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Pendulum and phase space

For an undamped pendulum
its trace in  this plane 
   
(phase space)

will follow the ellipse 
forever !!

‘pendulum is in prison’

The size of the ellipse is 
linked to the total energy 
in the pendulumExcursion

Speed

positive speed

negative speed
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Beam in accelerator/collider has a certain (nominal) energy:

But:

Each real particle has (a little bit) more or less energy
than nominal energy

All (high energy) particles have nearly the same speed (+) about c

    more energetic particles (*) make a ‘wider curve’ in bending field
––> come later  back to RF after one turn.

    less energetic particles (*) make a ‘closer curve’ in bending field
––> come earlier  back to RF after one turn.

Acceleration depends on when the particle arrives at cavity
(+) thanks to Albert Einstein   (*) above transition energy of the accelerator
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Nominal (E0) particle: just in time–> no energy change

(E<E0) particle: early arrival –> acceleration (*)

(*) above transition energy of the accelerator falling RF wave

(E>E0) particle: late arrival –> deceleration (*)

accelerator ring
falling RF wave (*)

(in coast)
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Pendulum

left-most excursion, v=0

centre position, v=+vmax

Right-most excursion, v=0

centre position, v=-vmax

left-most excursion, v=0

Particle

most early arrival, dE=0

nominal arrival, dE=+dEmax

most late arrival, v=0

nominal arrival, dE=–dEmax

most early arrival, dE=0

Synchrotron Oscillation
fs: synchrotron frequency

dE=deviation from ‘nominal’ E0
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‘restoring force’ in RF is NOT linear but is the RF wave (-integral)
    ––> trace in phase space is not exactly elliptical 
             (but close to it for small oscillations)

Energy deviation dE ±500 MeV

particle phase-space: limited

RF wave

Outer limit:

‘bucket’

Stable 450 GeV, 25 ns
# 0

Bunch    0

ε = 0.000 eVs

±  0.00 MeV   0.00 ns

L[1] (Bkt)  7.794% (->Gst)  1.383%

J. T.

Arrival time ±2.5 ns
<–> position in bunch

RF wave
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For perfectly stable RF: particles stay on their ‘ellipse’ forever

  

RF amplitude scatter 10% RF phase scatter  10º

Particle density distribution -> arrival time

particles can get scattered out of their ‘prison’
––> tails or ‘out of bucket’

if fAmod=2*fs: resonant excit.
(4*, 6*, .. :non-linearities)

if fφmod=1*fs: resonant excit.
(3*, 5*, .. :non-linearities)
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‘random walk’ -> contains frequencies with ‘resonant excitations’
    particles (can) move from one ‘ring’ to the other
     ‘natural tendency’: from high density to low density: equalize

Stable 450 GeV, 25 ns
# 0

Bunch    0

ε = 0.000 eVs

±  0.00 MeV   0.00 ns

L[1] (Bkt)  7.794% (->Gst)  1.383%

J. T.
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Initial
Final

LHC7000 V=16.00 MV DE=0 eV Band 0/11000 1.000ps N=10000
[0-316800000,07:49:31]

-1.25 ns 1.25 ns

Init: 4-sig 0.85 ns loss% 0.00 bHgt 0.1855 z90 ±0.32 J90 1.469 sJ 0.528 rms 0.343008 dE0    0.15 dt0   0.000
Fin:  4-sig 1.04 ns loss% 0.02 bHgt 0.1487 z90 ±0.42 J90 2.484 sJ 0.997 rms 0.563311 dE0   -8.71 dt0   0.000

-2401.96 MeV

2401.96 MeV

-1.25 ns 1.25 ns

Init: 4-sig 0.85 ns loss% 0.00 bHgt 0.1855 z90 ±0.32 J90 1.469 sJ 0.528 rms 0.343008 dE0    0.15 MeV dt0   0.000 ns
Fin:  4-sig 1.04 ns loss% 0.02 bHgt 0.1487 z90 ±0.42 J90 2.484 sJ 0.997 rms 0.563311 dE0   -8.71 MeV dt0   0.000 ns

