in the machines with SR, the initial ESD must be lower than
in the machines without SR, the main problem is to estimate how strong this effect is.

As a very simplistic estimation one can use an assumption that the ESD yield (for any fixed electron
energy) will be reduced with SR photon dose proportionally PSD yield, i.e. when PSD yield was reduced with
SR conditioning by a factor 100, then it is reasonable to expect that ESD yield may also be reduced by a factor
100. That means that the lower the SR photon flux at the surface, the higher the initial ESD yields will be
when the BIEM is triggered on, i.e. the highest ESD vyields will be expected at the locations where there is the
lowest SR intensity or no SR.

Then the terms in Eq. (8.13) can be compared to each other. If ESD is comparable or larger than the
thermal and PSD, then in the gas dynamic model the significant attention should be paid to the ESD term,
ne®, to check how much the gas density will increase due to BIEM. The pressure profile may dramatically

change, and optimum pumping arrangement for PSD may become not ideal to cope with ESD.

25



One should pay attention that electron energy depends on beam and beam train parameters. Beam
current may increase by increasing a number of bunches or/and by increasing a number of particles in each
bunch.

— Increasing a number of bunches increases the electron flux ® but does not affect the average
energy of hitting electrons Ee, thus cause a linear increase in ESD.

— Increasing a number of particles in each bunch increases the average energy of hitting electrons
Ee, which lead to higher ESD vyield and may also result in higher SEY (for Ee < Emax , Emax =
150-650 eV for flat surfaces and Emax = 900-1000 eV for rough surfaces) which in turn lead to a
higher electron flux ®. In this case, the ESD may increase with beam current stringer than linear.

The ESD can significantly increase the gas density in the beam vacuum chamber; a higher gas density,
in its turn, will increase gas ionisation rate by the beam particles, contributing into electron production for the
e-cloud build up and change e-cloud density to unacceptably high value.

That should be considered during the vacuum system design (to provide better pumping or apply
different BIEM and e-cloud mitigation techniques) and machine conditioning scenario. Such work was
reported, for example, for LHC [114] and ILC [44].

8.5 BIEM and e-cloud observation in machines
8.5.1 Measurements in machines
The study and characterisation of BIEM and electron cloud in machine is obviously of great importance during
the design phase of a machine and during its commissioning and operating periods. Many observables, which
can be used, by the engineers and scientists for the analysis of BIEM and electron cloud are available in the
control room. They can be related to the measurement of beam properties such as the beam and bunch current
lifetimes, emittance growth, beam instabilities (usually in the vertical plane since the majority of a synchrotron
is built of dipole magnet), energy and particle losses etc. This information is mainly available via specific
beam instrumentation systems. The impact of BIEM and electron cloud can also be observed with other
technical systems such as pressure rise in a vacuum system, energy deposition on a cryogenic system, beam
energy loss compensated by the radio-frequency system etc.

Figure 24 shows a typical signature of electron cloud observed with the CERN Large Hadron Collider
(LHC) at injection energy, 450 GeV, during a beam conditioning campaign. During this run, the machine was
filled with 1596 bunches in both beams, B1 & B2. After extraction from the Proton Synchrotron injector (PS),
the proton bunches are separated by 25 ns and grouped into a batch of 72 bunches each. Two batches are then
injected from the PS into the Super Proton Synchrotron (SPS) to form a train. Then, 12 bunches are injected
into the LHC followed by 11 trains of 144 bunches each. As shown by the fast beam current transformer, the
bunch intensity is drastically reduced along each batch from 1.2x10*! proton per bunch (the nominal value) to

5x10% proton per bunch. This reduction is due to the presence of an electron cloud into the LHC ring as
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supported by the measurement of a heat load onto the 5-20 K cryogenic system of ~ 0.5 W/m per aperture (~
22 kW around the ring!). To be noticed, in the lower plot for B2, is the smaller reduction of bunch intensity

in the last three freshly injected trains.
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Figure 24: A typical signature of electron cloud observed on a bunch intensity fixed display of the CERN Large Hadron
Collider (fill 4088, 29/7/2015).

The impact of BIEM and electron cloud can be seen on the beam emittance as shown in Figure 25.
Due to the dipole field, the emittance blow-up is limited to the vertical plane (lower plots). Along the batch,
the first bunches are not affected by the electron cloud but rather the ones at the end producing a typical
triangular shape along each train. To be noticed also, is the absence of vertical emittance blow-up for last three

freshly injected trains into B2.
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Figure 25: A typical signature of electron cloud observed on a horizontal and vertical emittance fixed display of the CERN
Large Hadron Collider (fill 4088, 29/7/2015).
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8.5.1.1. Vacuum pressure
The observation of BIEM and electron cloud is usually associated with a pressure increase. Depending on the

electron flux to the wall, the kinetic energy of the bombarding electrons and the nature of the surface, the
observed pressure increase can significantly vary. Moreover, since the BIEM is a nonlinear mechanism, the
pressure increase usually changes with the beam structure from which a threshold is a typical signature. Figure

26 shows the pressure threshold observed in PEP-11 due to BIEM in the vacuum chamber [115].
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Figure 26: A typical non-linear pressure rise due to BIEM in a vacuum chamber. Fig. 4 in Ref. [115].

