
CHAPTER 5

COLLECTIVE EFFECTS

5.1 INTRODUCTION

Collective effects, arising from the electromagnetic interaction of the beam particles among themselves,
with their environment (possibly including ‘foreign particles’ such as electrons) and with the other beam, will
ultimately limit the performance of the LHC. Depending on the beam intensity and on the bunch filling pattern,
they give rise to parasitic losses, can cause beam instabilities or degrade the beam quality by emittance growth
and poor lifetime of all or some specific bunches. A first summary of collective effects in the LHC was presented
in [1], a systematic review of single beam effects can be found in [2], and intermediate reviews have been
published in [3, 4, 5, 6, 7, 8, 9].

Collective effects include incoherent phenomena, concerning the behaviour of a single particle in the electro-
magnetic field produced by all the others, and coherent interactions of the beam with its surroundings, usually
described in terms of coupling impedances. The LHC impedance budget is discussed in the next Section and a
review of single-beam instability mechanisms is presented in Sec. 5.3. Cures against instabilities, discussed in
Sec. 5.4, include feedback systems, chromaticity control, and Landau damping of the coherent beam oscillation
modes, that takes place providing their tune shifts remain within the incoherent tune spread. Landau damping
can be considered as a bridge between incoherent and coherent phenomena.

Examples of incoherent effects are direct space charge and Laslett tune shifts due to image currents, as well
as residual gas and intra-beam scattering (IBS). The latter are discussed in Sec. 5.5, which contains a summary
of the mechanisms leading to emittance growth. As discussed in [2], the magnetic Laslett tune shift at injection
in the LHC is about 1.7 × 10−2: this large tune shift, having opposite sign in the two betatron planes, can be
compensated by adjusting the tuning quadrupoles. Effects associated with the incoherent synchrotron radiation
are presented in Sec. 5.6. Coherent effects include parasitic losses, summarized in Sec. 5.7, and complex tune
shifts of the beam oscillation modes.

Seed electrons created by ionization of the residual gas at injection or photo-electrons liberated by the large
number of hard U.V. synchrotron radiation photons at 7 TeV are pulled towards the positively charged LHC
proton bunches. When they hit the opposite wall, they generate secondary electrons which can in turn be
accelerated by the next bunch if they are slow enough to survive. This mechanism can lead to the fast build-up
of an electron cloud, discussed in Sec. 5.8, with potential implications for beam stability, emittance growth,
and heat load on the cold beam screen. Electron cloud effects have been actively investigated at CERN since
1997 by analytic estimates, simulations, and experiments [10, 11, 12].

Beam-beam effects are discussed in Sec. 5.9. They include incoherent effects, such as betatron tune spreads
associated with the nonlinear head-on and long range collisions as well as a reduction of dynamic aperture
for insufficient beam separation at the parasitic encounters, and coherent effects affecting orbit, tunes, and
chromaticities of the different bunches (depending on their different collision schedules) or coherent oscillation
modes. The effect of long range beam-beam encounters can be compensated by electro-magnetic lenses [13],
which are being experimentally investigated, and the luminosity can be optimized by increasing bunch length
or crossing angle [14].

5.2 IMPEDANCE BUDGET

Single-bunch collective effects are associated with the broad-band impedance of low-Q structures, discussed
in [8], while multi-bunch effects are dominated by the narrow-band impedance of high-Q resonators [9]. The
narrow-band nature of the transverse resistive wall impedance at low frequency also leads to coupled-bunch
instabilities.



5.2.1 Narrow-Band Impedance of High-Q Resonators

Detailed tables of damped and undamped higher order modes (HOM’s) for 400 MHz and 200 MHz RF cavi-
ties, transverse damper system, and trapped modes in the CMS vacuum chamber can be found in [9].

5.2.2 Transverse Resistive Wall Impedance

In the LHC, about 90% of the circumference will be maintained at 5 to 20 K while the remaining 10% of
the circumference will be at room temperature and will be generally equipped with a 2 mm thick copper beam
pipe. The cryogenic part of the LHC beam pipe (mainly beam screen) will be copper cladded stainless steel to
keep the resistance as low as possible both for instability and ohmic heating considerations. The resistivity of
the cold copper is a function of the residual resistance ratio (RRR) and of the magnetic field B. The magnetic
field increases the path length of the conduction electrons which leads to a substantial resistance increase at
cryogenic temperatures. The final resistivity depends more on the field than on the RRR for very high magnetic
fields. Past experience with co-laminating stainless steel with copper showed that the copper close to the steel
gets contaminated during the fabrication process such that the surface impedance is increased. The increase of
the resistance has been compensated by increasing the thickness of the copper layer from 50 to 75µm. The
equivalent thickness and RRR at low-B turn out to be 50µm and 100, respectively, whereas the RRR reduces
to 30 at high B [9]. The Yokoya factors [15] for the LHC beam screen geometry are derived from a geometry
halfway between square and elliptical. Since the dimensions a and b of the beam screen in the two planes
satisfy (a − b)/(a + b) = 0.1, vertical and horizontal Yokoya factors YV = 0.87 and YH = 0.63, respectively
are assumed.

Tab. 5.1 gives the values of the transverse resistive wall impedance for each major LHC component, exclud-
ing collimators that will be treated separately. For easy comparison of the different components, the transverse
impedance is normalised by a weighting factor β/〈β〉, where β is the local betatron function in the relevant H
or V plane, estimated based on LHC optics version 6.2, and 〈β〉 = 70 m the average β-function defined as the
ratio R/Q of the average machine radius to the betatron tune. These impedance estimates include the effect of
the so-called inductive by-pass [16] and the Yokoya factors for non-cylindrical components. The ‘effective’ re-
sistive wall impedances reported in Tab. 5.1 refer to the first slow wave at 8 kHz, corresponding to a non-integer
part of the betatron tune equal to about 0.3, and to the slow wave at 20 MHz, corresponding to the frequency
bandwidth of the transverse feedback system. The contributions at higher harmonics of the 40 MHz bunch
frequency for these slow waves have been taken into account for the kickers and the TDI. It should be pointed
out that for an easy comparison of the different impedance sources, including the collimators discussed in the
next section, the sum over the higher harmonics of the coupled-bunch rigid mode spectrum is not normalized
by the corresponding sum of the spectral densities. The resulting ‘effective’ impedance differs from the usual
definition [17] by a factor sb/2

√
πσz , depending on the ratio of the bunch spacing sb to the r.m.s. bunch length

σz , and equal to about 28 for the LHC at 7 TeV. With this definition the coherent tune shifts1 of the coupled-
bunch modes are given by ∆Q = j〈I〉〈β〉Z eff

⊥ /4π(E/e), where 〈I〉 is the average rather than the peak beam
intensity.

The MQW and MBW are special types of magnets in the cleaning insertions. The MBW magnets have a
circular chamber of radius 0.022 m. The MQW magnets have an elliptical chamber with (a−b)/(a+b) = 0.275
and an inscribed radius of 0.0145 m. The corresponding Yokoya factors are 0.85 and 0.5. Half of the major axes
are in the horizontal plane, the other half in the vertical plane, following the value of the optical function β.
The total resistive wall impedance is about equal in both planes for these magnet chambers and can be found
with sufficient accuracy by assuming an average Yokoya factor of 0.7 and an average value for β.

The TDI is a special ‘collimator’ to be used for protecting the machine from a potential misfiring of the
injection kickers. A thin 3µm layer of Ti is assumed. The Yokoya factors are π2/12 and π2/24. The effect
of the inductive by-pass is large due to the high surface impedance. As a consequence the contribution of the
harmonics of the 40 MHz bunch frequency is relatively important.

Interconnects are the assemblies that contain the shielded bellows. The longitudinal resistance for one unit

1Oscillations are considered to be of the form exp(jQωot), where j = −i and ωo is the revolution frequency. Therefore a beam
instability corresponds to a coherent tune shift ∆Q with negative imaginary part and to an effective impedance with negative real part.



Table 5.1: Transverse resistive wall (low-frequency) impedance for the LHC without collimators. The first four
columns report element name, latest relevant reference, total length in m and inner radius b in mm. The last two
columns give the transverse ‘effective’ impedance Z eff

⊥ in MΩ/m for the slow waves at 8 kHz and at 20 MHz
multiplied by β/〈β〉, where 〈β〉 = 70 m.

element Ref. length b Zeff
⊥ [8 kHz] Zeff

⊥ [20 MHz]
m mm MΩ/m MΩ/m

Beam screen-H @low B [9] 23600 22 -21.4+6.3j -1+0.3j
Beam screen-V @low B [9] 23600 18 -29.5+8.6j -1.5+0.5j
Beam screen-H @high B [9] 23600 22 -61+7.2j -3+0.3j
Beam screen-V @high B [9] 23600 18 -84.4+9.9j -4+0.5j
Interconnects [19] 340 22 -5.3+0.5j -
Cold-warm transitions 10 22 -0.6+0.3j -
Warm pipe (pipe+etc.) 2400 40 -3.5+2.9j -0.2+0.2j
MQW (2 mm Cu) 155 14.5 -4.3+4.8j -0.3+0.3j
MQW (2 mm SS) 5 -1.4+1.6j -0.1+0.1j
MBW (2 mm Cu) 70 22 -0.6+0.6j -0.05+0.05j
MBW (2 mm SS) 2 -0.21+0.18j -
TDI-H @injection 2.8 - -0.8+4.5j
TDI-V @injection 2.8 5 - -0.5+3j
Injection-Septum-H [20] 22 22 -0.3 -
Injection-Septum-V [20] 22 -0.5+0.1j -
Dump-Septum [20] 72 25 -1.3+0.2j -
Injection-Kicker-H [21] 15 19 -0.4+4j -
Dump-Kicker-V 22.5 29 -1+5j 0+7.2j

with length 0.2 m is 100µΩ. For the cold-warm transitions, RRR=10 for the 3µm thick copper layer, owing to
pollution from SS are assumed.

The injection kickers are equipped with 5µm thick Cu stripes covering 1/2 of the ceramic chamber. This is
equivalent to a solid coating by a 2.5µm thick copper layer [22]. The same remarks on the effect of inductive
by-pass and 40 MHz harmonics as for the TDI apply for the injection and dump kickers.

