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3.    Simplistic RF layout appropriate for IQ control 
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6.    Simulation of de-tuning, re-tuning, RF on and RF off 

7.    Performance in the absence of measurement errors 

8.    Simulation of cavity quench 

9.    Spectral coefficients with measurement errors 

10.   Simulation of LLRF set point error 

11.   Spectral noise and relative kicks on particles 

 



Parameters assumed for model 
Parameter Unit Nominal Scenario 1 Scenario 2 

Beam energy (Eo) TeV 7 7 7 

Particles in bunch (N)  1.15 × 10
11 

2.0 × 10
11

 3.3 × 10
11

 

Bunch charge (q) C 1.84 × 10
-8 

3.2 × 10
-8

 5.28 × 10
-8

 

Bunches (n)  2808 2808 1404 

Bunch repetition frequency (frep) MHz 40 40 20 

Bunch separation  ns 25 25 50 

Crossing angle  (c)  rad 300 420 520 


*
 m 0.55 0.2 0.2 

 at crab cavity m  4167 4167 

R12 (crab cavity to IP) m  28.9 28.9 

s eV 2.5 2.5 2.5 

n m 3.75× 10
-6

 2.5× 10
-6

 3.0× 10
-6

 

Bunch length (z) m 0.0755 0.0755 0.0755 

Bunch width at IP (x) m 16.6 × 10
-6

 8.2 × 10
-6

 9.0 × 10
-6

 

Piwinski parameter  0.68 1.94 2.2 

Peak Luminosity  1.3 × 10
34

 8.5 × 10
34

 8.7 × 10
34

 

Crab cavity Frequency (f) MHz N/A 400 400 

Required Crab Transverse Kick MV N/A 6.07 7.52 

Max. bunch offset at cavity (x) m N/A 236 259 

Beamloading at max. offset kW N/A 15.4 17.3 

 



Power Requirement 
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Peak power requirement P depends on the maximum offset x  

Beam to beam interactions at the IP reduce beam lifetime if the bunches not accurately aligned.  

Maximum offset at the crab cavity is related to the maximum offset at the IP as 

 

Assume  

Maximum offset at crab is 236 m for scenario 1 and 259 m for scenario 2. 

  

Assume active steering through the crab cavities to achieve these values  

Applying Panofsky Wenzel gives 

Compact crab cavity designs are expected to deliver a maximum kick between 3MV and 5MV. 

Layout as planned has 3 cavities to kick and 3 three to un-kick 

 

Power requirement per cavity ~ 6 kW hence the RF power source is likely to be solid state. 



RF Layout assumed for LLRF model 
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Lancaster experience is with IQ controllers hence stick to this. 

 

If the LLRF can get its own reference from the beam then it only 

needs to know the set point. 



Cavity Model  

Transmission 

line (Coupler) 
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Solve in time domain with 4th order Runge Kutta one time step per RF cycle 

Mode damping 

included in mode 

circuit resistance  

Input coupler 



Model History 

2005 – 2007   FORTRAN code written to understand how measurement 

   errors, adjacent modes and time delays in the LLRF system limit  

   stability limits and the level of phase control achievable for the ILC 

   crab cavities 

 

2010   Modified for Beta beam feasibility studies so that bunches do not 

                        have to be at a sub harmonic frequency of the RF. 

   Switching of RF frequency enabled. 

 

2012         Added FFT analysis of waveforms 

  Added LHC bunch structure  full empty full empty full empty full empty
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Beamloading 
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Beamloading is included by letting in-phase and quadrature cavity voltages jump in 

proportion to the image charge deposited in the cavity after the passage of the bunch. 

 

 For a dipole mode the jump is determined as 

  is the phase angle between the bunch passing the centre of 

 the cavity and the initial RF phase of the cavity,  

q is the bunch charge, 

 rb is the offset of the bunch  (have also used x elsewhere).  
 
Here the R/Q is defined as  

 where the cavity voltage VL includes transit time effects. 