The BIEM and electron cloud mechanism is a strong function of the beam structure, therefore strong
impact on the associated pressure rise can be observed [20]. Below a given bunch intensity, BIEM cannot be
triggered due to the low energy electrons. So, in the case the gas dynamics is not dominated by other desorption
processes (induced by e.g. photons or ions), there is no or little pressure increase. Increasing further the bunch
intensity, above a given threshold, a sudden pressure increases appears due to the ESD induced by the BIEM
process. If the bunch intensity is kept constant but the amount of bunches is increased, the pressure increases
linearly with the number of bunches. On the other hand, if the distance between bunches is increased, the
pressure rise associated to the BIEM is reduced. However, large time lag between bunches (a few 10 us) are
needed to clear completely the BIEM thereby the associated pressure rise. A much better mean than increasing
the bunch distance to clear the associated pressure rise in magnetic field-free region is the wrapping of a
solenoid around the vacuum chamber. Figure 27, left, shows a solenoid wrapped around the LHC beam pipe.
During the LHC commissioning, as shown on the ride side of the Figure, a pressure increase up to 108 mbar
was observed around the experimental areas despite the distance between the bunches was 150 ns. Since, the

two beams circulates in opposite direction in the common beam pipe, the effective distance between the
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bunches is reduced at specific locations. When applying a solenoidal field of 20 Gauss, this pressure increase
was reduced in the 102° mbar range. The observed pressure reduction was due to the suppression of BIEM.
However, it must be stressed that, despite this method is highly effective to suppress the BIEM, it does not
affect the surface state of the vacuum chamber itself. Therefore, in the event the solenoidal field is switch off,

the BIEM and the associated pressure rise appears again.
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Figure 27: Left, a solenoid wrapped around the LHC beam pipe, right, observed pressure reduction when a solenoidal field
of 20 Gauss is applied. Fig. 7 in Ref. [20].

8.5.1.2.  Vacuum chamber wall properties
In the last decades, several specific diagnostics tools have being designed to the objective of studying in detail,
not only the impact of BIEM and electron cloud on the beam itself but also the interaction of the phenomena
with the vacuum surface itself.

The exposure of different type of sample to the irradiation of direct synchrotron radiation or electrons
was realised in several laboratories around the world [61,116, 117, 118, 119, 120]. These studies allowed
monitoring in detail the variation of important surface parameters for the understanding of the BIEM and
electron cloud such as the SEY, the photon reflectivity and the PEY.

Figure 28 show a typical arrangement of such a system for the in-situ measurement of SEY [116].
During operation the Cu sample in placed on the side of the wall and the beam is let circulated (in this case, it
is a synchrotron radiation beam). When the machine is stopped. The sample can be moved towards the SEY
monitor for the measurement. During each SEY measurement, electrons from the gun bombard the sample
with kinetic energy from 10 eV to 3 keV. The accumulated dose is of the order of 1 nC/cm? in such a way that
any reduction of the SEY due to electron gun bombardment during the measurement process can be neglected.
From such a device, the SEY curve is obtained by the simultaneous measurement of the drain current, Ip, on
the sample which is biaised negatively in the range of — 50 to - 90 V in order to expel secondary electrons and
by the measurement of the current of secondary electrons collected on a Faraday cup (or Cage), lc, biased

positively to attract electrons and placed in front of the sample. The SEY is then given by Eqg. (8.5) above.
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Figure 28: A set-up for in-situ measurement of SEY, on the bottom part, a translator exposes the sample to the electron

C "

Cu colaminated sample
biased from - 45 to 830 V

cloud or to the SEY measurement device located on the upper part. Fig. 3 in Ref. [116].

Figure 29 shows the result of beam exposure to technical surfaces of accelerator machines. The left
side presents a network of SEY curves as a function of the dose of the incident particle. In this case, a CERN
Large Hadron Collider Cu colaminated type sample was exposed to photoelectrons produced by synchrotron
radiation and accelerated towards the sample to 100 eV [116]. The right side shows the SEY curves of a TiN
coated sample exposed to the photoelectrons and electron cloud generated during two months by the positron
beam of the PEP-11 low energy ring (LER). The accumulated electron dose was estimated to be ~40 mC/mm?
[118]. In both cases, a reduction of the SEY curve under conditioning is noticed. In the laboratory, similar

modifications of the SEY curve were also observed when directly bombarding the sample with electrons

produced with a gun [54, 97].
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Figure 29: Left, reduction of the SEY curve as a function of photon dose when photoelectrons are accelerated to 100 V [116],
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A typical plot of the maximum of the SEY during beam conditioning is shown in Figure 30. In this
particular case, the photoelectrons produced on the horizontal plane by the incident synchrotron radiation were
accelerated towards the unbaked Cu colaminated sample obtained from LHC beam screen material. Doing so,
any artefact, due to the presence of an electron gun irradiating directly a sample (which might be the case
when performing a similar measurement in the laboratory) is avoided. It is shown that the maximum of the
SEY curve decrease as a function of electron dose. A value of dmax = 1.2 being reached after an electron dose
of ~ 10 mC/mm?. A closer look at this Figure indicates that the conditioning efficiency varies with the beam
energy. The reduction of the maximum SEY is attributed to the graphitization of the native oxide and carbide
layers, as demonstrated in a dedicated X-Ray Photoelectron Spectroscopy study. In this study the conversion
of the C*s core shell electrons from sp3 to sp2 was pointed-out together with a higher conditioning efficiency
for electrons with Kkinetic energy larger than 50 eV [54, 121]. Indeed, pure sp2 Carbon (or Highly-Oriented
Pyrolytic Graphite) has omax~ 1.
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Figure 30: Reduction of the maximum of the SEY curve as a function of electron dose. Fig. 4 in Ref. [116].

From these measurements, the SEY curves were fitted by equation (14) according to equations (5) and
(2). The result is depicted in Figure 31 for Cu-colaminated where the as-received and conditioned SEY curves
are shown on the left and right side respectively. The error bars are defined by 3 standard deviations across

the different measured samples.

(8.22)

Table 2 shows the result of the fitting process across five samples measured in the as-received and
conditioned state. It can be seen that the conditioning process could induce a slight modification of the

parameters possibly due to the graphitisation of the surface.