The total resistive wall impedance at injection and at top energy, excluding collimators, is summarized in
Tab. 5.2 for the slow waves at 8 kHz and 20 MHz. Most of this impedance depends on frequency as 1/

√
ω.

Table 5.2: LHC transverse resistive wall impedance budget in MΩ/m (no collimators).
horizontal vertical

TOTAL Zeff
⊥ @injection, 8 kHz slow wave -40+22j -49+26j

TOTAL Zeff
⊥ @injection, 20 MHz slow wave -3+6j -3+12j

TOTAL Zeff
⊥ @top energy, 8 kHz slow wave -79+22j -103+26j

TOTAL Zeff
⊥ @top energy, 20 MHz slow wave -5+1j -5+8j

Resistive wall impedance of the collimators

The impedance for a single graphite collimator has been estimated analytically and numerically in [16, 17].
The thick-wall approximation with ‘inductive by-pass’ has been used, since even at the lowest frequency around
8 kHz for the first slow wave the skin depth in graphite is about 2 cm and thus smaller than the 2.5 cm thickness
of the collimator block. The corresponding analytic expression for a single collimator in [16] with a half-
gap of 2 mm yields results in excellent agreement with the numerical results obtained using the code HFSS
in [17]. A thin Cu coating of about 1µm thickness would considerably reduce the real part of the coherent
tune shift [17, 18] and improve beam stability, as discussed in Sec. 5.4.5. However such a thin coating may not



survive during machine operation.
The collimator scheme considered here corresponds to the baseline design described in Chap. 18 and includ-

ing graphite collimators at all reserved spaces (some of which will not be installed for the LHC start-up), with
20 collimators in IR7 and 7 collimators in IR3 having lengths of 20 cm for the 5 primary collimators and 1 m
for the 22 secondary collimators2 . The β-functions at the collimators range from 27 m to 360 m and the range
of collimator half-gaps is 4.7 to 11.1 mm for the injection optics and 1.2 to 3.8 mm for the squeezed optics.
For our impedance estimate no metallic coating, a carbon jaw resistivity ρ = 14 × 10−6 Ωm, and continuity
of the electric contact with the beam pipe are assumed. The corresponding ‘effective’ resistive wall impedance
is reported in Tab. 5.3 for the slow waves at 8 kHz and at 20 MHz. At injection the real part of the collima-
tor impedance has a mild maximum around 0.2 MHz, while for the squeezed optics at 7 TeV the maximum
is around 1 MHz. The ‘effective’ impedances for the corresponding most critical coupled-bunch modes are
(−11 + 55j) MΩ/m and (−100 + 1400j) MΩ/m, respectively. The real part of the impedance for a single
collimator varies approximately with

√
ω below the maximum and with 1/

√
ω for frequencies well above the

maximum. The frequency corresponding to the maximum of Re(Z⊥) depends on ρ/b2. The imaginary part of
the impedance at low frequency tends to a constant value proportional to 1/b2. Also the maximum of Re(Z⊥)
is proportional to 1/b2.

Table 5.3: Vertical ‘effective’ impedance of the LHC collimators, normalized to 〈β〉 = 70 m, for un-coated
Carbon jaws with resistivity ρ = 14× 10−6 Ωm. The effect of the inductive bypass, of the Yokoya coefficients,
and the contribution at higher harmonics of the 40 MHz bunch frequency for the slow waves at 8 kHz and at
20 MHz have been properly taken into account.

Zeff
⊥ [8 kHz] Zeff

⊥ [20 MHz]
MΩ/m MΩ/m

injection optics -7.6+74j 33j
squeezed optics -42+1800j -7.2+1160j

5.2.3 Broad-Band Impedance

Several elements contribute to the LHC broad-band impedance [8] and Tab. 5.4 gives a list of the correspond-
ing effective longitudinal and transverse impedance, the latter being normalized to 〈β〉 = 70 m. Roman pots
(see the Glossary) are assumed retracted and shielded.

For the BPM’s a 0.5 mm slit between electrode and body is assumed. The ‘monitor’ inductance per electrode
is 4 pH, the ‘slit’ inductance 9 pH, and the ‘cavity’ inductance 4 pH, giving a total of about 60 pH or Z/n =
j 4.2µΩ/monitor. 500 monitors, including some overhead for special and warm BPM’s are considered.

The 1700 shielded bellows have a depth of 5 mm on 20 mm radius, corresponding to an inductance of 81 pH.
350 vacuum valves having an inner radius of 31.5 mm, a chamber radius of 40 mm and sloping edges at 15◦,
corresponding to an inductance of 0.2 nH per valve are considered.

The experimental chambers have inductances of 7.3 nH (CMS), 13.2 nH (Alice), 117 nH (LHCb), 75÷100 nH
(vertex detector), and 15 nH for the rest of the IP. The total inductance is therefore 140 nH.

The shunt impedance for a 400 MHz cavity unit is R/Q = 44.5 Ω. Thus the total inductance for 8 units
is 144 nH. The effective inductance is somewhat smaller. The shunt impedance for a 200 MHz cavity unit is
R/Q = 192 Ω and the total inductance for 4 units is therefore 600 nH, corresponding to Z/n = j 0.045 Ω.
The effective inductance is only a fraction of this, which is estimated at one third. The transverse impedance of
the RF cavities is not included in the total broad-band impedance, since it does not extend beyond ≈ 1 MHz,
while most of the remaining impedance extends up to about 5 GHz, corresponding to the cut-off frequency of
the vacuum chamber.

The inductance of each of the 8 recombination chambers (Y-chambers) is 1.5 nH. Total length of the un-
shielded bellows is 2.6 m (0.36 m in Alice, 0.6 m in CMS, 0.75 m in ATLAS, and 0.9 m in LHCb) giving an

2The present baseline for Phase 1 includes only 4 primary and 15 secondary collimators per beam and the impedance is therefore
somewhat reduced.



Table 5.4: LHC broad-band impedance budget. The first three columns report element name, latest relevant ref-
erence, and inner vertical aperture b in mm. The last two columns give the effective longitudinal and transverse
impedance in the vertical plane, the latter being multiplied by β/〈β〉, where 〈β〉 = 70 m.

element Ref. b Im(Z/n) Im(Z⊥)
mm Ω MΩ/m

Pumping slots [23] 18 0.017 0.5
BPM’s [24] 25 0.0021 0.3
Unshielded bellows 25 0.0046 0.06
Shielded bellows 20 0.010 0.265
Vacuum valves 40 0.005 0.035
Experimental chambers - 0.010 -
RF Cavities (400 MHz) 150 0.010 (0.011)
RF Cavities (200 MHz) 50 0.015 (0.155)
Y-chambers (8) [25] - 0.001 -
BI (non-BPM instruments) 40 0.001 0.012
space charge @injection [2] 18 -0.006 0.02
Collimators @injection optics 4.4÷ 8 0.0005 0.15
Collimators @squeezed optics 1.3÷ 3.8 0.0005 1.5

TOTAL broad-band @injection optics 0.070 1.34
TOTAL broad-band @squeezed optics 0.076 2.67

inductance of 65 nH.
24 BI instruments per ring other than BPM’s, with inner radius of 0.04 m, outer radius 0.06 m, and sloping

edges are assumed. This gives a total inductance of 12 nH. Special components like injection and dump kickers,
septa and TDI are not expected to contribute significantly to the longitudinal impedance budget, since they are
equipped with a thin metallic layer on their inner surface. Also the inductance of the beam screen sawtooth
surface is negligible [26].

Space Charge Impedance

As discussed in [27], the transverse coherent tune of rigid dipole beam oscillations is not affected by the direct
space charge effect. For a round beam with uniform density, one can formally define a direct space charge
impedance giving rise to a collective tune shift which is compensated by the incoherent space charge tune
shift ∆Qinc

⊥,sc = − Nbrp
4πBβγ2εn

. Here Nb is the number of protons per bunch, rp the classical proton radius, B the

bunching factor, γ = (1−β2)−1/2 the Lorentz factor, and εn = βγε the normalized transverse beam emittance.

Following Chao [28], the transverse space charge impedance can be written Z⊥ = −j ZoR
β2γ2

(
1

2a2 − 1
b2

)
. It has

a direct effect, corresponding to a large capacitive contribution inversely proportional to the square of the
average beam radius a =

√
ε〈β〉, and a much smaller inductive contribution from the image currents on the

beam pipe of radius b. Only the latter has been reported in Tab. 5.4, since the real tune shift induced by the
direct space charge impedance for rigid dipole oscillations of a beam with non uniform transverse distribution
i) is compensated by the incoherent tune shift for particles with small betatron amplitudes and ii) is unlikely to
give rise to coherent instabilities thanks to the direct space charge tune spread for particles with larger betatron
amplitudes (see also [29] and the discussion at the end of Sec. 5.4.4).

At injection energy, the incoherent space charge tune shift for nominal LHC bunch intensity is−1.36×10−3

and the direct space charge impedance is −j 6.35 MΩ/m. At 7 TeV these values become −7 × 10−6 and
−j 0.41 MΩ/m, respectively.



Geometric Impedance of the Collimators

In the LHC the bunches are long and the collimator gaps after the β-squeeze are narrow. In addition the
collimators are tapered at a small angle θ. (Wake fields for un-tapered collimators were computed in [30]
and [31].) Therefore this is a regime, where kbθ � 1 is fulfilled. For an ultra-relativistic particle, the wave
number k is related to the frequency ω via k = ω/c, and the maximum bunch frequency is of order c/σz . The
above condition can be re-written as:

bθ/σz � 1.

For example, with σz = 7 cm, b = 2.5 mm, and θ = 0.35, the left side is 0.13, so that the inequality is still
fulfilled.

The impedance of a round collimator for this regime was computed by Yokoya [32] and Stupakov [33]. The
transverse impedance is:

Z⊥ = j
Z0

2π

∫ ∞

−∞

(
b′

b

)2

dz,

where b = b(z) describes the evolution of the beam pipe aperture with longitudinal position and b(−∞) =
b(∞) is assumed.

