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Luminosity: 

RH – hour-glass factor, depends on Li  /

Li – length of the interaction area

For flat beams,   1 and   1:
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Proportional to x , 
does not depend on x

Does not depend on x , x 
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Basic Equations

For example, increase in Np and z

in the same proportion:

Li , y and L remain unchanged,

 increases and x drops.



Luminosity is limited by the beamstrahlung lifetime:

 – fine structure constant

 – energy acceptance

 – average bending radius of a particle’s trajectory at IP
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Beamstrahlung Lifetime at 175 GeV

The major tool for reducing beamstrahlung is making  
larger. For flat beams,  is inversely proportional to the 
surface charge density:

If the lifetime limitation is reached with small y , we may increase both  Li and       thus allowing some increase 

in the luminosity (until y remains below the beam-beam limit) while keeping  unchanged.

In our case Li is proportional to x rather than z. Increase in x is not desirable, as this leads to y growth due 

to betatron coupling. On the other hand, increase in      results in x growth…

In order to find the optimum parameters, we performed quasi-strong-strong beam-beam simulations.

Good solution:      = 100 cm,      = 2 mm.
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List of Parameters at 175 GeV
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Perimeter, P [km] 97.75

Number of IPs 2

Crossing angle,  [mrad] 30

RF frequency [MHz] 400

Momentum compaction,  7.310-6

Energy acceptance,  0.02

Energy spread (SR), E 1.4710-3

Emittances, x / y [nm / pm] 1.38 / 2.76

Damping time, x,y / z [turns] 44 / 22

Energy loss per turn, U0 [GeV] 8.08

RF voltage, URF [GV] 9.8

Bunch length (SR / BS), z [mm] 2.4 / 2.95

Piwinski angle (SR / BS),  0.97 / 1.2

Length of interaction area, Li [mm] 1.9

Beta functions at IP,  x / y [mm] 1000 / 2

Beam current [mA] 6.2

Number of bunches, Nb 60

Bunch population, Np [1011] 2.1

Beamstrahlung lifetime, bs [min] 65 / 15

Luminosity, L / IP [1034 cm-2s-1] 1.2

7.8 

(equal bunch currents / asymmetry 10%)

9.5 

6.4 

Last update

62 

Lattice by K. Oide as of  28.04.2017



Asymmetry 0 10 % 20 %

Bunch both “strong” “weak” “strong” “weak”

Np [1011] 2.1 2.1 1.89 2.1 1.68

σzbs [mm] 2.95 2.75 3.07 2.64 3.14

bs [min] 65 > 5000 16 > 5000 7

Asymmetry in the bunch currents enhances beamstrahlung for the “weak” bunch.

If it would be possible to keep asymmetry always small, the bunch population could 
be raised by about 10% (reducing the number of bunches) with lifetime 15 min and 
the luminosity gain 78%.
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Asymmetry in the Bunch Currents

We consider the case of (0, -2k) % asymmetry. This is better than (+k, -k) %.
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Optimum x and y vs. Energy

o Since x  , we have Li  . Decrease in Li is not a problem, as bs rises very rapidly with the fall of . 

Therefore, we may allow        .

o As it will be shown later, at low energies we should decrease       in order to mitigate coherent beam-beam 

instability. This leads to additional  Li decrease, and therefore further squeeze of       would be beneficial.

o The “wish list”
(rough estimates)

o Sectioning of QD0 helps:

o Since the luminosity is not limited by y , its dependence on        is weaker: 

*
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*

x

*

y

Energy [GeV] 175 120 80 45.6

[cm] 100 50100 3050 1520

[mm] 1.52 11.5 1 0.51

*

x
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IP

L*

QD0 at 175 GeV

QD0 at 45.6 GeV QF1 at 45.6 GeV
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Bunch Crabbing in X-Z Plane

Z/z

X
/

x

Bunch crabbing can destroy the crab waist collision scheme!