Table 2: Parameters for the description of the SEY curve of as-received and conditioned Cu-colaminated material.

State 8max Emax(eV) S a (0 (eV)
as-received | 2.24 220 1.401 | 0.560 | 36.8
conditioned | 1.18 200 1.329 | 0.360 | 27.0
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Figure 31: Left, fit to as-received Cu-colaminated sample, right, fit to conditioned Cu-colaminated sample. Fig. 5 in Ref.
[116].

8.5.1.3.  Specific tools for BIEM and electron cloud observation

Beside the characterisation of SEY and PEY surface parameters with dedicated devices, instruments designed
to observed the BIEM and electron cloud have been developed and installed in numerous machine around the
world [122, 123, 124, 125, 120, 126, 127, 128, 129, 130, 131]. Most of the instruments are based on the
electron flux measurement at the vacuum chamber wall in a way to derive properties of the electron cloud. In
this section, we will discuss only a few fundamentals instruments, which can be easily integrated in a vacuum
system.

The simplest detector is a button pick-up (of a few 10 mm diameter) which allows the measurement
of an electron current. When directly facing the beam, the pick-up is non-shielded. A wideband beam signal
can be recorded at a scope. This signal indicates the presence of a beam and can be used as a trigger if needed.
When shielded from the beam, the pick-up measures a current proportional to the electron cloud density. Such
pick-ups are installed behind a grounded RF shield made of slots or round holes with size in the mm range.
Typical transparency of the RF shield is in the range 10-40%, a compromise between the electron collection
efficiency and induced perturbation on the BIEM and electron cloud. The button pick-up is positively biased
in order to collect the secondary electrons produced at the button by the incoming electrons originating from
the electron cloud. About +50 V is applied in practice to cancel the effect on the measured current due to
secondary electrons produced at the button pick-up. Figure 32 shows on the left side a shielded button pick-
up, and on the right side, a signal induced by the passage of the beam in front of a non-shielded pick-up
(stripline) and a shielded pick-up (BPU2) signal induced by an electron cloud [132, 128]. In this example, the
distance between successive bunches can be measured (25 ns) and the number of bunches needed to reach a
quasi-equilibrium for the electron cloud is 15. In steady state, collected electron current are typically in the
range 0.1 -10 pA.
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Figure 32: Left, shielded button pick-up, right, typical signal measured with a scope at an unshielded (stripline) and shielded
(BPU2) button pick-up [132, 128].

Another important instrument is the Retarding Field Analyser (RFA), see Figure 33, left [133]. This
instrument allows measuring the energy spectra of the electrons extracted from the electron cloud. In this case,
a retarding voltage is inserted between the grounded RF shield connected to the vacuum chamber wall and the
collector held at ~ +50 V. When the voltage of the analysing grid is set at a potential Vg, only the electrons
whose energy is larger than Vg can cross the grid and reach the collector. During the measurement, the voltage
of the analysing grid is sweep from 0 V to ~ - 500 V and the collected current is differentiated with respect to
the grid voltage to obtain the electron energy spectra. In order to reduce the noise induced by the capacitive
coupling between the variable voltage grid and the collector, a grid held at ground can be placed around the
collector. For further noise reduction, another grounded grid can be placed between the vacuum chamber’s
RF shield and the retarding grid. Typical transparencies of mesh grids range from 50 to 90 %. In upgraded
versions, the collector is replaced by a multi-channel plate to increase the detection sensitivity. The energy
resolution of the electron spectra can also be upgraded by adding a fifth grid and using an etherodine technique
similar to the one used in LEED technology to perform Auger studies [134]. In all cases, when all the grids
are ground, the instrument can be used in electron current detection mode in a similar way to a shielded button
pick-up. Figure 33 right, shows a typical electron energy distribution measured by a RFA exposed to an
electron cloud. The distribution is peaked at low energy (~ 5 eV) and most of the electrons have an energy
below 50 eV. Finally, when operating the RFA at large negative voltage (~ - 1 kV) i.e. detecting electrons
kicked near the beam, the device can also be used to estimate the electron cloud density around the beam
[130]. One must stress that this last mode of detection is of paramount importance for the machine designer
since above a given electron cloud density threshold, in the range of 10%°-10'2 e/m?3, an accelerator machine

can be strongly unstable.
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Figure 33: Left, retarding Field Analyser and, right, electron energy distribution of an electron cloud [133, 118].

As explained previously, the BIEM and electron cloud are sensitive to magnetic fields. For this reason,
specific diagnostic tools have been designed to collect electron current with a spatial resolution. A typical
detector is made of ~ 1 mm width Cu strips. These strips were deposited on an insulating substrate e.g.
Macor™ or a lithographed Kapton foil with ~ 1 mm pitch. Typical collected current range from 20 nA to 20
nA [135]. Figure 34 shows typical electron current signals obtained with a multi-strip detector [132,136]. In
this case, the detectors are placed in the lower part of the vacuum chamber. As shown, a spatial resolution in
the mm range can be achieved. The signal measured in a vertical dipole field is shown on the left side for 9
10%° particle per bunch. Above ~20 Gs, the electrons are guided along the magnetic field lines. At low bunch
current, the electron signal is centred in the vacuum chamber. Above ~ 5 10 particle per bunch two stripes
appears. The distance between the two signals is a function of the bunch current. The larger the bunch current,
the larger the kick received by the electron is. Increasing further the bunch density above ~ 1.3 10%° particle
per bunch, a third stripe appears in the centre of the vacuum chamber. Therefore, in a dipole field, the electron
bombards the vacuum chambers in the horizontal and vertical plane at four distinct positions, which are a
function of the bunch density. In the CERN Large Hadron Collider, the two stripes are separated by 20 mm
with nominal bunch density (1.1x10%° protons/bunch). The signal measured in a quadruple field is shown on
the right side where only the lower part of the vacuum chamber is shown. In this case, the electrons are also
guided along the magnetic field lines. Thus, the electrons bombard the vacuum chamber walls at four poles
locations.