If the beam passes the collimator with an offset y from the center of the collimator gap, it receives a centroid
kick:

∆y′ =
Nbrp

γ
κ⊥y,

where the coefficient κ⊥ is the loss factor (or kick factor):

κ⊥ = − 1

π

∫ ∞

0
dω|f̃(ω)|2ImZ⊥(ω),

and f̃ is the Fourier transform of the normalized longitudinal charge distribution (for a Gaussian f̃ =
exp(−σ2

zω
2/(2c2)).

Considering the two sides of a tapered collimator and assuming that the collimator gap b is much narrower
than the surrounding beam pipe, the loss factor is:

κ⊥ =
2θ√
πσz

1

b
.

For our example above, this evaluates to about 3000. An important parameter is the normalized deflection or
jitter enhancement factor:

C ≡ β∆y′

∆y
=
βNbrp

γ
κ⊥.

Using the above numbers, and alsoNb ≈ 1011, β = 200 m, γ ≈ 7500, gives C ≈ 10−5. This number applies to
a single collimator with half-gap b = 2.5 mm. The corresponding impedance is j θZ0/(πb) or j16.8 kΩ/m. The
broad-band impedance for 21 collimator units reported in Tab. 5.4 for the squeezed optics has been estimated by
multiplying this value by a factor ≈ 2 to account for the weighted β-functions and by an additional safety factor
of 2, in view of somewhat larger inductances obtained for similar tapered structures [24]. The impedance at
injection is estimated to be 10 times lower. Further numerical estimates of the geometric collimator impedance
are ongoing.

5.3 SINGLE-BEAM CONVENTIONAL INSTABILITY MECHANISMS

In this section rise times and thresholds for different single-beam conventional instabilities are reviewed. The
imaginary part of the effective impedance is responsible for (real) coherent tune shifts and can lead to collective
instabilities owing to mode coupling or to loss of Landau damping, while a negative real part of the effective
impedance is related to the instability rise time.



5.3.1 Single-bunch coherent tune shifts

At injection with nominal LHC single bunch intensity, the inductive broad-band impedance summarized in
Tab. 5.4 induces a transverse real coherent tune shift of the rigid (m = 0) mode ∆Q

(0)
⊥,bb = −1.7 × 10−4. For

the first few higher order head-tail modes of order m this tune shift is divided by m + 1. Similarly, at 7 TeV
with squeezed optics and collimators in closed position ∆Q

(0)
⊥,bb = −3.82 × 10−5.

5.3.2 Multi-bunch coherent tune shifts and resistive wall instability

The coherent tune shifts of coupled-bunch modes induced by the narrow-band impedance of damped and
undamped HOM’s for 400 MHz and 200 MHz RF cavities, transverse damper system, and trapped modes in the
CMS vacuum chamber are listed in [9].

At injection, the vertical resistive wall ‘effective’ impedance for the slow wave at 8 kHz is (−49+26j) MΩ/m
plus (−7.6+74j) MΩ/m for the collimators3 , giving a total of (−56.6+100j) MΩ/m. The corresponding tune
shift for a nominal LHC bunch population of 1.15 × 1011 protons, assuming a uniform machine filling with
3564 bunches, is ∆QV = −(9.1 + 5.2j) × 10−4. The vertical resistive wall instability rise time for the most
unstable rigid coupled-bunch mode is therefore 1/(2π Im(∆QV)) ' 308 turns or 27.4 ms. For ultimate LHC
beam intensity, corresponding to a bunch population of 1.7 × 1011 protons, the instability rise time becomes
208 turns or 18.5 ms.

5.3.3 Mode-coupling and microwave instability thresholds

The total broad-band longitudinal impedance Z/n = j 0.07 Ω at injection or Z/n = j 0.076 Ω at top energy
is significantly lower than originally assumed in [2, 5]. The threshold single bunch intensity for loss of Landau
damping of the longitudinal single-bunch modes at 7 TeV is about 9 × 1011 protons per bunch, well above the
nominal and ultimate LHC bunch intensity, while the threshold for the longitudinal microwave instability is
two orders of magnitude above the nominal LHC bunch intensity.

Similarly, the total transverse broad-band impedance is j 1.34 MΩ/m at injection and j 2.67 MΩ/m at 7 TeV.
These values are lower than the transverse effective impedance assumed in [2, 8] and the transverse mode-
coupling instability threshold at injection is now above 2× 1012 protons per bunch. Mode-coupling for multi-
bunch modes may occur at somewhat lower beam intensities, as discussed in [3] for an earlier impedance
model. A systematic revision of all single- and multi-bunch effects with an updated LHC impedance model,
including a detailed frequency dependence of the narrow and broad-band impedance and based on a dedicated
impedance data-base [34], is taking place at the time of writing.

5.4 CURES AGAINST INSTABILITIES

5.4.1 HOM damping and controlled emittance blow-up

To ensure longitudinal stability at injection for nominal LHC beam intensity with a longitudinal emittance of
0.7 eVs, the shunt impedance of all the HOM’s in high-Q cavity-like structures should be limited to 60 kΩ in the
frequency range 100÷500 MHz. The limitation for the shunt impedance then increases with frequency as f 5/3

r .
As discussed in [7], a controlled emittance blow-up proportional to

√
E is sufficient to avoid degradation of the

longitudinal beam stability during acceleration to 7 TeV.

5.4.2 Transverse feedback system

A transverse feedback system is required to damp coupled-bunch instabilities caused by the narrow-band
impedance, and in particular the resistive wall instability, at injection and during acceleration to 7 TeV. Since
the feedback system can only dump rigid (m = 0) head-tail modes, higher order head-tail modes have to
be stabilized by Landau damping or (slightly) negative chromaticity. On the other hand, operation with the

3This is a somewhat conservative estimate corresponding to an intermediate collimator layout.



transverse feedback and large betatron tune spread may lead to a significant emittance growth [35] and should
be avoided. Therefore the LHC strategy is to switch off the feedback system before the end of the energy ramp
and to ensure Landau damping of all the head-tail modes by proper control of the tune spread using the arc
octupoles.

5.4.3 Tune spread: Landau damping octupoles and beam-beam

In addition to octupolar spool-pieces for the local b4 correction of the superconducting dipoles, in the LHC
arcs there are two families of magnetic octupoles to control the betatron detuning with amplitude and provide
Landau damping of the coherent beam oscillation modes. The horizontal and vertical betatron functions at
the 84 focusing octupoles are βOF

x = 180 m and βOF
y = 30 m, respectively, and these values are swapped

at the 84 defocusing octupoles. Each octupole has a magnetic length of 0.32 m and a maximum integrated
strength O3 = 59100 T m−3. The amplitude-dependent incoherent horizontal tune can be written Qx = Qo +
aJx + bJy, where Jx and Jy are the betatron action variables. The maximum value of the anharmonicities is
a = 270000 m−1 and b = −175420 m−1, with c = b/a = −0.65. Given the nominal beam emittance at 7 TeV
ε = 0.5 nm, the corresponding maximum detuning at 1σ rms is ∆Q1σ = aε = 1.35 × 10−4 in each plane.
Landau damping for a pseudo-parabolic betatron distribution with Jx + Jy ≤ 5σ2, as discussed in [36, 37] is
assumed. This is a somewhat conservative assumption, valid for a scraped beam with no tails beyond 3.2 σ. The
corresponding stability curves at 7 TeV are shown in Fig. 5.1 for positive or negative values of the maximum
anharmonicity a. Potentially unstable oscillation modes with negative imaginary tune shifts are stabilized by
Landau damping provided their coherent tune shifts remain below these stability curves. It is interesting to
remark that for real tune shifts, such as those induced by the broad-band impedance, modes with a maximum
(negative) tune shift about 3.5 times the detuning at 1σ are still Landau damped. The tune spread associated
with long range beam-beam encounters provides an additional (modest) stabilizing effect [38].

5.4.4 Coherent tune shifts and Landau damping at injection

As seen in Sec. 5.3.1, at injection the transverse coherent tune shifts of the single-bunch higher order head-
tail modes with m > 0 are smaller than or equal to 0.85× 10−4 in absolute value. The natural nonlinearities of
the magnetic lattice still compatible with an adequate dynamic aperture correspond to a maximum detuning of
2 × 10−3 at 6 σ [39], i.e., about 0.56 × 10−4 at 1σ. This provides Landau damping of coherent modes having
real tune shifts up to about 3.5 times larger, corresponding to an effective tune spread of nearly 2 × 10−4.
Therefore all the single-bunch head-tail modes with m > 1 are Landau damped by the lattice nonlinearities, if
these are pushed to the limit. The rigid m = 0 head-tail mode will be damped by the feedback system. In case
the lattice nonlinearities need to be reduced to guarantee a sufficient dynamic aperture, the direct space charge
tune spread of about 10−3 will provide additional Landau damping of the higher-order head tail modes4.

5.4.5 Coherent tune shifts and Landau damping at 7 TeV after β-squeeze

The tune shift of the most unstable rigid coupled bunch mode at top energy is−(0.13+0.42j)×10−4 without
collimators. The maximum tune shift induced by uncoated graphite collimators is−(7.45 + 0.55j)× 10−4 and
that induced by graphite collimators with 1µm Cu coating, assuming a resistivity ρCu = 1.5 × 10−8 Ωm, is
−(2.83 + 0.84j) × 10−4. Fig. 5.1 (left) shows the situation for the nominal LHC beam at 7 TeV without
collimators and including collimators (either coated or uncoated), taking as an upper bound the sum of the
maximum tune shifts. Also the small real tune shift ∆Q

(0)
⊥,bb = −4×10−5 induced by the broad-band impedance

has been added in all cases. The conclusion is that Landau damping may not be ensured, even for copper coated
collimators: the upgraded, low-impedance collimation scheme described in Chap. 18 is needed to reach and
exceed nominal LHC performance. For the baseline collimator design without copper coating, stability is

4This assumption needs experimental validation in the regime of the LHC at injection energy, where the space charge tune spread is
somewhat larger than the tune spread associated with the natural nonlinearities of the magnetic lattice. Observations at the CERN PS
with very long bunches and space charge detunings much larger than those associated with the lattice nonlinearities indicate that the
direct space charge tune spread may not be effective in providing Landau damping of the higher-order transverse head-tail modes [29].



ensured up to about 40% of the nominal beam intensity, as shown in Fig. 5.1 (right), and up to about 65% of
the nominal beam intensity for copper coated collimators.

nominal LHC intensity
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Figure 5.1: Stability limits for a detuning ∆Q1 σ = ±1.35 × 10−4 and coherent tune shifts for the LHC at
7 TeV with squeezed optics and nominal LHC beam intensity (left) or 40% of the nominal intensity (right). The
horizontal and vertical axes give the real part and minus the imaginary part, respectively, of the coherent tune
shift for the most unstable coupled bunch rigid mode (m = 0): without collimators (cross), with copper coated
graphite collimators (square), and with un-coated graphite collimators (triangle) at β ∗ = 0.5 m. The dashed
(red) curve is the stability limit for maximum Landau octupole current with negative anharmonicity a < 0, the
solid (blue) curve with positive anharmonicity a > 0.

