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Abstract

The current injector complex design of the FCC-ee project
consists of 𝑒+/𝑒− linacs, which accelerate the beams up to 6
GeV, a damping ring at 1.54 GeV, a pre-booster ring, acceler-
ating the beam up to 16 GeV and a booster synchrotron ring
integrated in the collider tunnel accelerating the beams up
to the collision energies. The purpose of the damping ring
is to accept the 1.54 GeV beam coming from the linac-1,
damp the positron/electron beams and provide the required
beam characteristics for the injection into the linac-2. In this
presentation the damping ring design is introduced and ana-
lytical calculations on various collective effect such as space
charge, intra-beam scattering, longitudinal micro-wave in-
stability, transverse mode coupling instability, ion effects,
electron cloud and coherent synchrotron radiation, are pre-
sented.

INTRODUCTION

The Future Circular Collider (FCC) 𝑒+𝑒− project is a
design study of a high-luminosity, high-energy circular
electron-positron collider to be installed in a new tunnel
of around 98 km circumference. It is planned to be used as
a high precision machine for the investigation of the Z, W,
Higgs and top particles at center of mass energies varying
between 91.2 and 365 GeV [1,2].

The injector complex design of the FCC-𝑒+𝑒− consists of
an 𝑒+/𝑒− linac, which accelerates the beams up to 6 GeV, a
pre-booster ring (PBR), accelerating the beams from 6 GeV
to 16 GeV, and a booster synchrotron ring (BR), accelerating
the beams up to the collision energy [3]. The pre-accelerator
complex design (baseline) consists of an electron source, two
linacs, a positron target and a damping ring. The 2-bunch
and multi-bunches options have been discussed in the past
months [4]. In this study, the collective effect estimates are
done for the multi-bunches option. The ring has a racetrack
shape consisting of 2 arcs and 2 straight sections; each arc
has 50 FODO cells, whereas each straight section has two
long damping wiggler magnets (17 m, 1.8 T) to reach short
damping time [4]. The beam parameters for the multi-bunch
DR design option are summarized in Table 1.

In this study, analytical estimates related to collective
effects have been performed for the DR design as collective
effects can be a limiting factor for the performance of an
accelerator.
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Table 1: Beam Parameters of the DR

Parameter DR

Energy, 𝐸 [GeV] 1.54
Circumference, 𝐶 [m] 270.65
Geo. emit. (h), 𝜖𝑥 [nm⋅rad] 1.25
Bunch length, 𝜎𝑧 [mm] 3.19
Momentum sprd., 𝜎𝛿 (×10−2) 0.074
Harmonic number, ℎ 360
Mom. compac., 𝛼𝑐 (×10−3) 1.49
Horizontal tune, 𝑄ℎ 22.57
Vertical tune, 𝑄𝑣 23.61
Synchrotron tune, 𝑄𝑠 0.019
Energy loss/turn, 𝑈0 [MeV] 0.47
Chamber radius, 𝑏 [m] 0.01
Bunch pop., 𝑁𝑏 (×1010) 2.13
Bunch spacing, Δ𝑇𝑏 [ns] 18
Number of bunches, 𝑛𝑏 50

COLLECTIVE EFFECT ESTIMATES

Space Charge
The Space Charge (SC) effect may apply undesired effects

on the beam like intensity limitation, emittance growth, tune
shift [5–7]. The incoherent tune shift by space charge effect
can be estimated by an analytical expression for the incoher-
ent SC tune shift for Gaussian bunches is given by [8–10]:

𝛿𝑄inc
𝑦 = − 𝑁𝑏𝑟𝑒𝐶

(2𝜋)
3
2 𝛽2𝛾3𝜎𝑧√𝜖𝑦

⟨
√𝛽𝑦

√𝛽𝑥𝜖𝑥 + 𝐷𝑥
2𝜎𝛿

2 + √𝜖𝑦𝛽𝑦

⟩ ,

(1)

where 𝑟𝑒 is the electron radius, 𝐶 the circumference and
𝑁𝑏 the bunch population, 𝜖𝑥 and 𝜖𝑦 the geometrical trans-
verse emittances, 𝐷𝑥 the horizontal dispersion and 𝛽𝑥,𝑦 the
horizontal and vertical betatron functions, respectively.

The maximum value is computed after the beam reaches
the equilibrium emittance values in all planes for elec-
tron and positron beams. For the case of electron beam,
𝛿𝑄inc

𝑦 = −0.09 while for the case of the positron beam
𝛿𝑄inc

𝑦 = −0.01. For the electron beam, the values are small
and thus the SC is not expected to pose a limitation with
respect to transverse emittance blow up or particle losses.
For the positron case, the tune shift may cause issue due to
resonance crossing. Thus, it should be taken into account
on the working point choice.
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Intra-Beam Scattering
Intra-beam Scattering (IBS) refers to the binary Coulomb

scattering events between the particles within a beam, lead-
ing to the re-distribution of the phase space [5, 11, 12]. Fig-
ure 1 shows the horizontal emittance evolution during the
stored time of the electron beam. The solid red line shows
the emittance evaluation without IBS effect and the dashed
blue line shows the emittance as taking into account the IBS
effect. The calculations were done using the IBS module
of MAD-X [13]. The emittance growth with respect to the
natural equilibrium emittance (without IBS) at the end of the
stored time is around 78% for the DR design. Although the
effect seems large, the emittance including the IBS is still
within the limit for the DR. The emittance growth is even
smaller (6%) for the positron beam. Consequently, the IBS
effect is not expected to pose a limitation for both electron
and positron beams. In addition, the calculations show that
if the beam is extracted at around 10 ms, it is possible to
have smaller extraction horizontal emittance.