Others tools are available for specific studies to understand the interplay of the electron cloud with the
vacuum chamber wall. A RFA coupled with a “sweeping” electrode can monitor the electron density during
the bunch passage and after its passage [127,137]. Calorimetry is performed by pick-ups or liner chambers
[138,139]. The study of the multipacting mechanism can be performed with resonant standing-wave coaxial
set-up [140,141].
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Figure 34: Typical electron current signals obtained with a multi-strip detector. On the left side, the signals are measured
in a dipole field and, on the right side, measured in a quadrupole field [132,136].

8.5.2 Machines operating at cryogenic temperature
With the increasing use of superconducting magnets or RF cavities in machines around the world, there is

more and more interest to understand the interplay between the vacuum system operating at cryogenic
temperature and the BIEM and electron cloud. This is the case of e.g. RHIC, LHC and future machines such
as SIS100, FCC-hh or CPPS.

8.5.2.1. Surface properties at cryogenic temperature
At cryogenic temperature, the vacuum chamber wall is usually held at temperature close to the liquid helium

boiling temperature (i.e. 4.2 K). In this regime, as discussed in Chapter 7, the vacuum chamber wall acts as a
pumping surface. Thus, gas molecules are physisorbed or condensed on the wall. Thereby, the behaviour of
the vacuum system is significantly modified see e.g. [142,143]. The nature of the adsorbed molecules onto
the surface is a function of the vacuum chamber material and its temperature. For smooth and metallic
surfaces, hydrogen is adsorbed below 20 K, methane, nitrogen and carbon monoxide below 40 K, carbon
dioxide below 80 K and water below 190 K. The sticking probability of the molecules is a function of the
vacuum chamber material, its temperature, the surface coverage and the kinetic energy of the molecule. As it
will be shown below, the surface temperature, with the presence of adsorbate on it, have significant impact on
the BIEM and electron cloud trough the modification of the photoelectrons and secondary electron properties.

For surface coverage below 10'°-10*" molecules/cm?, the PEY of a stainless steel surface held at
cryogenic temperature irradiated at perpendicular incidence with synchrotron radiation of 200 eV critical
energy do not differ as compared room temperature (i.e. ~102 e/photon). For much larger surface coverage,
the PEY decrease by one order of magnitude. However, the photo-interaction with thick layers of CH4 and

CO, induce a charging of the condensate which results in a slight enhancement of the PEY [144].
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At cryogenic temperature, the SEY of an as-received Cu surface is not modified as compared to room
temperature. Figure 35 shows the SEY behaviour of a LHC Cu colaminated beam screen sample held at room
temperature and at 9 K. As shown on the left side, the SEY at 200 eV as a function of electron dose is very
similar for cryogenic and room temperature. Similarly, to Figure 30, the SEY value reduces to 1-1.2 for an
accumulated dose of about 10 mC/mm? [145]. The SEY curve at 9K is very similar to the one at room

temperature with a maximum around 250 eV [57].
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Figure 35: Left, SEY at 200 eV as a function of electron dose of a Cu sample held at room temperature and 9K, right, SEY
curve of a Cu sample held at 9 K. Fig. 2 in Ref. [145] and Fig. 3 in Ref. [106].

However, when thick layers of gas are condensed onto the surface i.e. above a monolayer, the SEY is
strongly modified. Figure 36 shows the evolution of the SEY when water is adsorbed at 77 K onto a sputter
cleaned Cu baked sample [146]. The left curve shows that the water adsorption on a baked sample modifies
drastically the SEY. At 200 monolayers i.e. a thickness of ~ 80 nm, the benefit of the bakeout (Figure 16) is
fully lost and the SEY properties of an unbaked sample is recovered (Figure 15). The right curve shows the
maximum SEY saturates at 2.3 above 160 monolayers of condensed water. About 10 monolayers of adsorbed
water are sufficiently large to modify drastically the BIEM and electron cloud phenomena thereby deeply

perturbing the operation of a machine.
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Figure 36: Left, SEY curve of water condensed on a sputter cleaned Cu baked sample held at 77 K, right, maximum SEY as
a function of the number of water monolayer. Fig.6 and Fig.7 in Ref. [146].

In fact, as illustrated in Figure 37, only a few monolayers of any condensable gases modify the SEY

curve of a surface [147]. The left curve shows the evolution of the maximum SEY of a Cu surface held at 4.7
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K as a function of the amount of CO> and N> monolayers. When a monolayer is adsorbed on the surface, the
maximum SEY, dmax, Of the as-received surface is reduced by 0.4-0.6 unit. Above 10 monolayers, the value
starts to level-off around 1.7-1.9 for N2 and COz. The right curve shows the evolution of the maximum SEY
of condensed CO for different substrates (aluminium, copper and electro-polished copper). Again, the as
received SEY, ranging from dmax = 1.7 to 3, for the different technical surfaces, is modified as soon as a
monolayer is adsorbed on the surface. Above 10 monolayers, the maximum SEY of condensed CO saturates
at dmax = 1.3. For CHa4 (not shown), the SEY saturates at omax = 1.5.
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Figure 37: Left, maximum SEY of CO2 and N2 condensed on a Cu sample held at 4.7 K, right, maximum SEY of technical
surfaces as a function of the number of CO monolayers. Fig. 9 and Fig. 12 in Ref. [147].