5.5 SUMMARY OF EMITTANCE GROWTH AND BEAM LOSS MECHANISMS

5.5.1 Emittance growth caused by transverse injection oscillations

The effective overall damping time τdamp of the LHC damper has to be significantly shorter than the deco-
herence time τdec of the injection oscillations to preserve the transverse emittance. For injection oscillations
corresponding to a maximum transverse offset ∆x, the relative emittance blow-up is given by [35]:

∆σ2

σ2
' 1

2

∆x2/σ2

(
1 + τdec

τdamp

)2 .

The LHC damping time for low intensity beams is 40 turns, corresponding to about 3.6 ms. At higher beam
intensities, the damping rate is reduced by the resistive wall instability growth rate 1/τ inst, leading to an overall
damping rate:

1

τdamp
=

1

40 turns
− 1

τinst
.

At nominal LHC beam intensity, the instability rise time is τinst = 308 turns and the overall damping time of the
injection oscillations is 46 turns, corresponding to about 4.1 ms. After correction of the lattice nonlinearities at
injection, it is thought that it is possible to reach a decoherence time around 750 turns, or 67 ms, corresponding
to a full tune spread of about 1.3 × 10−3. Assuming a maximum injection offset ∆x = 4 mm, a modest
emittance blow-up of about 1.9% is estimated.

At ultimate LHC beam intensity, the resistive wall instability rise time is τinst = 208 turns, or 18.5 ms, and
the overall damping time of the injection oscillations becomes about 50 turns, or 4.4 ms. The corresponding
emittance blow-up is 2.2%, i.e. still below 2.5%.



5.5.2 Intra-Beam Scattering

Small-angle particle-particle collisions within a bunch couple the horizontal and longitudinal particle oscil-
lations and, above transition energy, give rise to an irreversible emittance growth in both planes. The horizontal
IBS growth rate is approximately proportional to the particle density in the six-dimensional phase space. For
nominal LHC beam parameters at top energy, the longitudinal IBS emittance growth time is 63 h and the
horizontal growth time is 105 h. These values have been computed with the Bjorken-Mtingwa formalism im-
plemented in MAD [40] for the LHC collision optics version 6.4.

The evolution of the LHC beam emittance during a physics store at 7 TeV is discussed in [41] and a plot
including the effect of intra-beam scattering, particle consumption at the two high-luminosity IP’s, and radiation
damping is shown in Fig. 5.3.

5.5.3 Touschek Scattering

Touschek scattering refers to particle-particle collisions within a bunch, through which enough energy is
transferred from transverse into longitudinal oscillations that the scattered particles leave the stable RF bucket.
The loss rate due to Touschek scattering is quadratic in the bunch population and has been estimated for the
LHC in [42]. For nominal beam parameters, coasting beam is produced at a rate per proton of 1.8 × 10−4 h−1

during injection and 8× 10−5 h−1 at 7 TeV.
Once the protons are outside the RF bucket, they lose energy due to synchrotron radiation. If the collimators

provide an energy aperture of 3.9 × 10−3, a scattered proton is lost after about 390 hours at injection or after
6.5 minutes at top energy, respectively. While the energy drift due to synchrotron radiation is unimportant at
injection, at 7 TeV it gives rise to a steady-state coasting beam component of about 10−5.

5.5.4 Residual Gas Scattering

Residual-gas molecules reduce the proton beam lifetime due to nuclear scattering and they increase the beam
emittance by multiple elastic Coulomb scattering. For the first time in an accelerator, beam loss due to the
nuclear scattering represents a non-negligible heat load on the cold bore of the magnets. In consequence, a
minimum beam lifetime of 100 h has been required, so as to ensure that the heat load due to nuclear scattering
stays below 0.1 W/m for the two beams [43]. The beam lifetime τ is related to the cross section σ and gas
density n via 1/τ = cσn. Tab. 5.5 lists cross sections and the implied maximum allowed molecule densities for
various gas species. Most of the cross sections were taken from [44]. The highest density of 1.2× 1015 m−3 is
permitted for hydrogen, corresponding to a 38-ntorr pressure at room temperature. The dipole magnet quench
limit of 7 × 106 p/m/s at 7 TeV corresponds to a gas density about two orders of magnitude higher (see [45],
p. 70).

The normalized emittance growth due to multiple scattering is:

d(γε)

dt
= β̄γ

(
13.6 MeV

βcp

)2 cnmgas

X0
,

where mgas is the mass of a molecule, X0 the radiation length in units of kg m−3, and β̄ the average beta
function (β̄ ≈ 100 m at injection, and β̄ ≈ 150 m at top energy). The effect of multiple scattering is largest at
injection. Emittance growth times expected at 450 GeV for the partial gas pressures corresponding to a 100 h
nuclear-scattering lifetime are also included in Tab. 5.5. The emittance e-folding times are seen to range from 5
to 15 h, depending on the gas species. After some conditioning of the vacuum system, it is expected a fractional
gas composition with less than 5% CO and CO2 molecules. The emittance growth times will therefore be
dominated by H2.

5.5.5 Emittance Dilution caused by Collimators and Electron Cloud

If the beam passes a collimator with an offset y from the center of the collimator gap, it receives a centroid
kick and an additional differential deflection along the bunch, which for a round collimator can be computed



Table 5.5: Nuclear scattering cross sections, the implied maximum allowed densities, and the accompanying
emittance growth at injection for various gas species.

molecule σ [barn] n [m−3] at 7 TeV equiv. gas pressure τε [h] at 450 GeV
at 7 TeV for τnucl = 100 h at 300 K [ntorr] for τnucl = 100 h

H2 0.078 1.2× 1015 37.8 17.0
He 0.133 6.9× 1014 21.7 12.5
CH4 0.511 1.8× 1014 5.6 7.6
H2O 0.510 1.8× 1014 5.7 9.5
CO 0.751 1.2× 1014 3.8 7.5
CO2 1.171 7.9× 1013 2.5 5.0

from the wake field:

w⊥(s) = − j

2π

∫ ∞
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,

where θ is the tapering angle and b the collimator gap. The rms spread of the kick (direct emittance growth) is√
2
√

1/
√

3− 1/2 ≈ 0.4 times smaller than the centroid kick. In other words, for a 1σ offset at the collimator,
the beam emittance would blow up by 5×10−6, so that after 2×105 turns it would be doubled, if the emittance
growth were additive from turn to turn: this hypothesis needs further beam dynamics studies.

Considering a rigid oscillation or static displacement from the center of amplitude y, the deflection experi-
enced by a particle at position s along the bunch passing the collimator is:

∆y′(s) = y
Nbrp
γ

w⊥(s).

For a flat collimator, a further emittance dilution arises from the quadrupole wake, which blows up the beam,
even if the latter is perfectly centered between the jaws. This problem has also been studied by Stupakov [46].
In this case, the impedance depends on the offset of the local centroid (ys) and the test particle (yt), at the same
longitudinal location. The generalized deflection under the condition that σz � h2θ/b is [47]:

∆y′t =
λsrp
γ

(
4θ

b
ys −

4θ

b
yt +

2πθh

b2
yt

)
,

where h is the half width of the beam pipe in the orthogonal transverse plane, and λs the local line density.
Preliminary results concerning the emittance growth caused by the electron cloud are discussed in Sec. 5.8.5.

A quantitative estimate of the emittance dilution caused by collimators and electron cloud requires further
investigations.

5.6 SYNCHROTRON RADIATION

The LHC is the first proton storage ring for which synchrotron radiation becomes a noticeable effect. At top
energy, the synchrotron radiation gives rise to a significant heat load, which is intercepted by a beam screen at
an elevated temperature of 5–20 K. The synchrotron radiation also leads to a shrinkage of the beam emittance
during physics stores. Pertinent parameters are summarized in Tab. 5.6.

5.6.1 Photon Flux and Heat Load

Each of the two LHC beams emits 1.8 × 1021 photons per second, or on average 6.8 × 1016 photons per
second and per metre of the ring. The proton energy loss per turn is 6.7 keV, at 7 TeV. The corresponding total
power radiated per beam is 3886 W, with an average critical photon energy of 43.13 eV [48].

In the arcs, the average number of photons amounts to 8.2× 1016 photons incident per metre length, second
and beam. The synchrotron radiation power per metre bend and per beam is 0.22 W/m. In the long straight



Table 5.6: Synchrotron Radiation
parameter 450 GeV 7 TeV
total power / beam 0.066 W 3886 W
energy loss per turn 0.11 eV 6.7 keV
average photon flux per metre and second 0.4× 1016 6.8 × 1016

photon critical energy 0.01 eV 43.13 eV
longit. emittance damping time 5.5 yr 12.9 h
transv. emittance damping time 11 yr 26 h

sections the average flux on the wall is 20 times smaller than in the arcs, or about 3.6× 1015 photons per metre
per second, as is illustrated in Fig. 5.2.

On the other hand, at injection energy, the synchrotron radiation stays negligible, with a total radiated power
of only 0.066 W and a proton energy loss per turn of 0.11 eV.

Figure 5.2: Synchrotron radiation as a function of position around the LHC: photon flux on wall per metre and
per second (top left), heat load in W/m (top right), and average photon energy in eV (bottom) [48].