Crab sextupoles are arranged to set the minimum of y at the 
azimuth where a particle crosses the axis of the opposite bunch.

If both bunches are crabbed, the “Collision Point” for particles 
with Z  0 shifts away from the axis.

Bunch shape in X-Z plane

)( xx ctg  Tilt angle at IP:

  1.0   mrad at 175  Gev

  0.13 mrad at 45.6 Gev

Tilt angle oscillates along the ring. The amplitudes 

of head and tail transverse shifts:  0.5 x

Beam-beam interaction in collision with large Piwinski angle results in the bunch crabbing in X-Z plane.

The tilt at IP is very small, thanks to x  is close to half-integer.
For the present list of parameters, no problems are seen from 
this [static] effect.

CP for head

CP for tail
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Coherent Beam-Beam Instability

Turn

 x
(c

m
)

Z/z

X
/

x
 Discovered by K. Ohmi in strong-strong simulations (BBSS code). 

First reported on FCC Week 2016 in Rome. Also reported on 
IPAC2016, eeFACT2016 and IPAC2017, article submitted to PRL. 

 Reproduced in quasi-strong-strong simulations (Lifetrac). Good 
agreement between the two codes.

 See also K. Ohmi’s talk tomorrow.

The effect is 2D. The main consequences:

o The bunch crabbing (tilt) oscillates with large amplitudes, 
comparable to  /2  =>  luminosity drops by 2040 %.

o x increases in 515 times. Itself, it is not a problem.    
But betatron coupling leads to x growth in the same 
proportion => luminosity drops 23 times. 

X
/

x
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Coherent Synchro-Betatron Resonances ?
 x

(c
m

)
X

m
ax

/
x

x

x

E = 45.6 GeV,       = 15 cm, z = 4.5 mm, Np = 41010*

x Simplified model without beamstrahlung, half-rung

 Synchro-betatron resonances  2∙x – 2k∙s = n  are well seen 
for s = 0.01, 0.02 on both x and Xmax plots.

 For s = 0.001 synchro-betatron resonances become 100th

order, but some x growth still exists.

 More interesting thing: Xmax for s = 0.001 is comparable to  
s = 0.01, while x growth is much weaker.

 We have to distinguish the X-oscillations of the longitudinal 
slices from the horizontal emittance growth. The latter 
requires synchro-betatron resonances.

 When s is not very small, X-oscillations of the longitudinal 
slices are excited by synchro-betatron resonances. For very 
small s the mechanism is different, but also depends on x. 

 Benefit of s increase: the distances between consecutive 
resonances become larger => better working points can be 
found. Increase in x also helps (e.g. s => 0.02, x => 0.57).

 The shape of peak is defined by the width of resonance (on 
both sides!) and the tune shift x (always positive).
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Dependence on x (15 => 25 cm) and x
 x

(c
m

)
 x
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m

)

x

x

E = 45.6 GeV,       = 25 cm, z = 4.5 mm, Np = 41010*

x

z = 9 mm, Np = 81010

Simplified model without beamstrahlung, half-rung

 Both x and the normalized px increased  =>  the resonances  
become wider and overlapped  =>  good working points do 
not exist.

 Initial x increased  =>  decreased  =>  peak height becomes 
lower.

 Now we can increase both z and Np in the same proportion 
(that means lower URF and reduced s). The luminosity and 
y are not affected, but x drops.

 The resonances become stronger (due to increase of ), but 
thinner => good working points can be found with relaxed x.

 But the HOM power increased… Can we allow this?

 We want to increase both s and z =>  need to increase the 
momentum compaction! This also helps to avoid microwave 
instability. The main drawback: x growth…

 Compromise solution: double  (and triple x), but the target 
value of y = 1 pm is still attainable.
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And now we add Beamstrahlung…

 Beamstrahlung leads to significant (more than 2 times) increase in z. This raises the threshold 
of instability, but luminosity drops (it is proportional to the linear charge density). Then we can 
increase the bunch current, but …

 If we bring into collision two intense (but still short) bunches, beamstrahlung and coherent 
beam-beam instability start to evolve simultaneously. The effect of instability:

it makes x larger => beamstrahlung decreases => z does not increase => the threshold of  
instability not raised => we stay in this trap forever.