The presence of adsorbed gas onto a surface strongly modifies also the electron stimulated molecular
desorption yield [148]. Figure 38 gives the electron stimulated desorption yield of H> and CO condensed on
a baked Cu sample held at 4.2 K and bombarded by 300 eV electron [149]. For a few monolayers of gas
condensed on the surface, the molecular desorption yield equals 400 Ho/e and 5 CO/e. Values for CHs and N2
are similar to CO, whereas CO: is constant along the studied range and equals 0.3 CO2/e. When bombarded
with electron of 40 eV, the yields are roughly one order of magnitude lower.

Similarly to the case of photon irradiation, the values of electron desorption yields of condensed gases are

much larger than the intrinsic desorption yield of the surface.
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Figure 38: Electron stimulated molecular desorption yield of Hz (left) and CO (right) condensed on a baked Cu sample held
at 4.2 K. Adapted from Fig. 5 and Fig.7 of Ref. [149].
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Thus, the adsorption of gas on a cryogenic surface can significantly modify the surface parameters of
a vacuum system in such a way the pressure level, the BIEM and electron cloud phenomena are affected as
illustrated in the next paragraph. When designing a vacuum system to operate at cryogenic temperature, it is
therefore of primary importance that all these elements are taken into account and that all the required
precautions are taken to guarantee a nominal operation of the vacuum system.

8.5.2.2. Observations with beams
To study the impact of the electron cloud on a LHC type vacuum system, the COLD bore EXperiment,

COLDEX, was installed in a bypass of the CERN Super Proton Synchrotron. The cryostat is made of a 2.2 m
long unbaked beam screen inserted into a cold bore (Figure 39). To mimic a LHC type beam screen, 1 % of
the 67 mm inner diameter Cu beam screen is perforated with slots. The slots are shielded to protect the cold
bore from heat load due to the electron cloud. During dedicated studies, the experimental set-up can be moved
IN to let the LHC type beams circulating through the device. In the OUT position, the system can be prepared
prior the study: the temperature of the beam screen and the cold bore can be selected and any condensable gas

can be adsorbed onto the beam screen sample [150].

Figure 39: Left, the COLD bore EXperiment, COLDEX, installed in a bypass of the CERN SPS, right, the Cu beam screen.

The interaction of the 25 ns spaced proton bunches with the test system is monitored with total and
partial pressure gauges, electron collector and calorimeters. The vacuum gauges are located in the middle of
the cryostat at the top extremity of a room temperature chimney. The bottom extremity of the chimney is
placed at less than one mm from the middle port of the beam screen. It allows the molecules desorbed from
the cryogenic part to be measured by the vacuum gauges. Electron collectors are placed inside the chimney
and behind the beam screen perforation. These collectors are shielded from the beam by a grid and by the slots

of the beam screen. As shown in Figure 40, the heat load onto the beam screen (operating at Tgs) is measured
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from the temperature sensors, Tup and Tqown increase and a flow meter. Calibrated instruments are used. A
heater is placed in front of the flow meter to warm up to room temperature the gaseous helium that circulates
trough the beam screen. A heater wire (not shown) extended along the beam screen is used to check the
calibration. With this method, beam induced heat load above 100 mW/m can be measured.

é Heater
Flowmeter

T up l T down
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Figure 40: Schematic of the COLDEX beam screen calorimetric system.

The heat load induced by the proton beam onto the beam screen, Q, is given the following equation.

Q=11 i, (Tooun) =Nt (Tip ) | (8.23)
with m, the helium mass flow, hne(Tdown) and huxe(Tup), the helium enthalpies at the temperatures of the
downstream and the upstream temperature sensors respectively.

To evidence the BIEM and electron cloud phenomena, a typical test consists in studying the impact of
the bunch current. As shown in Figure 41, when scanning the number a proton per bunch, a heat load is
measured above a given threshold. This heat load is associated with a pressure increase and currents measured
at the electron collectors. At 1.1x10* proton per bunch, a typical pressure increase is a few 10® mbar with a
collected current of 20 pA i.e. an electron activity inside the beam screen of 25 mA/m. Using simulation

codes, it is shown that the SEY corresponding to the observed heat load is in the range dmax = 1.1-1.2.
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Figure 41: Evidence of a BIEM and electron cloud mechanism by observation of a threshold effect.

Other tests such as applying a solenoid field to mitigate multipacting or modifying the beam structure

can also be done to demonstrate the presence of BIEM and electron cloud in a machine [20].
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As explained in Chapter 7, two desorption process are observed at cryogenic temperature. The primary
desorption is due to the desorption of molecules from the surface of the material, the secondary (or recycling)
desorption is due to the desorption of molecules physisorbed (or condensed) on the surface of the material.

During the irradiation process, when an equilibrium pressure Pe is reached, the primary desorption
yield, #, is measured from the gas flux passing through the beam screen holes:

_ GCAP
®

where G = 2.4 10° is a constant converting mbar-1 to a number of molecules, C [l/s] is the conductance of the

(8.24)

beam screen holes, APe [mbar] is the pressure increase at equilibrium and ® [electron/s] is the electron flux.

During the whole electron bombardment process, the combination of the primary and recycling effects
are observed. The sum of the primary and recycling desorption yields, #’, divided by the sticking probability,
a, 1S given by equation (17).

n+n _ GSAP
a G

where S [I/s] is the pumping speed of the beam screen surface and AP [mbar] the pressure increase expressed.

(8.25)

If the sticking probability is known, the recycling yield can be derived from equation (16) and (17). In
absence of data, it is usually assumed that o ~ 1.