5.6.2 Emittance Damping

The synchrotron radiation gives rise to a continuous shrinkage of the beam emittances with exponential
emittance-damping times of 26.0 h in the two transverse planes and 12.9 h in the longitudinal plane, at 7 TeV.
The damping times scale with the inverse third power of the beam energy. For example, the damping is ten
times weaker at 3.25 TeV. The damping times vary only by 1–2%, when either the crossing angles are turned



off or large optics errors are introduced.
In collision, due to the shrinkage of the emittance, the LHC luminosity decays less strongly than expo-

nentially. The radiation damping may also compensate for emittance dilution due to other processes, such as
beam-beam effects. However, if the transverse emittances decrease much more rapidly than protons are con-
sumed at the collision points, the beam-beam tune shift may exceed the beam-beam limit, or the bunch length
may become so short that the beam loses longitudinal Landau damping. Fortunately, this is not expected to
be the case for the nominal LHC parameters with continually colliding beams, since the synchrotron-radiation
damping is still moderate, and, in addition, it will partially be balanced by intra-beam scattering [49]. The ex-
pected evolution of key beam parameters and luminosity during a 10-h physics store is displayed in Fig. 5.3. If
necessary, the balance of intra-beam scattering and synchrotron radiation can be modified by a judicious blow
up of the longitudinal emittance using noise excitation.

Figure 5.3: Evolution of normalized emittances (top left), bunch intensity (top centre), head-on beam-beam
tune shift at the two high-luminosity IP’s (top right), rms bunch length together with estimated limits for the
loss of Landau damping and the onset of the longitudinal microwave instability (bottom left), and luminosity
(bottom right) as a function of time during a nominal physics store at 7 TeV. The effect of intra-beam scattering
(evaluated according to the approximate formulae in [50] and assuming a 10% vertical growth rate due to beta-
tron coupling or vertical dispersion, corresponding to initial longitudinal/horizontal/vertical emittance growth
times of 68/98/983 h), particle consumption at the two high-luminosity IP’s (with a total inelastic cross section
of 100 mbarn), and synchrotron radiation (with longitudinal/horizontal emittance damping times of 13/26 h) is
included. The effect of residual gas scattering (with τnucl ≥ 100 h) and other possible mechanisms leading to
emittance growth, such as electron cloud, RF noise, ground motion, tune modulation or amplitude diffusion
induced by the beam-beam interaction, is not included.

5.7 HEAT LOAD SUMMARY

A summary of the heat load induced on the arc beam screen by the nominal LHC beam at injection and at
7 TeV is shown in Tab. 5.7. The heat load caused by the electron cloud depends on the secondary electron yield
of the beam screen surface and is discussed in Sec. 5.8.3.



Detailed estimates of the heat deposition by the nuclear scattering of the protons colliding in each of the
two high luminosity LHC experiments can be found in [51]. These dynamic heat loads scale with the machine
luminosity and, for nominal LHC luminosity of 1034 cm−2 s−1, they range between 5 and 13 W/m in the IR
regions. In particular the power deposition in the inner triplet amounts to 30.7 W, 28.8 W, 26.6 W, and 27.7 W
for the quadrupoles Q1, Q2a, Q2b, and Q3, respectively.

Table 5.7: Summary of heat load on the arc beam screen for nominal LHC beam at 7 TeV. The three columns
give the source, the latest relevant reference, and the peak heat load in mW/m.

source Ref. Peak power [mW/m] at 7 TeV
Synchrotron Radiation [48] 220
Ohmic Losses [52] 110
Pumping Slots [53] 10
Welds [2] 10

5.8 ELECTRON CLOUD EFFECTS

A significant number of electrons can accumulate in the LHC beam pipe, due to the close bunch spacing of
25 ns [10]. This electron cloud could largely increase the heat load deposited on the LHC arc beam screen [11,
12]. It may also degrade the vacuum pressure, as observed, for example, in the ISR [54] and more recently in
the SPS [55] and in RHIC [56], induce single- or multi-bunch instabilities [57, 58, 59, 60], and possibly cause
long-term emittance growth. Electron clouds are presently limiting the performance of several operating storage
rings, notably the two B factories, PEP-II and KEKB [61], the Los Alamos Proton Storage Ring [62], and
RHIC [56]. An electron cloud occurs with LHC-type beam in the CERN SPS, where many of its characteristics,
including heat load and conditioning effects, can be studied in situ for conditions resembling those of the
LHC [55]. Primary electrons — the seed of the electron cloud — are created by a variety of different processes.
The number of electrons then increases exponentially by a process known as beam-induced multipacting, in
which the electron amplification is the result of secondary emission from the chamber wall.

In the LHC design, a number of countermeasures are incorporated, which aim either at suppressing an
electron-cloud build-up or at alleviating its effect. These measures include (1) a sawtooth chamber in the arcs,
which reduces the photon reflectivity, (2) shielding the pumping holes inside the arc beam screen so as to
prevent multipacting electrons from reaching the cold bore of the dipole magnets, (3) coating the warm regions
by a special getter material, TiZrV, with low secondary emission yield, and (4) conditioning of the arc chamber
surface by the cloud itself (beam scrubbing), which will ultimately provide a low secondary emission yield.
During commissioning the bunch spacing can be increased and/or the beam energy be reduced to process the
chamber while staying within the available cooling capacity.

5.8.1 Photoelectrons and Secondary Emission

An electron cloud builds up, if a modest number of primary electrons is amplified during the passage of a
bunch train. This amplification occurs due to acceleration of electrons in the field of the beam and subsequent
secondary emission with an average yield larger than one.

At injection energy, primary electrons are mainly generated by gas ionization or beam loss. At top energy,
the primary electron flux is strongly enhanced, due to photoemission from synchrotron radiation. This latter
process does not contribute to the electron seed at injection, since here the photon energies are too low to
generate any photoelectrons. The number of photons emitted per radian is given by 5/(2

√
3) γ/137, which, at

7 TeV, is about 79 photons per proton and per radian deflection angle. For an LHC half cell of 53.45 m length
and 15.3 mrad bending angle, this amounts to 0.023 photons incident per proton and per metre at 7 TeV. On the
LHC Cu sawtooth chamber and with the LHC photon spectrum, the initial probability of photoemission is 5%,
decreasing to about 2.5% after conditioning [63]. The primary synchrotron radiation at 7 TeV is incident on
the outer wall of the chamber according to a Gaussian vertical distribution of about 1.4 mm rms in height. The



azimuthal distribution of the absorbed photons determines the region from where photo-electrons are emitted.
In a dipole magnet, photo-electrons can reach the vicinity of the beam only if they come from the top or bottom
of the chamber. Thus it is desirable to absorb the maximum number of photons at their primary impact point
on the horizontally outward side of the beam pipe, and to keep the photon reflection as low as possible. One
distinguishes forward, diffuse, and backward reflection. In the LHC a low forward reflectivity is accomplished
by impressing a sawtooth surface on the beam screen (i.e., the inner part of the beam pipe). However, about
20% of the incident photons are diffusely reflected from the sawtooth, roughly according to a cos2 φ distribution
(where φ denotes the angle of the reflected photon with respect to the horizontal plane), so that about 10%
of the reflected photons (or 2% of the total) may be absorbed at the top and bottom of the chamber [64].
Preliminary experimental data on photon backward reflection indicate that this effect would only yield a small
additional contribution [65]. In simulations, the measured energy distribution of the emitted photoelectrons [66]
is approximated by a (one-sided truncated) Gaussian with a peak at 3 eV and an rms spread of 3 eV. The
photoelectron emission angles are assumed to be distributed uniformly in spherical coordinates.

Secondary electron emission consists of two components: the true secondaries and the elastically reflected
electrons. The true secondary yield as a function of the primary impact energy Ep is expressed by the Furman
formula [67] δtrue(Ep) = δmaxsEp/Emax/(s − 1 + (Ep/Emax)s), where s ≈ 1.35 and the two parameters
δmax and Emax describe the maximum yield and the energy at which it is attained. These parameters vary with
the angle of incidence. Laboratory measurements indicate that Emax(θ) ≈ E0

max(1 + 0.7 (1 − cos θ)) [67]
and δmax(θ) ≈ δ0

max exp(0.5 (1 − cos θ)) [68], where quantities with superscript 0 refer to perpendicular
incidence. The values of δ0

max and E0
max characterize the degree of conditioning. In the laboratory, samples are

fully conditioned after depositing an electron dose of 10 mC/mm2 [69], and values of δ0
max below 1.3 can be

obtained after a dose of 2 mC/mm2 [69]. The final conditioning effect may depend not only on the total dose, but
also on the electron flux during the processing [70]. Fully conditioned laboratory samples at room temperature
sometimes exhibit maximum secondary emission yields as low as δ0

max ≈ 1.1. Similar yields after conditioning
were also observed at cryogenic temperatures [71]. In-situ measurements with room-temperature detectors at
the SPS in 2002 and 2003 showed δ0

max ≈ 2.35 and E0
max ≈ 260 eV for the initial state, and δ0

max ≈ 1.5
and E0

max ≈ 240 eV after about 2 days of dedicated ‘beam scrubbing’ [72]. Following this initial decrease,
δ0

max remained approximately constant for several days until the end of the scrubbing period. This saturation
at δ0

max ≈ 1.5 in the SPS is attributed to operational constraints on the available beam intensities and to the
re-adsorption of the residual gas [70]. First preliminary measurements with cold detectors in the SPS suggest
that the scrubbing time at cryogenic temperatures might be longer than at room temperature [73, 74]. For LHC
simulation purposes, the value of E0

max corresponding to a certain value of δ0
max has been estimated by linear

interpolation from the above numbers for the SPS (see Tab. 5.8). The energy distribution of the true secondaries
is concentrated at low energies, and can be parametrized as in [69], namelyD(Es) ∝ exp(−(lnEs/E0)2/2τ2),
where E0 ≈ 1.8 eV and τ ≈ 1 are two fitting parameters. For this distribution, the average emission energy
of the true secondaries is Ēs ≈ 8.1 eV. The initial angular distribution of the true secondaries in spherical
coordinates, dN/dΩ, is taken to be of the form cos θ, where θ denotes the emission angle of the secondary
electron with respect to the surface normal [75].

