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Acceleration of “unequal” 
beams

● HI colliders are often operated with asymmetric beams. 
LHC: Pb-p; RHIC: Au-d, Al-p, ...

● Requires the collider being capable to accelerate two 
particle species with different charge-to-mass ratios

Acceleration with same energy 
and different magnetic rigidity

● Disadvantage: Requires the two 
beams to have different magnetic 
fields within the bending magnets 

● Advantage: Both beams have the 
same revolution frequency (fixed 
LRBB encounter points)

Acceleration with same 
magnetic rigidity and unequal 
revolution frequency/energy

● Disadvantage: Requires 
independent RF systems, the beams 
have different velocities (moving 
LRBB encounters)

● Advantage: Applicable in the case of 
a 2-in-1 bending magnet design 
(like in the LHC)
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LHC: p-Pb operation

● At 450 Z GeV, the difference of the revolution 
frequencies is  Δf0=0.13 Hz

● RF frequencies are ramped separately

– → At target energy, cogging of the RF frequencies

– → Energy offset forces beams on dispersive orbits

RHIC: Au-d operation

● Since the injection energy in RHIC is significantly lower 
(25.5 Z GeV), the beam-beam effect is much stronger

● At 25.5 Z GeV, the difference of the revolution 
frequencies is  Δf0=113 Hz

Ramp with unequal 
revolution frequencies
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Moving BBLR effect

● Encounter points are moving due to 
unequal revolution frequencies

● Possible excitation of overlap knock-out 
(OKO) resonances 

– → Overlap of the transverse betatron-
frequency distribution with frequency 
components of longitudinal shift of 
encounter points
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Motivation: RHIC not 
operable

● Au-d: encounter points shift by 
more than 2.5 m  per turn at 
injection

● Example: Blue ring filled with 111 
p bunches. Then, one Al bunch is 
injected into the yellow ring          
→ substantial losses.

● RHIC is therefore ramping with 
equal frequencies (not possible in 
the LHC)

● p-Pb pilot run 2012 → LHC is 
operable with unequal revolution 
frequencies

Previous diffusion model assumes normal-distributed random BB kicks.
Does not explain difference between RHIC and the LHC too well. 

Issues in the case of HL-LHC?

C. Liu et al., Attempt to accelerate asymmetric species 
with unequal frequencies in RHIC, BNL-108493-2015-IR, 2015.
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Linear model
● weak-strong BB model

– LHC: p: strong, Pb: weak

– RHIC: d: strong, Au: weak

● Looking at a single bunch at 
injection energy: RF frequencies 
not cogged, no head-on collisions

● 1/r approximation of the beam-
beam force (large separations)

● linear model based on affine 
matrices → extended phase 
space
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Linear model (II)

● linear transfer between 
BB encounters

● assuming no tune 
spread in the IRs           
→ single matrix for 
whole IR including all 
LRBB encounters  

● transfer in the arcs 
considers spread in 
tunes

● one-turn transfer matrix of 
the form

● easy tune calculation via 
eigenvalues Qi=arg(λi)/2�

● shift of closed orbit 
obtained from  eigenvector 
corresponding to λ=1 

M (s0 , s1)=( 1 /√β1 0
α1/√β1 √β1

)
−1

( cos (μ ) sin (μ)

−sin (μ) cos(μ))(
1 /√β0 0
α0 /√β0 √β0

)
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Linear vs non-linear beam-
beam model (Lie algebra) 

100 ns uniform proton filling pattern; more than 60 long-range beam-beam encounter

The concept of a tune footprint does not really apply here…
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Emittance growth

Time-modulated dipole-like kicks

● linear growth of emittance in time

● growth rate proportional to 
square of Fourier amplitudes

Time-modulated focusing strength 

● non-linear growth (depends on 
autocorrelation of the quadrupole 
noise)

● tune oscillation introduces 
sidebands of existing resonances 
→ potential sidebands close to 
nominal tune

T N=M D M−1 M D M−1 M D M−1 M DM−1 ...=M DN M−1

T N=M 1 D1 M 1
−1 M 2 D2 M 2

−1 M 3 D3 M 3
−1M 4 D4 M 4

−1 ...=?

2nd case: eigenvalues not necessarily on complex unit circle

O. S. Brüning and F. Willeke, Reduction of Proton Losses in HERA by Compensating 
Tune Ripple due to Power Supplies, Phys. Rev. 76 (20), 1996.



03/07/18 BE-ABP-HSS 9 / 25

LHC vs RHIC
● LHC: Distance between ZDCs in ATLAS/CMS roughly 285 m 

– → up to 20 LRBB encounter (assuming an uniform 100 ns bunch train)

● RHIC: Distance between beam-pipe crotches only 32 m 

– → 1 (1 bunch and 55 bunches) or 2 (111 bunches) LRBB encounter

● Important concept: Recurrence time

– → Bunch encounters the same bunch of the other beam twice per revolution 

– → Some periodicity when encounter points have shifted by half of the accelerator circumference

IP1

IP5

Recombination Dipole Recombination Dipole

Separation Dipole Separation Dipole

IP

top view

Re-occurence time:
LHC: 86144.8 turns
RHIC: 688.04 turns
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LHC vs RHIC at 
injection

IP6 (STAR)

IP12

IP8 (PHENIX) IP4 (RF)

IP10 (Phobos) IP2 (Brahms)

IP1 (ATLAS)

IP5 (CMS)

IP2 (ALICE) IP8 (LHCb)

IP3 (Collimation) IP7 (Collimation)

IP4 (RF) IP6 (Dump)