Figure 42 shows the measured yields when the beam screen operates at 12 K and the cold bore at 3 K
[150]. The left curve shows the primary electron desorption yield of hydrogen as a function of the electron
dose. The yield is comparable with the results obtained at room temperature. At a dose of 10%° e7/cm? (i.e.
16 mC/mm?), the primary desorption yield of hydrogen equals 10~ Ha/ €™. The right curve shows the sum of
the primary and recycling desorption yields divided by the sticking coefficient. At a dose of 10%° e7/cm?, the
sum of the primary and recycling desorption yields divided by the sticking probability is in the range 10—

10"t molecules/e~, which corresponds to a dynamic pressure in the range 10° mbar.
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Figure 42: Left, primary electron desorption yield of hydrogen and right, sum of the primary and recycling desorption yields
divided by the sticking probability of the desorbed gases as a function of the electron dose when the beam screen operates
at 12 K. Fig. 7 and Fig.8 in Ref. [150].
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Figure 43 shows the pressure increase due to the recycling effect when 10* Ha/cm? (left) and
5x10% CO/cm? (right) are condensed on the beam screen inner surface held at 5K [151]. Large pressure
increases, in the range 108-10"" mbar were observed. Following equation (17), one can calculate that # n2/ &
=3 H2/ e and 5 ’co/la = 0.4 CO/ €. A fast flushing of H2 from the beam screen towards the cold bore within
less than 0.01 A.h is indeed seen, whereas a much slower flushing (more than 0.5 A.h) for CO with a pressure

level of ~ 5x10° mbar is taking place. As compared to a bare surface, the heat load increase due to such
surface coverages is less than 0.1 W/m.
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Figure 43: Pressure increase due to the recycling effect when 10%° Hao/cm? (left) and 5x10® CO/cm? (right) are condensed on
the beam screen held at 5K. Fig. 2 and Fig. 3 in Ref. [151].

However, increasing further the surface coverage of CO to 6.0x10'® CO/cm?, the heat load dissipated
on the beam screen rose to 6 W/m. Due to the slow flushing under electron bombardment of the CO towards
the cold bore, this heat load level was maintained for a beam dose of at least 1.5 A.h. The observations reveal
that thick coverages of CO results in large heat load associated with a slow flushing of gas towards the cold
bore.

Figure 44 show the case of 1.5x10® CO,/cm? condensed onto the beam screen exposed to the electron
bombardment due to BIEM and electron cloud. Under electron bombardment, the condensate is cracked into
CO and O2 molecules. As shown, the gas composition is dominated by CO which pressure level is about 7
times larger than Oz and COs». It was found that 7 co2/a = 0.01 CO2/e”. As compared to a bare surface, the

heat load increase due to such surface coverage is less than 0.1 W/m [151].
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Figure 44: CO2 cracking into CO and O: induced by BIEM and electron cloud. 1_28, I_32 and 1_44 in the legend correspond
to the RGA reading at 28, 32 and 44 amu [152].

Figure 45 shows the consequence of water condensed on the beam screen when exposed to BIEM and
electron cloud [153]. Due to the continuous electron bombardment, the total pressure inside the beam screen
decreases during the study from 10 to 10° Pa. However, during the first phase (before 100 h), the heat load
increases up to 8 W/m while the beam screen was maintained in the range 8-20 K. This increase is attributed
to the electron desorption of water from the unbaked Cu beam screen which is subsequently physisorbed on
the surface modifying the apparent SEY as shown in Figure 36. The accumulation of water on the surface
being the consequence of a low recycling yield i.e. a slow flushing of the desorbed molecules by the BIEM
and electron cloud towards the cold bore. Indeed, a warm-up to 240 K to remove the condensed water from

the beam screen followed by a cool down (at 150 h) to nominal value results in a much lower heat load of 1

W/im.
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Figure 45: Total pressure and heat load due to BIEM and electron cloud. Fig. 2 in Ref. [153].

The condensation of gas can therefore modify strongly the performance of a cryogenic vacuum system

subjected to BIEM and electron cloud phenomena. It can be associated with pressure rise and heat load
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increase. During the design and operation phase of a cryogenic vacuum system, the vacuum engineer shall
strive to minimise the amount of physisorbed (or condensed) gas on the surfaces potentially exposed to
electron bombardment. The next section describes the design and operational choices made the CERN Large
Hadron Collider cryogenic vacuum system to mitigate the BIEM and electron cloud.

8.5.2.3. The CERN Large Hadron Collider cryogenic vacuum system
The CERN Large Hadron Collider (LHC) is a proton storage ring bringing into collisions the particles at 14

TeV in their centre of mass. The superconducting machine is located underground in a 27 km circumference
tunnel where 1232 bending dipoles of 8.33 T nominal field and 392 focusing quadrupoles of 223 T/m nominal
gradient are installed. The two counter-rotating beams are located inside two-in-one magnets made of
NbTi/Cu Rutherford type cables, which operates with superfluid helium at 1.9 K. The ring comprises 8 arcs
of 2.7 km each, made of basic repetitive half-cell of 53.4 m length [154].

The vacuum system consists in a seamless stainless steel cold bore at 1.9 K into which is inserted a
beam screen. This system is the result of several years of studies [155,156,157]. The following describes the
main items (Figure 46) functions. The beam screen intercepts the beam induced heat loads from impedance,
synchrotron radiation and electron cloud. As a result, the beam screens temperature along a half-cell increase
from 5 to 20 K, the temperature being controlled with supercritical helium gas circulating in the cooling tubes.
The racetrack shape optimises the beam aperture while leaving space for the cooling system. Sliding rings,
placed every 0.75 m, ease the insertion of the 16 m long tube into the cold bore. Pumping slots are located on
the top and bottom of the beam screen. The 4.4 % beam screen transparency allow to control the gas density
level at the desired value. When desorbed, the molecules can be either cryosorbed on the beam screen wall or
pumped through the holes towards the cold bore where the saturated vapour pressure of all gas (except helium)
is negligible (< 10°2° mbar for H,). The transverse and longitudinal random distribution size of the rounded
pumping slots minimises the electro-magnetic leakage towards the cold bore. The 75um thick Cu layer of the
inner surface of the beam screen minimises the impedance seen by the beam. In case of a transition from the
superconducting to the resistive state, Eddy current circulates into the Cu material. The resulting “quench”
force of a few tons are sustained by the non-magnetic stainless steel onto which Cu is colaminated. A
“sawteeth” pattern on the outer side of the beam screen intercepts the synchrotron radiation at quasi-
perpendicular incidence thereby reducing the photoelectron production and the forward scattering of the
photons minimising the amount of electron available for BIEM. In dipole magnets, electron shields clamped
on the cooling tube intercept the electrons, which circulate along the vertical field lines, protecting the cold