For incident electrons of low energy, a significant portion of the secondary electrons are not true secondaries,
but instead they are elastically reflected electrons. Depending on the interpretation of the experimental low-
energy data, the yield of elastic reflection can be expressed in two different ways: First, one may write the
elastic yield as δel = f/(1 − f)δ0

true, where f is the measured ratio of elastic reflections to the total num-
ber of secondaries, which may be parametrized as in [69]. Second, an alternative parametrization is derived
from the assumption that the electron reflectivity is not affected by the conditioning process, and that it al-
ways approaches the value of 1 in the limit of zero primary energy. This assumption can be modelled by the
parametrization δel = (

√
Ep +E0 −

√
Ep)

2/(
√
Ep +E0 +

√
Ep)

2. The single parameter E0 ≈ 150 eV has
been fitted from measurements [76]. This second parametrization gives rise to a minimum in the total sec-
ondary yield, at around 10 eV, which appears consistent with many of the experimental data, e.g., in [76], but
it could still prove an artifact of the measurement apparatus. Fig. 5.4 displays alternative curves for the total
secondary emission yield at perpendicular incidence, SEY ≡ δtrue + δel, as a function of the primary electron
energy, corresponding to the different parametrizations. The centre curve assumes the first model of elastic



reflection, the top curve the second. For completeness, the bottom curve shows the Furman’s formula for true
secondaries only, using the parameters δ0

max = 1.06 and E0
max = 262 eV (δel = 0). Most simulations in this

report have been performed for the first model (centre curve), which includes a moderate amount of elastic
electron reflection. It is always assumed that, unlike for the true secondaries, the yield of the elastic reflection,
δel, is independent of the angle of incidence.

Table 5.8: Typical LHC simulation parameters related to electron cloud build-up at 7 TeV.
parameter initial final
maximum secondary emission yield δ0

max 1.9 1.1
energy for which yield is maximum, ε0

max 249 eV 230 eV
photo-electrons per absorbed photon 5% 2.5%
photo-electrons per proton and metre in the arc 0.00116 0.00058
photon reflectivity R 20% 20%
parameter for elastic electron reflection E0 150 eV 150 eV

Figure 5.4: Model of the total secondary emission yield, SEY = δtrue + δel, at perpendicular incidence, as a
function of the primary electron energy, assuming no elastic reflection (long dashes, bottom curve), a secondary
emission that decreases at low energies towards about 0.3 (solid, centre curve), and the model that seems to
best fit the measured data in [76], with a minimum near 10 eV and a reflection probability of one for incident
energies approaching zero (short dashes, top curve). The other parameters for this graph correspond to the
laboratory measurement of a fully scrubbed Cu surface at 9 K (δ0

max = 1.06, Emax = 262 eV) [76].

5.8.2 Build-Up and Saturation

If an electron amplification occurs, the cloud builds up until the growth is balanced by its own space charge.
This limit can arise either if the average charge of the electrons equals that of the protons (neutralization) [10]
or when, in the time interval between two proton bunches, the space charge potential exceeds the initial kinetic
energy of the secondaries [77]. Thus, the estimated saturation density is the smaller value of [10, 77] ρ(1)

e ≈
Ēs/(mec

2b2re) and ρ(2)
e ≈ Nb/(πb

2Lsep), where Lsep denotes the bunch spacing in metres. For the nominal

LHC parameters, these limiting densities are quite comparable: ρ(1)
e ≈ 1.4 × 1013 m−3 and ρ(2)

e ≈ 1.2 ×
1013 m−3. As an illustration, Fig. 5.5 presents some simulations for the electron cloud build-up in the LHC



Figure 5.5: Top left: simulated electron volume density [m−3] in an arc dipole as a function of time [s], for
Nb = 1011, various values of δmax, two bunch spacings, and two models of the elastic electron reflection;
top right: the simulated electron density [m−3] in a circular field-free region of the long straight section as a
function of beam pipe radius [cm], for Nb = 1.15 × 1011 and δ0

max = 1.3; bottom: the horizontal position of
regions with high electron multipacting (“stripes”) measured inside a dipole magnetic field at the SPS during
2001 and 2002 [55], as a function of bunch intensity, compared with simulations performed in 2002 and 2003.
The effects of altering the magnetic field and using different values of δ0

max are also shown [12].

and in the SPS, which were obtained using ECLOUD version 2.5. The top left picture shows the simulated
build-up of electron density during the passage of an LHC bunch train (a single PS batch) through an arc cell
for a bunch population of Nb = 1011. The various curves refer to different values of δ0

max, to the two models
of elastic reflection, and to two different bunch spacings. For the range of δ0

max values considered here, the
steady-state densities are determined by a balance of production and decay rates, and stay at least a factor of
10 below the ultimate space-charge saturation limit estimated above. The top right picture of Fig. 5.5 displays
the simulated steady-state electron volume density as a function of aperture, for a field-free region, assuming
Nb = 1.15 × 1011, and δmax = 1.3. The primary photo-electron flux in this simulation was taken to be 20
times smaller than in the arcs, which is representative of the long straight sections. The picture illustrates that
for a single beam, radial apertures between 25 and 55 mm are most susceptible to an electron-cloud build-
up. Similar simulations have been performed for the SPS, where a reasonable agreement between various



simulated and measured electron-cloud properties, such as spatial structure, flux, energy spectrum, and heat
load, was achieved [12, 55]. An example is shown in the bottom picture of Fig. 5.5, which illustrates the
horizontal position of two narrow regions with high multipacting (“stripes”), as measured and simulated for an
SPS dipole field. Since the vertical chamber dimension in the SPS is nearly the same as that for an LHC dipole,
the location of the stripes is also expected to be similar in both accelerators, and, therefore, the observed and
predicted variation of the stripe location with intensity in the SPS has motivated the addition of baffles at each
LHC-beam screen pumping slot, which block the passage of electrons onto the cold bore of the magnets.

5.8.3 Heat Load

The heat load deposited by the electron cloud is a concern for the cold parts of the LHC, where it may
quench the super-conducting magnets. Inside the 1.9-K cold bore of the magnets, the electron-cloud heat load
is intercepted by a dedicated beam screen, which is held at a higher temperature of 5–20 K. As mentioned in
Sec. 5.8.2, pumping holes in the beam screen are shielded by baffles, such that the electron cloud does not
contribute to the heat load onto the 1.9-K cold bore. The heat load for the latter is then dominated by nuclear
interactions, depositing about 0.035 W/m [43], which is to be compared with a cooling capacity of 0.32 W/m
per beam at 1.9 K [78]. The total available cooling capacity for the warmer beam screen is 1.15 W/m per
beam [78]. In addition to the heat from the electron cloud, this number must also accommodate the heat loads
due to synchrotron radiation and impedance. The synchrotron-radiation heat load increases linearly with the
total beam current, while the impedance contribution rises quadratically with the bunch population Nb. For
the ultimate LHC intensity of Nb = 1.67 × 1011, the average arc heat load due to synchrotron radiation is
0.25 W/m, and that from impedance (res. wall, welds, pumping slots, shielded bellows, and BPMs) is estimated
at 0.41 W/m [79]. The remaining cooling capacity, about 0.5 W/m at nominal intensity and energy, may be
allocated to the electron cloud. The expected average electron-cloud heat loads in the arcs for various surface
and beam conditions are computed by averaging simulation results over a 53.452-m long arc half cell, which
comprises a field-free region of length 6.433 m, a dipole field of 42.9 m, and quadrupole plus sextupole fields
extending over a length of 4.119 m.

Fig. 5.6 displays simulation results, obtained with ECLOUD version 2.5, for the steady-state electron density
and the heat load generated during the passage of an LHC bunch train. The three pictures show the heat load
and the electron volume density as a function of bunch population and also as a function of each other. The
various curves refer to three different values of δ0

max, to the two models of elastic electron reflection, and to
both the nominal and twice the nominal bunch spacing. The available cooling capacity is also indicated, in the
top left picture. For the nominal bunch spacing a maximum secondary emission yield of δ0

max = 1.1 ensures
sufficient cooling capacity, while for larger values of δ0

max, e.g., 1.3, doubling the bunch spacing reduces the
heat load to an acceptable level. On the other hand, bunch spacings shorter than nominal likely increase the
heat load to unacceptable values, so that enlarging the number of bunches does not appear a viable path towards
ultimate LHC luminosities in a future upgrade [45]. Colliding a smaller number of long super-bunches, instead,
would promise both a high luminosity and a much reduced electron-cloud heat load [80], but imply substantial
detector upgrades.

5.8.4 Beam Stability

At various storage rings, for example the SPS, electron clouds have caused beam instabilites and disrupted
operation. In the SPS a coupled-bunch instability is observed in the horizontal plane, and a single bunch
instability in the vertical [59, 60]. The strengths of the electron-cloud single-bunch and multi-bunch wake fields
(Wsb and Wmb) are estimated as [58, 81] Wsb ≈ 2Wmb ≈ 8πρeC/Nb, where C denotes the circumference,
ρe the average electron density, Nb the bunch population, and the wakes are quoted in units of m−2. The
corresponding growth rate of the coupled-bunch instability is [81] τe,CB ≈ γ/(2πrpcβ̄ρe), and the threshold
of the single-bunch (‘TMCI’-like) instability can be expressed as a threshold in the electron density as [58]
ρe,thr ≈ 2γQs/(πβ̄rpC), where Qs denotes the synchrotron tune, and β̄ the average beta function.