Figure 1: Emittance (hor.) evolution of the DR for electron
beam. Blue line shows the emittance including IBS effect
while red lines shows the emittance without IBS during the
stored time.

Longitudinal Microwave Instability
The fields of ultra-relativistic particles in an accelerator

interacts with the vacuum chamber and this may affect the
particles behind those generating the fields which is known
as wake fields. The fields may cause instabilities in longitudi-
nal and transverse planes [5, 14]. A broad-band impedance,
representing the effect of all discontinuities of the beam
pipe, can cause a microwave instability. According to the
Boussard criterion, the corresponding threshold impedance
is given by [8, 15]:

𝑍0
||

𝑛 = 𝑍0
𝜋
2

𝛾𝛼𝑐𝜎𝛿
2𝜎𝑧

𝑁𝑏𝑟𝑒
( 𝑏

𝜎𝑧
)

2

, (2)

where 𝑍0 is the impedance of free space. Based on the DR
design parameters for electron and positron beams, the Bous-

sard threshold impedance 𝑍0
||/𝑛 was calculated at injection

and at the equilibrium state. The results are summarized
in Table 2. They correspond to 14 Ω and 2585 Ω for the
electron and positron beam at injection, respectively. For
the equilibrium state, it becomes 0.1 Ω for the equilibrium
state and the Boussard criterion is below than the longitudi-
nal impedance. The longitudinal impedance is assumed as
1 Ω. If the vacuum chamber radius is increased to around
35 mm, it become 1.25 Ω which become well above than
the impedance.

Transverse Mode Coupling Instability
The transverse impedance of the machine can drive the

head-tail instability (HTI) and/or the transverse mode cou-
pling instability (TMCI) [8]. The TMCI threshold for a
broad-band resonator impedance is given by [8, 15]:

𝑅th[kΩ/m] = 0.6𝐸[GeV]𝑄𝑠𝑄
𝛽𝑦[m]𝑄𝑏[C]𝜎𝑡[ps]𝑓 2

𝑟 [GHz]
, (3)

where 𝑄𝑏 = 𝑁𝑏𝑒, 𝑓𝑟 = 𝑊𝑟/(2𝜋), 𝑊𝑟 = 𝑐/𝑏, 𝜎𝑡 = 𝜎𝑧/𝑐.
The thresholds for both electron and positron beams were

estimated at injection and at the equilibrium state. They
correspond to 12.06 MΩ/m (for 𝑒−) and 3.54 MΩ/m (for
𝑒+) at injection. In addition, it becomes 3.78 MΩ/m (for 𝑒−

and 𝑒+) at the equilibrium state. The transverse impedance
(𝑍𝑡

⊥) of the DR is estimated as 0.95 MΩ/m, which is well
below the calculated threshold.

Ion Effects
The ions which is created in the vacuum chamber can be

trapped and accumulated by the fields of the electron beam
and eventually can lead to beam instability [16–18]. The
critical mass for trapping of a singly charged ion is [8, 9]:

𝐴crit ≅
𝑁𝑏Δ𝑇𝑏𝑐𝑟𝑝

2𝜎𝑦(𝜎𝑥 + 𝜎𝑦) , (4)

where 𝑟𝑝 is the classical proton radius. Figure 2 shows the
critical mass for the DR at injection and equilibrium state as
well as the thresholds for different ions. The trapping condi-
tion is lower than almost all the possible ions’ thresholds for
especially injected beam. Ions trapped around the electron
beam induce a tune shift, which at the end of the train is
given by [8, 9, 16]:

𝛿𝑄ion ≅ 𝑁𝑏𝑛𝑏𝑟𝑒𝑐
𝜋𝛾√𝜖𝑥𝜖𝑦

(𝜎ion𝑝
𝑘𝐵𝑇 ) , (5)

where 𝜎ion is the ionization cross section, 𝑝 is the vacuum
pressure, 𝑘𝐵 is the Boltzmann constant. 𝛿𝑄ion = 0.003 which
is small at injection and it is even smaller at the equilibrium
state, assuming a pressure of 10−9 mbar for the DR.

The accumulated ions can lead to the fast-ion instability
(FII) with a rise time given by [8, 9, 16, 17]:

𝜏inst ≅
0.1𝛾𝜎𝑥𝜎𝑦

𝑁𝑏𝑛𝑏𝑐𝑟𝑒𝛽𝑦𝜎ion
(𝑘𝐵𝑇

𝑝 ) ⎛⎜
⎝

√ 8
𝜋

⎞⎟
⎠

. (6)
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Figure 2: Critical mass for the alternative DR in comparison
to the thresholds for various molecules.