(HL-)LHC

(old) RHIC

RHIC: – 18 smaller gammas
– 7 times smaller circumference
– 6 IRs (vs 4 in LHC)
– Separations always vertical (alternating)
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Filling patterns

LHC Slot Number
0 0.5 1 1.5 2 2.5 3 3.5

310×

Fi
lle

d 
Sl

ot
s

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
Beam 1
Beam 2

LHC Slot Number
0 0.5 1 1.5 2 2.5 3 3.5

310×Po
si

tio
n 

in
 S

PS
 T

ra
in

B
ea

m
 1

0

10

20

30

40

B
ea

m
 2

0

10

20

30

40

LHC Slot Number
0 0.5 1 1.5 2 2.5 3 3.5

310×Po
si

tio
n 

in
 S

PS
 T

ra
in

B
ea

m
 1

0

10

20

30

40

B
ea

m
 2

0

10

20

30

40

LHC Slot Number
0 0.5 1 1.5 2 2.5 3 3.5

310×Po
si

tio
n 

in
 S

PS
 T

ra
in

B
ea

m
 1

0

20

40

60

B
ea

m
 2

0

20

40

60

2012 p-Pb pilot filling scheme: 15 single 
bunches

Fill 5546 (HI’16): 8 trains, B2: 36 p 
bunches per train, 100 ns spacing

Fill 5554 (HI’16): 19 trains, B2: 36 p 
bunches per train, 100 ns spacing

HL-Pattern by J. Jowett (Charmonix 
2017) 23 trains, 56 bunches each, 50 ns 
spacing

RHIC: Harmonic Number of 360. 
Either 1 bunch, 55 bunches (AG: 5 empty slots) or 111 bunches (AG: 9 empty slots). 
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5554 filling scheme (19 trains)
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LHC: tune scan
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space. Simulation over 200k turns with zero starting 
conditions.
Growth seems to be untouched by tune 
modulation.

1% of real emittance
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Comparison with RHIC (111 b)
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Comparison with RHIC (111 b)
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Expect approx. 125k faster horizontal growth per turn in 
RHIC than in the LHC (875k times faster in time) due to 

time-modulated dipole-like kicks. 
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Tune scan of RHIC with 
111 bunches 

xHorizontal Tune Q
0.265 0.27 0.275 0.28 0.285

y
V

er
tic

al
 T

un
e 

Q

0.276

0.278

0.28

0.282

0.284

0.286

0.288

0.29

0.292

0.294

0.296

0.298  [m
]

x
Fi

na
l A

ct
io

n 
J

0

0.2

0.4

0.6

0.8

1

3−10×
RHIC  111 Bunches

xHorizontal Tune Q
0.265 0.27 0.275 0.28 0.285

y
V

er
tic

al
 T

un
e 

Q

0.276

0.278

0.28

0.282

0.284

0.286

0.288

0.29

0.292

0.294

0.296

0.298  [m
]

y
Fi

na
l A

ct
io

n 
J

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18
3−10×

RHIC  111 Bunches

Horizontal Tune
0.265 0.27 0.275 0.28 0.285

D
FT

 A
m

pl
itu

de
 [m

]

0
2
4
6
8

10
12
14
16

9−10× Mean Tune=0.276121

V
er

tic
al

 T
un

e
0.

27
5

0.
28

0.
28

5
0.

29
0.

29
5

0.
3

DFT Amplitude [m]

0510152025303540

9−
10×

M
ea

n 
T

un
e=

0.
28

78
87

Tune modulation dominates.

No corresponding resonance lines visible



03/07/18 BE-ABP-HSS 17 / 25

Tune scan of RHIC with 
111 bunches 
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Tune modulation dominates.

Limit max. final action: Resonances are still there.
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● Multiply all 200k one-turn 

matrices for respective 
unperturbed tune (Qx,Qy) 
and calculate spectral 
radius

● ρ(M) should be 1 for stable 
motion

● ρ(M) gives exponential 
growth of fastest growing 
mode if matrix is applied 
multiple times 

ρ(M )=max {|λ1|,|λ2|, ...}
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Emittance growth in the 
LHC and RHIC
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RHIC (200k turns: approx. 2.5 seconds)LHC (500k turns: approx 45 seconds)

emittance doubling time
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Comparison with HL-LHC
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Comparison with HL-LHC
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Expect two order of magnitude faster growth horizontally in the case of HL-LHC. 
Does not mean too much, since growth is small compared to IBS anyway
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Conclusion
● Model is able to reproduce RHIC being problematic.

● Model shows a stable linear LHC

● First estimates show HL-LHC to be stable in the 
linear 4D case

● Include synchrotron motion, amplitude detuning and ADT in 
simulation

● Idea: Since the effective effects within the IRs are now known, may 
be include a multipole in each IR doing the same time-varying 
effect in Sixtrack to allow for complete non-linear tracking.

● Estimate potential intensity limits for the HL-LHC (if there are any)

Outlook
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Thanks for listening.
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Backup slides...
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Combine DFTs

● Calculate               from 
normalized kicks of IR 
matrix

● Calculate the DFT

● Assuming IR is positioned at 
the linear phase advance μIR. 
Calculate DFT with correct 
complex phase

 

● Simply superimpose 
DFTs of the different IRs 
to get total DFT

● Only works if the 
detuning in the arcs is 
proportional to linear 
phase advance

δN=uN−i u 'N

DFT (δN ) j→DFT (δN ) jexp (2π ϵ j /N )

ϵ=μ IR /(2πQ)

DFT (δN ) j=∑
q=0

N−1

δN ,q exp(i 2π q j /N )

DFT total , j=∑
i=1

N

DFT IRi , j exp(2π ϵi j /N )

ϵi=μ IRi /(2πQ)
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