The instabilities are primarily a concern at injection, where the beam is less rigid. Here, the estimated
multi-bunch instability rise times vary between 2 and 2000 turns, depending on the electron density. The effect



Figure 5.6: Simulated electron-cloud heat load and density for the LHC: average arc heat load and available
beam screen cooling capacity (assuming an upgrade of the turbines for the four LEP cryoplants) as a function
of bunch population (top left), simulated average electron volume density in the arc for the last bunch in a train
as a function of the bunch population (top right), and simulated volume density as a function of simulated heat
load for an LHC arc cell (bottom). Results for three different values of δ0

max (1.1, 1.3 and 1.5), using the first
model of elastic reflection, are compared with those for the second model and for twice the nominal bunch
spacing, at the intermediate value δ0

max = 1.3.

of the electron cloud can be enhanced by the conventional impedance [82, 83], and also by the beam-beam
interaction [84, 85]. Simulation studies of single-bunch instabilities driven by the electron cloud, with and
without impedance, were performed using the code HEADTAIL for both the LHC and the SPS [82, 86]. For
zero chromaticity, the simulations indicate an instability threshold at about ρe ≈ 5 × 1011 m−3. Above the
threshold, the single-bunch emittance growth time decreases roughly inversely with the electron density. It
is 160 turns for an average electron cloud density of ρe ≈ 1012 m−3, and only 16 turns for ρe ≈ 1013 m−3.
Hence, if strong multipacting occurs in the arcs of the LHC, the strength of the vertical single-bunch instability
may become comparable to that in the SPS. Both in the SPS experiments and in the simulations, the emittance
growth is suppressed by a high positive chromaticity. This could also prove a viable cure for the LHC.

The actual magnitude of the electron density can be inferred from the induced coherent tune shift as [87]
∆Q ≈ rpβ̄ρeC/(2γ). For full saturation of the electron density (ρe ≈ 1.2× 1013 m−3) the expected tune shift
amounts to 0.05. As shown in Fig. 5.6, for δ0

max = 1.5 a maximum electron density ρe ≈ 3 × 1012 m−3 is
expected and therefore a maximum tune shift at the end of a bunch train of about 0.015. The measured tune
shifts in the SPS are of the order of 0.01.



5.8.5 Emittance Growth

Simulations indicate the possibility that the electron cloud may sustain long-term emittance growth [86].
The simulated emittance growth sensitively depends on the details of the simulation model, however, such
as whether the beam-electron interaction is applied at random betatron phases or at the same constant phase
from turn to turn. For the former case the growth seems to converge towards zero, as the number of beam-
electron interaction points is increased in the code HEADTAIL [82, 86]. Nevertheless it is not excluded, that
an incoherent emittance growth may occur due the incoherent tune spread induced by the pinched electrons or
due to nonlinear resonances, e.g., of order 3–10, which can be excited by the electron cloud [86]. This question
can be investigated by QUICKPIC [88] simulations, which model the continuous interaction of the beam and
the electrons.

5.8.6 Electron Cloud at Collimators

An electron cloud could also be generated at the collimators. In this case, the primary source of electrons
are not photoelectrons, but electrons emerging from the nuclear and electromagnetic shower initiated by lost
protons. In preliminary FLUKA simulations [89], 7-TeV protons impinged on a graphite collimator jaw with
impact parameters uniformly distributed between 0 and 200 nm from the collimator edge. From the simulation,
the fluence spectrum (i.e., the flux weighted by 1/ cos θ) of charged hadrons, electrons and positrons emitted
from the jaw was obtained, down to energies of 1 keV. Assuming a factor of 5 mg/(MeV cm2) for the conversion
efficiency of ionization energy into secondary electrons at perpendicular incidence [90], a beam lifetime of
about 15 minutes yields an estimated total flux of low-energetic electrons emerging from a primary collimator
jaw equal to 1.3×1014 s−1 [89], or, equivalently, 4×10−5 electrons per passing proton. This rate is comparable
to the photoemission in the LHC arcs. More detailed studies of the lower-energy secondary electrons generated
by the collimator shower and their longitudinal distribution may be needed. Assuming a maximum secondary
emission yield δmax = 1.1, the saturation level of the electron cloud density is about 2.5 × 1010 m−3, i.e.,
somewhat smaller than typical arc densities. The dependence on the collimator half-gap is weak.

5.8.7 LHC Strategy

The LHC design has adopted a fourfold strategy for suppressing the formation of an electron cloud:
(1) In the warm sections, which amount to about 10% of the total circumference, the beam pipe will be

coated by a TiZrV getter developed at CERN [91]. This getter does not only provide an excellent pumping
performance, but after activation, at only 180◦C, its maximum secondary emission yield drops down to δ0

max ≈
1.1 [92, 93, 94], a value for which a significant electron cloud build-up is no longer expected. The non-existence
of an electron cloud in getter-coated regions has been confirmed in SPS experiments [95]. Even in the unlikely
event that an electron-cloud builds up in the warm sections of the LHC, the getter still has its virtue. Namely,
ionization of gas molecules by the low-energy electrons, with a high cross section of up to 400 Mbarn, and the
subsequent absorption of the ionized molecules by the getter significantly increases the pumping speed in the
affected regions. Therefore, different from past storage rings, the pressure in the LHC experimental areas is
expected to improve, if a cloud develops.

(2) In the arcs, the outer wall of the beam screen, at 5–20 K, will be equipped with a sawtooth surface (a series
of 30-µm high steps spaced at a distance of 500 µm in the longitudinal direction) such that the synchrotron
radiation always impinges perpendicularly on the sawtooth surface. The sawtooth greatly reduces the forward
reflectivity from about 80% to 2%. The largest residual reflectivity is a diffuse reflection of about 20%. A
low reflectivity of the outer chamber wall is desired, since in bending magnets photoelectrons emitted from this
outer region are confined by the strong dipole field and do not interact much with the beam (see also Sec. 5.8.1).

(3) The pumping slots in the beam screen are shielded by baffles, so that, in the dipoles, there is no direct
electron path along magnetic field lines between the beam region and the cold bore, and, therefore, also no
additional heat load onto the latter (see Secs. 5.8.2 and 5.8.3).

(4) Operating the LHC with nominal parameters relies on the surface conditioning (scrubbing) effect, akin
to the processing of an RF cavity, by which the maximum secondary emission yield decreases from an initial



value of about 2 to about 1.4 or below, after depositing a sufficient dose of electrons on the chamber wall (see
discussion in Sec. 5.8.1). During commissioning, when the yield is still high, an increased bunch spacing and/or
a reduced bunch intensity will greatly reduce the heat load. However this will also slow down the scrubbing of
the vacuum chamber.

5.9 BEAM-BEAM EFFECTS

An important limit to the luminosity comes from the beam-beam effect which can cause emittance increase,
poor lifetime or instabilities. Different types of beam-beam effects can be distinguished and affect the perfor-
mance in different ways:

• Incoherent beam-beam effects (lifetime and dynamic aperture).

• PACMAN effects (bunch-to-bunch variations).

• Coherent effects (beam oscillations and instabilities).

5.9.1 Relevant parameters

The high luminosity requires a large number of bunches (2808) and to avoid unwanted collisions, a crossing
angle is needed to separate the two beams in the part of the machine where they share a vacuum chamber.
The size of the crossing angle is limited by the available aperture in the final quadrupole triplet and for high
luminosity operation a crossing angle of 285µrad is planned. For β∗ = 0.55 m this provides a separation dsep

above 9σ. With the bunch spacing of 25 ns this leads to a total of 120 long-range beam-beam interactions
in the four interaction regions. Both the head-on and the long-range interactions have to be considered when
beam-beam effects are studied. The strength of head-on collisions is usually measured by the linear beam-beam
parameter ξ which for small values and nominal betatron tunes is equivalent to the linear tune shift of small
amplitude particles. It can be written as ξ = Nbrp/4πεn where Nb is the number of particles per bunch, rp the
classical proton radius and εn the normalized emittance. With nominal parameters we get a value of 0.0033 for
a single head-on collision in the LHC.

5.9.2 Incoherent effects

When the beam passes through the strong non-linear field of the opposing beam, the dynamics of single
particles can be strongly distorted up to the point where they are lost from the beam. Different factors are
shown which are used to quantify this behaviour. The experience obtained at the Tevatron and the SPS proton
antiproton collider is very relevant although basic parameters such as the number of bunches and the importance
of long-range collisions are very different.

Beam-beam induced tune spread: budget from past experience (SPS and Tevatron)

Due to its non-linear nature, the beam-beam interaction will lead to an amplitude dependent tune spread in
both planes. This spread must be accommodated in the tune diagram without crossing dangerous resonance
lines. Thus the total spread originating from head-on and long range beam-beam interactions is very important
and must be kept as small as possible [96, 97]. Experience from the SPS and the Tevatron shows that the total
tune spread including all other sources and the beam-beam effect, should not exceed 0.015 [98]. This allows
about ≈0.01 for the overall beam-beam tune spread ∆Qbb. The tune spread from a head-on collision, ∆Qho,
is ξ, which is the maximum tune shift. For sufficiently large separation, i.e. above 6 σ, the tune spread from
long-range interactions, ∆Qlr, is approximately proportional to κparNb

εn
/d2

sep. Here κpar is the total number
of long range (parasitic) interactions. As an example Fig. 5.7 shows the tune distribution (footprint) for the
nominal proton parameters with three head-on collisions, one offset collision (IP2) and the full number of long-
range interactions. Particles up to amplitudes of 6 σ are included. The overall spread is slightly above 0.010 in
agreement with the requirements.
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Figure 5.7: Two dimensional tune distribution versus amplitude (footprint) for nominal parameters in collision.
Particles up to amplitudes of 6 σ are included.

Emittance variations from bunch-to-bunch will have implications for both long range and head-on beam-
beam effects. In the first case they will reduce the normalized beam separation and therefore the available
dynamic aperture for bunches with larger emittances. In the second case, head-on collisions of bunches with
unequal sizes are known to lead to particle losses for the bunches with larger sizes [99]. Bunch-to-bunch
emittance variations should therefore not exceed about 10%.

Dynamic aperture

An important single particle effect of the head-on and especially of the long range beam-beam interaction
is the reduction of the beam lifetime due to the diffusion of large amplitude particles towards the aperture
limit [100, 101]. The effects of the triplet errors together with the beam-beam interaction was intensively
studied for collision as well as for injection [100]. In both cases the beam-beam interaction leads to a sizeable
reduction of the dynamic aperture. Fig. 5.8 shows the results for 105 and 106 turns when the beam-beam
interaction at collision is included. It was found that even very small non-linearities are sufficient to lead to
particle losses when the beam-beam force is present. Therefore, the benefits of the triplet correction system
are much reduced, in particular when longer term tracking is performed. Fig. 5.9 shows the results at injection.
For comparison the dynamic aperture without beam-beam interaction is shown. The reduction of the aperture
is very significant, in particular for a large number of turns. A more detailed discussion of the results can be
found in [100]. Some approximate scaling [101] suggests that the reduction of dynamic aperture is proportional

to
√

κparNb

εn
, i.e. ∝ √∆Qlr, which shows the relevance of the tune spread.