LHC7000 V=16.00 MV DE=0 eV Band 0/11000 1.000ps N=10000
[0-316800000,07:49:31]

0.00 eVs 7.63 eVs

Init: 4-sig 0.85 ns loss% 0.00 bHgt 0.1855 z90 ±0.32 J90 1.469 sJ 0.528 rms 0.343008 dE0    0.15 MeV dt0   0.000 ns
Fin:  4-sig 1.04 ns loss% 0.02 bHgt 0.1487 z90 ±0.42 J90 2.484 sJ 0.997 rms 0.563311 dE0   -8.71 MeV dt0   0.000 ns

LHC7000 V=16.00 MV DE=0 eV Band 0/11000 1.000ps N=10000
[0-316800000,07:49:31]

z-projection:
Observed bunch
profile

LHC coast at 7TeV          <δφ> = 0.023º @ 400 MHz (–>1 ps)
start  <––8h––> end

‘ring population’
called ‘action J’
in [eVs]

without noise blue
and red would be
absolutely identical

centre of bunch

tail of bunch



10

Phase noise spectrum as measured on the 400 MHz cavity field
         Thin line: no fast vector feedback (open loop)
         Thick line: feedback loop closed (noise floor ‘instrumental’)
           © Ph. Baudrenghien, J. Molendijk

50-Hz multiples (origin: power converter)

O Hz - 1 kHz,    100Hz/div
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Initial
Final

LHC500 V=8.00 MV DE=454.55 keV 12*f-Mono 50/600 Hz stPh 0/0 deg 0.872183 ps 0.000ps N=10000
[0-660000] p0=800.0 V=8.0 dEL=0.45

-1.25 ns 1.25 ns

Init: 4-sig 1.01 ns loss% 0.00 bHgt 0.1589 z90 ±0.38 J90 0.383 sJ 0.137 rms 0.0893779 dE0    0.03 dt0  -0.027
Fin:  4-sig 1.17 ns loss% 0.00 bHgt 0.0878 z90 ±0.42 J90 0.540 sJ 0.162 rms 0.150452 dE0   -1.23 dt0  -0.031

-549.52 MeV

549.52 MeV

-1.22 ns 0.93 ns

Init: 4-sig 1.01 ns loss% 0.00 bHgt 0.1589 z90 ±0.38 J90 0.383 sJ 0.137 rms 0.0893779 dE0    0.03 MeV dt0  -0.027 ns
Fin:  4-sig 1.17 ns loss% 0.00 bHgt 0.0878 z90 ±0.42 J90 0.540 sJ 0.162 rms 0.150452 dE0   -1.23 MeV dt0  -0.031 ns

LHC500 V=8.00 MV DE=454.55 keV 12*f-Mono 50/600 Hz stPh 0/0 deg 0.872183 ps 0.000ps N=10000
[0-660000] p0=800.0 V=8.0 dEL=0.45

0.00 eVs 1.60 eVs

Init: 4-sig 1.01 ns loss% 0.00 bHgt 0.1589 z90 ±0.38 J90 0.383 sJ 0.137 rms 0.0893779 dE0    0.03 MeV dt0  -0.027 ns
Fin:  4-sig 1.17 ns loss% 0.00 bHgt 0.0878 z90 ±0.42 J90 0.540 sJ 0.162 rms 0.150452 dE0   -1.23 MeV dt0  -0.031 ns

LHC500 V=8.00 MV DE=454.55 keV 12*f-Mono 50/600 Hz stPh 0/0 deg 0.872183 ps 0.000ps N=10000
[0-660000] p0=800.0 V=8.0 dEL=0.45

During energy ramp synchrotron frequencies pass 50-Hz line 
(for about 2 minues)
Exaggerated by factor 30 in amplitude (30dB for ‘RF-guys’)

    Bunch centre ‘blown apart’
       but no large tails
             nor‘out of bucket’

(only small perturbation for ‘noise’
as is,  LHC OK )
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