The FII rise times are obtained as 770 and 14 revolution
times (𝑡rev) for the injection and equilibrium parameters,
respectively. Instabilities with such rise times can be com-
pensated with a feedback system, provided that 10−9 mbar
damping ring vacuum pressures are achieved.

Electron Cloud
Electrons present in the vacuum pipe can be trapped by the

fields of the positively charged circulating particles [17, 19].
When free electrons in the vacuum chamber get accelerated
in the electromagnetic field of the beam and hit the chamber
walls, electron amplification can occur through the multi-
pacting effect. The 𝑒− build up saturates when the attractive
beam field is compensated by the field of the electrons, at a
neutralization density, given by [17]:

𝜌neutr = 𝑁𝑏
𝐿sep𝜋𝑏𝑥𝑏𝑦

, (7)

where 𝐿sep [m] is the bunch spacing. The single bunch
𝑒−cloud instability (ECI) occurs above the 𝑒− density thresh-
old estimated by [17, 20, 21]:

𝜌th = 2𝛾𝑄𝑠

√3𝑄𝑟𝑒𝛽𝑦𝐶
, (8)

where 𝑄 = min(7, 𝑤𝑒𝜎𝑧
𝑐 ) is the angular oscillation fre-

quency of the electrons interacting with the beam, with
𝑤𝑒

2 = 𝑁𝑏𝑟𝑒𝑐2

2𝜎𝑧𝜎𝑦(𝜎𝑥+𝜎𝑦) . The neutralization density was cal-
culated as 125.06 × 1011/m3. The neutralization density ex-
ceeds the threshold for at the equilibrium state. This should
be investigated with detailed simulations (see Table 2).

Coherent Synchrotron Radiation
Coherent synchrotron radiation (CSR) occurs if the SR

wavelength is comparable to the bunch length. The CSR
may lead to a micro-bunching instability under the following

Table 2: Collective Effects Estimates for the DR

Parameters DR

SC tune shift @inj. (𝑒−) (h/v) 0.004/0.003
SC tune shift @inj. (𝑒+) (h/v) [×10−4] 1.8/0.1
SC tune shift @eq. (𝑒+ and 𝑒−) (h/v) 0.01/0.09

Emit. growth by IBS @inj. (𝑒−) [%] 78
Emit. growth by IBS @inj. (𝑒+) [%] 6

Longitudinal imp. [Ω] 1
LMI th. @inj. (𝑒−) [Ω] 14
LMI th. @inj. (𝑒+) [Ω] 2585
LMI th. @eq. (𝑒+ and 𝑒−) [Ω] 0.1

Transverse impedance [MΩ/m] 0.95
TMCI th. @inj. (𝑒−) [MΩ/m] 12.06
TMCI th. @inj. (𝑒+) [MΩ/m] 3.54
TMCI th. @eq. (𝑒+ and 𝑒−) [MΩ/m] 3.78
Chamber radius [m] 0.01

Max. tune shift by ions 0.003
FII rise time @inj./@eq.[𝑡rev] 770/14

e-cloud neutr. dens. [1011/m3] 125.06
ECI dens. th. @inj. [1011/m3] 1634
ECI dens. th. @eq. [1011/m3] 22.06

Stupakov parameter @eq. (Λ) 3.18
𝜌
𝑏 @eq. 0.73
0.5𝜌Λ−3/2 @eq. [m] 0.65
𝜎𝑧 @eq. [m] 0.003

Stupakov parameter @inj. (𝑒+/𝑒−) (Λ) 0.22/0.0001
𝜌
𝑏 @inj. (𝑒+/𝑒−) 0.73
0.5𝜌Λ−3/2 @inj. (𝑒+/𝑒−) [m] 33.8/>>
𝜎𝑧 @inj. (𝑒+/𝑒−) [m] 0.001/0.0034

conditions [5, 22–25]:

𝜎𝑧 ≥ 0.5𝜌Λ−3/2 and 𝜌
𝑏 ≤ Λ, (9)

where 𝑏 is the chamber radius, 𝜌 the bending radius and Λ
known as the Stupakov-Heifets parameter:

Λ = 𝑁𝑏𝑟𝑒𝜌√2𝜋
𝐶|𝛼𝑐|𝜎𝑧𝛾𝜎𝛿

2 (10)

The instability conditions were calculated and presented in
the Table 2, showing that no CSR instability is expected.

CONCLUSION
In this study, analytical estimates of various collective

effects were presented for one of the DR design options dis-
cussed during the past months. Based on these, no major
limitations are expected due to IBS, TMCI and CSR. Con-
cerning the SC, the tune shift at the equilibrium state might
be an issue. Furthermore, the Boussard criterion is below
the longitudinal impedance assuming a vacuum chamber ra-
dius of 10 mm. It was shown that the neutralization density
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exceeds the e-cloud instability threshold for the equilibrium
state. The fast rise times of the FII can be compensated with
a feedback system, provided a vacuum pressure of 10−9 mbar
are achieved for the DR.
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