5.9.3 PACMAN effects

The bunches in the LHC do not form a continuous train of equidistant bunches spaced by 25 ns, but additional
space must be provided to allow for the rise time of kickers. The whole LHC bunch pattern is composed of
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39 smaller trains of 72 bunches separated by gaps of various lengths (Fig. 5.10) including a large abort gap
for the dump kicker. Due to the symmetric layout, all bunches collide head-on in interaction points 1 and 5.
However, bunches at the beginning and end of a train suffer only half the long-range interactions at each
interaction point [102]. As a consequence, they experience only half the accumulated beam-beam effects and
may have a different dynamics [102]. The actual bunch filling scheme is presented in Fig. 5.10 and shows
the various gaps in the train. Since the pattern does not have a complete fourfold symmetry, certain bunches
will encounter the abort gap in points 2 and 8, therefore missing head-on collisions. A further complication is
introduced by LHCb in interaction point 8 because the collision point is displaced by 11.22 m (corresponding to
15 RF buckets or 37.5 ns) from the symmetry point. Therefore the first three bunches of each train in one beam
and the last three bunches of the other beam do not collide head-on in interaction point 8. As a consequence
a significant number of bunches experience three (252 bunches) or only two (3 bunches) out of the four head-
on collisions. Instead of 2808 bunch crossings per revolution as in interaction points 1 and 5, only 2736 will
happen in interaction point 2 and only 2622 in 8. Bunches which do not have the regular collision pattern
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Figure 5.10: Bunch filling scheme for the LHC.

have been named PACMAN bunches in the literature. Only 1443 bunches are regular bunches with 4 head-on
and 120 long range interactions, i.e. about half of the bunches are not regular. The identification of regular
bunches is important since measurements such as tune, orbit or chromaticity should be selectively performed
on them.

Bunch-to-bunch variation

As a result of the different accumulated beam-beam effects, a bunch-to-bunch variation of vital parameters
such as orbit, tune and chromaticity must be expected. Such variations have been observed in LEP and have
limited the performance [98]. While tune or orbit changes of the whole beam can be corrected, this is not
possible on a bunch-to-bunch basis. It is therefore important to minimize these effects. A particular feature of
long-range interactions helps in this case. The derivatives of the transverse force for head-on and long-range
interactions have different signs and therefore the tune shift has a different sign in the plane of separation with
respect to the orthogonal plane. This feature can be used for a partial compensation of beam-beam effects and
becomes vital to minimize bunch-to-bunch variations. All calculations of bunch-to-bunch variations are done
for nominal parameters, in particular for the nominal bunch intensity of 1.15 × 1011 particles per bunch.

Crossing schemes

It was already mentioned in the chapter on the optics that the crossings in the high luminosity regions (in-
teraction points 1 and 5) occur in orthogonal planes [103, 104]. Since these regions are exactly opposite in
azimuth, the same bunch combinations will experience long-range and head on interactions in the two regions,
although in different planes. Having horizontal, respectively vertical, long-range interactions for the same
bunch combinations can efficiently compensate their effects to first order. In particular the tune shifts of the
bunches are compensated. To allow a good compensation, the two interaction regions should have a similar
layout. The two other interaction regions in points 2 and 8 have a larger β ∗ and do not significantly contribute to
long-range interactions. Therefore no compensation is required. More details and an evaluation of the stability
of the compensation in the presence of imperfections are discussed in [105].

Orbit effects

The beam-beam kick for separated beams has a constant, i.e. amplitude independent contribution which
changes the orbit of a bunch. The closed orbit of a beam can be corrected, however different orbits from bunch-
to-bunch, separated by 25 ns, cannot be corrected. In general, these patterns are not antisymmetric for the two



beams and not all bunches can be made to collide head-on [102]. A small offset is therefore unavoidable which
could lead to emittance growth [106]. One has to minimize these effects by a proper choice of the crossing
schemes [105] and the filling pattern [107]. The compensation effect on the orbit of individual bunches is
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Figure 5.11: Horizontal orbit variation for beam 1 (upper trace) and beam 2 (lower trace) at interaction point 1
for horizontal-horizontal crossing. The first half of the whole bunch pattern is shown.
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Figure 5.12: Horizontal orbit variation for beam 1 (upper trace) and beam 2 (lower trace) at interaction point 1
for vertical-horizontal crossing. The first half of the whole bunch pattern is shown.

demonstrated in Figs. 5.11 and 5.12. In both the calculated horizontal offset of the bunches along the bunch
trains in interaction point 1 are shown. The calculation is done self-consistently using the full collision scheme
and the beam optics of both beams [108]. The bunches are affected as a whole and the coherent beam-beam
kick is calculated and applied. The first figure shows the closed orbits of the two beams for two horizontal
crossings in interaction points 1 and 5 and the second for alternating, i.e. vertical (IP1) and horizontal (IP5)
crossings [105]. The crossing planes in IP2 (vertical) and IP8 (horizontal) are the nominal for both cases. The
beams in IP2 are separated to reduce the luminosity in proton-proton collisions. The different orbits of the
leading and trailing bunches are very visible. The regular bunches all have the same closed orbit and appear
on a straight line in the central part of the bunch trains. The orbit spread within the bunch train is significantly
smaller in the second case. While in the first case the maximum orbit spread within the trains is approximately
2.5µm, it is only around 0.9µm for the case of alternating crossing planes. Only half of the whole bunch
pattern is shown since no significant information is added for the full bunch pattern. The effect of the large
abort gap is visible for the bunches with bucket numbers around 860. Due to the symmetry of the crossing
schemes, the vertical offsets in interaction point 5 show the same behaviour [105]. The vertical orbits in IP1



and the horizontal orbits in IP5 are antisymmetric due to the symmetry properties and the beams can collide
head-on, although not in the centre of the collision point [105]. Since these effects are intensity dependent, the
orbits may move and partially separate the beams at the interaction point during a typical LHC run when the
intensity decays. A further source of beam separation is very low frequency ground motion. It was shown [109]
that a separation of about 0.5 σ has to be expected during a typical 8 hours run. Both effects have to be corrected
during an LHC run to maintain the maximum integrated luminosity.

Tune and chromaticity

In Figs. 5.13 and 5.14 results from the self-consistent calculation [108] for the horizontal tune (Fig. 5.13)
and the horizontal chromaticity (Fig. 5.14) are shown. While all regular bunches have practically the same tune
and chromaticity, the PACMAN bunches show significant differences. For the case of two horizontal crossings
the spread is probably too large to ensure a safe operation. Similar results can be obtained for the vertical
plane [105]. The compensation is very good and clearly demonstrates the necessity for the alternating crossing
planes. The missing head-on collisions result in a different coherent tune of the bunches and the structure is
very visible, showing the missing collisions of the first three bunches in each batch and the position of the
abort gap. Additional spread is expected from unavoidable bunch to bunch fluctuations of the intensity and
emittance. To keep the spread acceptable, the variation of both, intensity and emittance should not be larger
than 10% [105]. It is therefore vital to minimize the systematic variations induced by beam-beam effects. For
bunch intensities higher that the nominal, the alternating scheme is even more a necessity [110].
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Figure 5.13: Horizontal tune variation along the first half of the batches. Horizontal-horizontal crossing in
green (upper trace), vertical-horizontal crossing in red (lower trace).

5.9.4 Coherent effects

The LHC will be a machine with two equally strong beams and coherent beam-beam effects may be ex-
pected [111, 112]. Coherent modes of oscillations of the two counter rotating beams are coupled by the beam-
beam interaction. They may become unstable depending on the strength of the beam-beam interaction and the
other machine parameters. The most dangerous mode is the coherent dipole mode where a bunch oscillates
as a rigid object around its nominal orbit. The predictions can be confirmed by multi-particle tracking [113].
The frequency spectrum of these coherent dipole oscillations is shown in Fig. 5.15 (left). The frequencies are
shown as a tune change with reference to the unperturbed tune, normalized with the linear beam-beam tune
shift. Fig. 5.15 (left) was produced with a multi-particle simulation using a recently developed algorithm for
the field calculation [114] which gives quantitatively correct results. Only a single interaction point with one
head-on interaction is considered to demonstrate the main features. The presence of long-range interactions
complicates the picture and the underlying physics, but does not change the argument [114, 115]. All frequen-
cies are contained in an interval limited by two discrete mode, the so-called σ- and π-modes. For the σ-mode
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the two beams oscillate exactly in phase, i.e. the distance between the two beams is constant when they col-
lide and the beam-beam force cannot make this mode unstable. Furthermore, this mode oscillates with the
unperturbed betatron frequency. In the π-mode the two beams oscillate exactly out of phase and this mode can
become unstable and has the largest frequency shift with respect to the unperturbed tune. The tune shift of the
π-mode is approximately 1.21 ξ for round beams [111] (Fig. 5.15 left). Y. Alexahin predicted [112, 116] that
for the nominal LHC parameters the π-mode will be outside the incoherent frequency spectrum which is due to
beam-beam effects and extends from 0 to ξ for a single interaction region. This is reproduced by the simulation
and clearly shown in Fig. 5.15 (left). Therefore the discrete π-mode will be outside this incoherent continuum
and cannot be stabilized by Landau damping. The Landau damping can be restored when the symmetry be-
tween the two beams is broken [115], e.g. by different intensities (Fig. 5.15, right), different tunes [117], or
broken symmetry for multiple interaction regions [118]. The frequency spectrum for two unequal beams with
an intensity ratio of 0.55 is shown in 5.15 (right). The π-mode is now inside the continuum and is damped.
This is quantitatively predicted in [112]. Additional degrees of freedom such a longitudinal motion and the
overlap with synchrotron sidebands have been shown to effectively suppress the coherent π-mode [119]. It is
believed that the symmetry breaking effects present in the LHC (multiple IPs, the already mentioned bunch-to-
bunch fluctuations etc.) are sufficient to suppress the excitation of coherent modes driven by the beam-beam
interaction.
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