bore from BIEM and electron cloud heat load.
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Figure 46: Picture of a LHC beam screen tube and schematic cross section of the LHC cold bore/beam screen assembly. Fig.
1in Ref. [145].

The LHC operation started the 10" of September 2008 [158]. Unfortunately, the 19" of September
2008, an electrical default provoked the damage of several magnets, which repair took 14 months. After a
thorough repair and consolidation of the vacuum system, the LHC reached its design luminosity the 26" June
2016 [159, 160, 161, Error! Bookmark not defined., 162, 163, 164, 145].

The first signs of BIEM and electron cloud in the LHC vacuum system were observed in autumn 2010
during physics operation. As already explained above (Figure 27), a solenoid wrapped around the vacuum
chamber demonstrated the presence of BIEM and mitigated the electron cloud build-up [Error! Bookmark
not defined.]. Until the end of 2012, the machine mainly operated with 50 ns bunch spacing, which limited
the appearance of BIEM electron cloud in the arc to dedicated studies during which the bunch spacing was
reduced to 25 ns [162, 165].

After the 2013-2014 shutdown, from 2015 onwards, the LHC operated with 25 ns bunch spacing.
Therefore, BIEM and electron cloud was routinely observed in the LHC arcs. Figure 47 shows the reduction
of the dynamic pressure (left) and of the maximum SEY (right) observed during the first years of LHC
operation when increasing the total beam intensity. Thanks to this beam conditioning, the machine could
reach its design luminosity in June 2016 ready for a full operation [145].
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Figure 47: Left, dynamic pressure and right, maximum SEY evolution with time. Fig. 7 and Fig. 6 in Ref. [145].
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However, the electron cloud phenomenon in a cryogenic machine remains highly sensitive to the
surface state. In particular, the growth of gas on the cryogenic surface shall be controlled at any time. As
illustrated in Figure 48 for the LHC case, pressure excursions along the cold beam pipe can occur in some
circumstances. The left side shows the impact of an air leak (~ 10 mbar-1/s) into the system during a month.
During this period, some air can accumulate onto the beam screen resulting in an increase of the N surface
coverage up to a monolayer. In this example, operating the LHC with 1.5 W/m dissipated on the beam screen
by the electron cloud results in a pressure rise above the magnet quench limit. The right side of the figure
illustrates the consequence of an excess of CO coverage on the beam screen. For instance, after a magnet
quench, the LHC cold bore temperature is increased up to 30-40 K leading to a redistribution of the condensed
gas on the surface exposed to the BIEM. Thus, without taking any particular precaution, successive quenches
can occur when the machine is operated at its maximum performances. Indeed, an electron cloud dissipating
1.5 W/m on the beam screen cryogenic can trigger a magnet quench. As shown, a mitigation consists to reduce
the electron flux on the vacuum chamber wall. This allows flushing slowly the excess of gas towards the cold
bore without the risk triggering a quench. In this example, 20 h is needed to flush ~ 25 monolayer of gas
towards the cold bore. A better solution consists in warming up the beam screen to flush thermally the excess

of gas towards the cold bore or an external pumping system [166, 167].
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Figure 48: Vacuum transients due to an air leak (left) and due to large coverage of carbon monoxide (right). Fig. 1 in Ref.
[166] and Fig. 7 in Ref. [167].

This type of event was indeed observed in the sector 16L.2 of LHC where an excess of condensed gas,
following an uncontrolled maintenance of the vacuum system, triggered magnet quenches and beam dumps.
The solution consisted in using specific beams with longer spaces between bunches to reduce the BIEM and

warming up the sector to allow a proper maintenance of the vacuum system [168].
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8.6 Contribution of BIEM to vacuum stability
The effect of ion induced pressure instability is discussed in Chapter 9. Here we would like to demonstrate

how BIEM may enhance this effect.

The interaction of the electron cloud with the residual gas causes the production of ions. Well-known
from the vacuum expert, the hot cathode gauge, which operates in XHV and UHV regimes, uses this
mechanism to measure the pressure. In this gauge, the residual gas is ionised by the emitted electrons from a
filament. This gauge, for which the electron kinetic energy is set to ~100 eV, is designed to optimise its
sensitivity by maximising the ion production cross section according to Figure 49 based on Data from the
National Institute of Standards and Technology from atomic and molecular databases [169].

At this stage, it must be underlined that, a similar range of electron kinetic energy is achieved within
accelerator vacuum system where BIEM occurs!

Crossection (10°'% cm?)

10 100 1000 10000
Electron energy (eV)

Figure 49: Electron ionisation cross section of some common gases [169].

The ion flux, 1}, from the residual gas ionisation process due to the electron cloud is given by:
I =aekBiTLe|e (8.26)
where e is the electron ionisation cross section of a given gas specie, P is the pressure, T is the temperature,
Le is the ionisation path length, l¢ is the linear electron cloud flux.

In a hot cathode gauge, the typical ionisation path length is of the order of a few cm. However, in a
synchrotron, this length might be significantly increased by several orders of magnitude and shall be computed
for each case.

