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 LHC proton beam production:
• Source → Linac2 (Linac4) → PSB → PS → SPS → LHC
• Extraction kinetic energies or momenta: 50 MeV (160 MeV) → 1.4 

GeV (2 GeV) → 25 (26) GeV/c → 450 GeV/c → 7 TeV
 The requirements from luminosity: 
• the beam emittance (small aperture of SC magnet)  
• the total beam intensity kbNb (synchrotron radiation)
• the beam-beam effect (              → tune spread, footprint)
• the space-charge limits in the injectors
 Longitudinal emittance requirements: 
 small at injection (small Δp/p to ease beam transport from the SPS 

through the two ~2.5 km long lines)  (to avoid injection loss)
 larger in collision (avoid transverse emittance blow-up by Intra-beam 

scattering)
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 400MHz (main) + 200MHz(capture)
• At injection into the LHC ：

• 200 MHz RF system only for capture. 

• Four cavities, 0.75 MV each, which can be pushed up to 1 MV. 

• For capture the operational total voltage at 200 MHz is 3 MV;

• After capture:
• 400 MHz RF system adiabatically is increased up to 8 MV 

• 200 MHz RF system is decreased to zero;

• Acceleration only with 400 MHz.
• On the flat top: 

• the emittance is  2.5 eVs.

• frf=400MHz, Vrf(max)=16MV  to produce ~1 ns long bunches.
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 The main RF system provides some damping of injection errors and 
natural Landau damping. (No longitudinal damper) 

 Emittance increase during acceleration to reduce IBS growth rate but 
this will be in the capabilities of the RF system.  

 Controlled emittance increase by excitation with band-limited noise. 
(             to optimise instability threshold) 

 The longitudinal emittance at top energy defined by intra-beam 
scattering lifetime (considering synchrotron radiation damping), RF 
lifetime and instability threshold considerations. 

 A transverse feedback system damps transverse injection errors and 
stabilizes the beam against the resistive wall instability.
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LHC main beam and RF parameters

controlled emitt-
ance blow-up
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• Bunch area:
• Bunch length:

• Momentum spread:

• The relation between bunch 
length and momentum spread:

• Energy loss per turn:

• Synchrotron radiation damping 
time:
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• Momentum compaction factor:

• Phase slip factor:

• Synchrotron frequency:

• Bucket half height: 

• Bucket area:
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• According to the basic requirements for luminosity, and meanwhile 
taking luminosity upgrade into account. 

• Besides, leaving a margin of certain parameter space for RF system 
to upgrade.
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The basic starting point

Luminosity
• Luminosity:                            (head-on)
             
                                               
• Two effects lowering luminosity:
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 Luminosity upgrade measures:
• decreasing β*, meanwhile shortening bunch length;
• increasing beam-beam parameter;
• increasing bunch numeber in order to increase single beam current   
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Luminosity
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• β*/σz>>1, it can be neglected.
• The larger  β*/σz, the higher the 

luminosity. 
• Only a little effect on luminosity by 

shortening bunch length.

hourglss effect
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 Two constraints: 
• Intra-beam Scattering
• Beam instability limits

 The goals:
– How to achieve this goal of bunch length 

7.55cm. 
– The variable range of bunch length for 

luminosity upgrade.
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The requirements for SPPC longitudinal dynamics

The design of longitudinal dynamics

• Determination of longitudinal emittance (IBS and beam instabilities need to 
be considered, pivotal issue);

• Given bunch length, we can get momentum spread;
• Determination of RF cavity voltage ( frf = 400MHz )

Input parameters Value

Circumference (km) 100

Energy (TeV) 37.5

Transition gamma γtr 99.21

Bunch intensity 1.5 x1011

Number of bunches 10080

Bunch spacing (ns) 25

Bunch length during physics (m) 0.0755

RF frequency (MHz) 400
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 Intrabeam Scattering (IBS):
• Multiple small-angle Coulomb scattering of charged particle beams
             An increase in both transverse and longitudinal emittance.

 The effects of IBS:
• Redistribution of beam momenta
• Beam diffusion with impact on the beam quality (Brightness, luminosity, 

etc)
 IBS growth rate: 

 Theoretical models and their approximations
• Classical models of Piwinski (P) and Bjorken - Mtingwa (BM)

• Complicated integrals averaged around the rings.
• Depend on optics and beam properties.

• High energy approximations Bane, CIMP, J.Wei, etc
• Integrals with analytic solutions

 Tools: MADX, BETACOOL, etc
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Intra-beam Scattering (IBS)

),,,,(1
4 snynxn

snynxn

b

i

opticsfN
T






11/24



International workshop on CEPC 2017 ---- SPPC parallel session

Parameter design of SPPC 
longitudinal dynamics

Intra-beam Scattering (IBS)

Injection Collision

• At injection, longitudinal emittance between 1.5 eVs and 2.5 eVs may be 
a good choice; (injection time 840s)

• In collision, longitudinal emittance between 6 eVs and 9 eVs may be a 
good choice; (time during physics 14.2h)
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 Two instability bottlenecks:
– Loss of Landau damping 
– Transverse mode coupling instability (TMCI)

 Loss of Landau damping
• Landau damping of the instability can come from the spread in the 

synchrotron frequency due to the nonlinearity of the synchrotron force in 
the bunch.