 This can be overcome if the bunch population is increased gradually by small portions during 
collision (bootstrapping).

 Roughly, z (and luminosity, and linear charge density) scale as :

 How far can we go in this way? Are there any other limitations?
o Linear charge density increased => microwave instability, impedances, etc…
o New kind of instability: 3D flip-flop.

pN

Np [1010] 0 2 3 4 5

z [mm] 2.1 3.15 3.8 4.45 5.0
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3D Flip-Flop

 Known effect: flip-flop instability.

Normally, beam-beam interaction of flat bunches does not affect z and only slightly affects x. The perturbations 
occur mainly in the vertical direction. The same applies to flip-flop: it is actually 1D.

 In FCC-ee we have another kind of flip-flop, which is essentially 3D. Beamstrahlung makes the difference.

z  is affected by beamstrahlung, which in turn depends on all 3 sizes of the opposite bunch. Instability is triggered 
by asymmetry in the bunch currents. But even in symmetrical case the 3D flip-flop was observed (with larger bunch 
population).

Decrease in x helps to suppress this effect. 
On the other hand x decreases, that leads 
to magnification of beamstrahlung.

 Asymmetry in the bunch currents leads to asymmetry in z

due to beamstrahlung.

 In collision with LPA, asymmetry in z leads to increase in x 

and amplification of synchro-betatron resonances for the 
“weak” bunch =>  its x increases.

 Due to betatron coupling, y of the “weak” bunch also 
increases.

 The blowup of y enhances beamstrahlung for the “weak” 
bunch and its lengthening, while beamstrahlung for the 
“strong” bunch weakens and its z shrinks.
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Example of 3D Flip-Flop

Bunch “strong” “weak” “strong” “weak”

Np [1010] 4.0 3.6 4.2 3.78

σzbs [mm] 4.2 5.6 2.8 6.9

Density

contour

plots

20σx × 20σy

The “weak” bunch is 10% less populated

Old results, some parameters are different from the Table on the next slide.



List of Parameters at 45.6 GeV
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Perimeter, P [km] 97.75

Number of IPs 2

Crossing angle,  [mrad] 30

RF frequency [MHz] 400

Momentum compaction,  1.4810-5

Energy acceptance,  0.01

Energy spread (SR), E 3.810-4

Emittances, x / y [pm] 267 / 1

Damping time, x,y / z [turns] 2540 / 1270

Energy loss per turn, U0 [MeV] 36

RF voltage, URF [MV] 255

Bunch length (SR / BS), z [mm] 2.1 / 4.45

Piwinski angle (SR / BS),  5.0 / 10.5

Length of interaction area, Li [mm] 0.42

Beta functions at IP,  x /y [mm] 150 / 1

Beam current [A] 1.39

Number of bunches, Nb 70760

Bunch population, Np [1010] 4.0

Luminosity, L / IP [1036 cm-2s-1] 1.3

tolerance to 10% asymmetry

Lattice by K. Oide as of May 2017



Summary
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 The main factors limiting the FCC-ee luminosity at high and low energies 
were recognized and understood. The beam-beam limit is not y for FCC-ee!

 New phenomena: coherent beam-beam instability and 3D flip-flop were 
found in beam-beam simulations. Confirmed by two independent codes. 
Agreement between the two codes is good.

 Methods for mitigating instabilities have been found and implemented in 
the new lattice design. The main changes: decrease in       and doubling the 
momentum compaction at low energy.

 Further optimization is possible, which may result in relaxed        and some 
increase in the luminosity. But this implies larger bunch current and needs 
discussions (HOM power, impedances, microwave instability, etc.).

 Minimizing the asymmetry in population of colliding bunches also helps to 
raise the bunch current (and luminosity).
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