This ion production rate shall be compared to the ion flux produced by the circulating beam for e.g. a
proton beam. In this case, the ion flux, 17, is given by (19):

. P
I} =0, kB_TI (8.27)
where g is the proton ionisation cross section of a given gas specie, | is the proton beam current.
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Fig. 1-1 in Chapter 1 shows the electron and proton ionisation cross section for typical gas species as
a function of the beam energy. This cross section depends only on the velocity of the ionising particle but

neither on its charge nor on its mass. Thus,

p p

Proton ionisation cross sections are in the 102> m? range whereas electron ionisation cross sections are
~ 100 times larger. Therefore, in the case the electron ionisation path length is 1 m long and assuming a typical
electron cloud flux of ~ 0.01 A/m, the contribution of the ion production rate by the electron cloud is very
similar to the ion production rate of a 1 A circulating proton beam.

In the next chapter, we will develop in detail the interaction of the ions with the vacuum chamber wall
and its interplay with the circulating beam. However, we will simply give here the result of the analysis
including the ionisation rate by the electron cloud.

Under the combination of the (electron cloud and beam) ionisation processes and the ion bombardment
of the vacuum chamber wall, the pressure, P, in a vacuum system obtained from the gas balance equation, is

given by (21):

|
Qy + 7Kg T —&
p_ 9e (8.29)

. [1 Ton (0] +06Lele)]

Q.

where Qo is the thermal desorption rate, #e is the ESD vyield, 7ion is the ISD yield, Se is the effective pumping
speed.

This equation illustrates the feedback mechanism on the residual gas following the molecular
desorption stimulated by the ion bombardment due to the beam-gas and electron cloud-gas ionisation
processes on the residual gas. When the denominator of (21) approach zero i.e. when the effective pumping
speed cannot cope anymore with the ion production rate, a pressure runaway appears. Assuming a linear

increase of the electron cloud flux on the vacuum chamber wall with the beam current, I, =al , where a is a
coefficient, then the critical current, Ic, for which the pressure runaway becomes unstable is given by (22):

Seff qe

| =
: TTion (Gp +O_eLe)

(8.30)

Thus, the presence of the electron cloud reduces the critical current of a given vacuum system. In the
simple case of beam stacking in a circular machine, o=1, therefore, the critical current is divided by ~ 10 for
an electron ionisation path length of 10 cm.

This phenomenon was observed in RHIC [170].
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8.7 Past, present and future machines
Since BIEM and electron cloud phenomena can severely limit the operation of a storage rings, the detailed

understanding of the interplay of the BIEM and electron cloud with the vacuum chamber wall is of paramount
importance for the vacuum scientist. Significant progresses have been achieved over the last decades thanks
to detailed studies, simulations and the development of new technologies and mitigations techniques. Table 3
gives an overview of the BIEM and electron cloud key parameters of several machines around the world,
which have dealt, are dealing or will deal with BIEM and electron effects. And although further studies on e-
cloud mitigation are continued, the modern state of knowledge and technologies provides sufficient
confidence that the new machined can be designed and built to meet the specifications on:

— PEY and SEY to ensure operation of accelerator below the e-cloud thresholds on the e-cloud density
(or the space charge);

— the BIEM power dissipation limit to ensure that cooling capacity of beam chamber of the beam
screen is sufficient for keeping temperature within a design range and for the stable operation of the
cryogenics;

— the gas density due to ESD is below a specified value;

— eftc.
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Table 3: Overview of BIEM and electron cloud key parameters for some past, present and future synchrotrons around the world.

PEP-Illow | KEKB low DA®NE LHC HL-LHC | SuperKEKB LC FCC-hh
energy ring energy ring damping ring
Particle e+ e+ e+ p p e+ e+ p
Energy [GeV] 3.1 3.5 0.51 7000 7 000 4 5 50 000
Intensity [A] 2.2 1.7 1.4 0.58 1.12 3.6 0.4 0.5
Luminosity [Hz/cm?] 3x10% 2x10% 5x10% 1x10% 5x10% 80x10% n/a 5x10%
Circumference [km] 2.2 3.02 0.10 26.66 26.66 3.02 3.2 97.75
Nb of bunches 1658 1284 120 2808 2748 2500 1312 10 426
Bunch population 6x101° 9x10%° 2x10%0 1.15x10% 2.2x101 9x10%° 2x10%0 1x10%!
Bunch spacing (ns) 4.2 7 2.7 25 25 4 554 25
Bunch length (ns) 0.05 0.02 0.1 0.25 0.25 0.02 0.02 0.25
Horz /Vert. Normalised | 549/ gop | 0018/ 1/0.01 3.75 25 0.003/105 | 55/0.02 22
emittance [pum rad] 1.810
Electron cloud density 12 1 13 5x10% 1x10%? 1 10 4x10%°
instability threshold [m"] 1x10 4x10 1x10 at450 GeV | at 450 GeV 3x10 4x10 at 3 TeV
Cu Cu Cu
Vacuum chamber material Al Cu Al colam!nated colam!nated Cu/Al Cu colam!nated
on stainless on stainless on stainless
steel steel steel
TiN coating, . .
antechamber, grooves with T;g)sg:m?ﬁ
clearing beam TiN coating, ar .
. - TiN coating,
antechamber, electrodes, beam scrubbing, clearing NEG coatin laser treated
BIEM and electron cloud TiN coating, solenoid solenoids, scrubbing, sawtooth, electrodes, clearin 9 surface,
mitigation technique solenoid windings beam sawtooth, TizZrv solenoid electrodgs antechamber,
windings scrubbing, TiZrV coating coating, windings, solenoid ’ sawtooth
machine a-C coating, permanent windinas
feedback magnets, h gbi
antechamber antechamber
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