• The coherent tune shift induced by the broad-band impedance for a 
longitudinal mode of order n can be approximate to 

• The synchrotron tune spread                                 
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Beam instability limits
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• In order to Landau damp longitudinal coupled-bunch instability, a large 
spread in synchrotron frequency inside the bunch is required. 

• One way: install a higher harmonic cavity (800MHz RF cavity needs to 
be studied)
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Beam instability limits

Shorter bunch length (luminosity upgrade) 
  smaller longitudinal impedance.

Longitudinal impedance of less than 0.1Ω needs to be studied !

σz≥8 cm, Z/n≥0.1Ω σz=7.55 cm, Vrf ≥ 32MV     Z/n≥0.1Ω
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 Transverse mode coupling instability (TMCI)
• This instability arises when the relative tune shift of two adjacent head-tail 

modes equals the synchrotron tune.
• The corresponding impedance threshold :
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Beam instability limits

R
L

I
Q

e
EZ

avb

s
effT 

2)Im( 

βav=290m

βav=208m  

injection collision

Tansverse impedance of less than 60MΩ/m needs to be studied !

σz≥8 cm, Vrf≥20MV 
ZT≥ 6MΩ/m

σz=7.55 cm, Vrf ≥ 32MV     ZT≥ 80MΩ/m
Shorter bunch length (luminosity upgrade) 

more stringent requirement for 
transverse impedance.

15/24



 Momentum spread and bunch area vary with  RF Voltage:
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The relation of longitudinal emittance, momentum spread and bunch length

rfV

rf
z V

1


• Momentum spread 
less than 1x10-4 

will be a good 
choice !

• bunch length:  σz=7.55cm
• RF frequency: 400MH

EEEt /s 4  

 Bunch length varies with RF voltage:

16/24



 Under different RF voltages, the relation between longitudinal emittance and bunch 
length is
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The relation of longitudinal emittance, momentum spread and bunch length
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SPPC longitudinal dynamics parameters

• longitudinal emittance:
• 2 eVs(inj.)  8.4eVs (col.)
• Bunch length:
• 9.0 cm(inj.) 7.55 cm(col.)
• Momentum spread(x10-4): 
• 2.53(inj.)  0.71(col.)
• RF voltage:
• 20MV(inj.)  40MV(col.)
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• Matching between injector chain;
• Space charge effect at low energy;
• Beam instability (Which instability dominate)
• IBS (may not important, but still to calculate);
• Beam loading in the RF cavity......
• Need special study for p-RCS;
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Possible problems faced in injectors
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• How to transfer beam from accelerator A to B?
•                          
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Matching between injector chain

Synchrotron phase is π at 
injection and extraction of each 
injectors; i.e. extraction will 
happen at flat top of each 
injector;
• More stable;
• Time structure preserved;

 Other considerations:
• Longitudinal emittance is conserved during transfer to the next;
• Longitudinal emittance may blow up during acceleration at each 

ring, but keep constant as far as possible;

Matched bunch-to-bucket transfer
Accelerator BAccelerator A

H. Damerau. Timing, Synchronization & 
Longitudinal Aspects, CAS 2017.
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 Parameter design of SS

• Note: the bunch length is 1.83ns at 
extraction of SS, but 1.2ns(SPPC inj. 
@400MHz), so 200MHz RF cavity is 
needed for SPPC capture.

• IBS growth time is enough.

• Controlled emittance blow-up
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 Parameter design of MSS
injection into SPPC beam application

80MHz 
RFcavity 
is needed
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• The longitudinal dynamics parameters of SPPC have been given to achieve 
the required bunch length and stability.

• Based on the beam instability, a shorter bunch length will set a more 
stringent requirement for impedance. Longitudinal impedance of less than 
0.1Ω and transverse impedance of less than 60MΩ/m need to be studied.

• Preliminary parameters design of SS and MSS have been given taking 
matching between injectors and IBS into considerasion. 
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SPPC injector chain

Summary

Next to do
• Longitudinal dynamics of injector chain considering space charge and beam 

instability;
• Special study for p-RCS is needed;
• Longitudinal dynamics during acceleration;

23/24



International workshop on CEPC 2017 ---- SPPC parallel session 24/24



International workshop on CEPC 2017 ---- SPPC parallel session

Back up



 SPS
• the SPS is an “old” machine and is not optimised as an LHC injector.
• The intensity the SPS can be accelerated (at most 4 PS pulses)
     (Why does SPS ring have this limitation???)
• The momentum spread acceptance of the PS-SPS line (TT2, TT10) 

is about ±0.2% in Δp/p, while the total bunch length has to be below 
4 ns to fit into the buckets of the SPS 200 MHz accelerating system, 
implying a longitudinal emittance of 0.35 eVs per PS bunch.

• the longitudinal emittance will be increased from 0.35 to 1 eVs 
during SPS acceleration, there is little margin for transverse 
emittance blow-up in this machine.

 The main challenges for PS complex:
• the unprecedented transverse beam brightness (~Nb/εn)
• the production of a bunch train with the LHC spacing of 25 ns before 

extraction from PS (25GeV)
• Space charge issues in PS and PSB
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SPS and PS requirements
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• Longitudinal microwave instability
• The microwave instability is induced by the resistive part of the 

coupling impedance. It produce a fast increase of the mαnentum 
spread when the bunch intensity goes beyond a threshold value and 
splits a bunch into many mini-bunches.

• Keil-schnell-Boussard criterion: 
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Beam instability limits
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