Cavity Parameters assumed 

Number of cavity modes                             : 3 

Operating mode order (1-dipole)                 : 1 

Operating mode centre frequency  (MHz)   : 400.8 

Operating mode Q factor                            : 2.000d+09 

Operating mode external Q factor               : 5.700d+05 

Operating mode R over Q (Ohms per cell)  : 912.6 

 

Mode 2 order                                               : 0 

Mode 2 centre frequency (MHz)                  : 375.2 

Mode 2 intrinsic Q factor  (with damping)   : 10000 

Mode 2 external Q factor                            : 5.000d+06 

Mode 3 relative pickup coupling                  : 0.1 

Mode 2 relative beam coupling                   : 0.136d00 

 

Mode 3 order                                              : 1 

Mode 3 centre frequency (MHz)                  : 436.6 

Mode 3 intrinsic Q factor (with damping)     : 10000 

Mode 3 external Q factor                            : 5.000d+06 

Mode 3 relative pickup coupling                  : 0.1 

Mode 3 relative beam coupling                   : 0.0153d00 



LLRF parameters 
Master oscillator frequency (MHz)            :      400.8 

Bucket frequency (MHz)                           :        40.08 

Energy set point (Joules per cell)             :          1.89 

Maximum Amp Power (Watts per cell)     :    8500.0 

Maximum beam offset (mm)                     :         -0.250 

1 for random offset 0 for periodic             :           0 

Offset fluctuation frequency (Hz)              : various (200 -5000) 

Initial Bunch phase retard (degrees)        :           0.0 

Bunch phase jitter (degrees)                    :           0.0 

1 for random charge fluc 0 for periodic    :           0 

Phase jitter frequency (Hz)                       :     5000 

Bunch charge fluctuation (fraction)          :           0.005 

1 for random charge fluc 0 for periodic    :          1 

Charge fluctuation frequency (Hz)           :     5000 

Bunch charge (Coulombs)                       :           3.2e-8 

Bunch train length (seconds)                   :         86.90166e-6 

Bunch train gap length (seconds)            :           2.02096e-6  

RF advance time (seconds)                     :       200.0e-6 

Cavity freq. shift from microphonics Hz   :          40.0 

Vibration frequency of cavity  (Hz)           :   various (200 -2000) 

Initial vibration phase (degrees, sin)         :          0 

Measurement phase error in degrees       :  various (0.0, 0.005,…) 

Measurement amplitude error as fraction :  various (0.0, 0.0001. …) 

Delay for control system in seconds          :         0.5e-6 

Control update interval in seconds            :         0.5e-6 

Initial gain constant for controller               :  various (5-10 optimum) 

Amplifier Bandwidth                                   :        5.0e6 

Measurement filter bandwidth                   :       10.0e6 

Feed forward sum jump  (~1.2e6)             :         0.0e6 

Bunch structure 

was hard coded 

Largest cavity 

perturbation is 

the bunch offset 

A stiff cavity 

should minimise 

microphonics 



Simulation input and output 

I and Q cavity voltages for (RF off,  +detune,  +retune,  RF +set point zero,  +normal set point)  
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Can vary set points and cavity tune during simulation. 

Primary outputs are I and Q voltages of each mode from which others are derived  

De-tune by 8 bandwidths Set point zero 

Bunch offset 

frequency  

 0.9 KHz 

Feed forward can be used to 

eliminate overshoot 



I and Q cavity voltages for (RF off,  +detune 80 bandwidths,  +retune,  RF +set point  = 10000)  
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I and Q cavity voltages for (RF off,  +detune 800 bandwidths,  +retune,  RF +set point  = 10000)  
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De-tune 80 and 800 Bandwidths 

re-tune RF on 

de-tune 

Keeping RF on with set point zero – better option than de-tuning? 

Offset frequency =900Hz, Microphonic 450 Hz 



Simulation with no measurement errors 
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Fine resolution on voltage amplitude

Power follows beam offset 

Dips follow gaps in bunch structure 

Amplitude correction depends on gain 

Phase follows microphonics 



Fourier Coefficients Beam offset frequency    =  5.000 kHz 

Cavity microphonics       =   2.000 kHz 

Revolution frequency      = 11.245 kHz 

Absolute values of Inphase and Quadrature Fourier Coefficients expressed in dBc
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no measurement errors 

Gaps in the bunch structure 

give the largest response 



Quench 
Quench is simulated by letting intrinsic Q fall to 1500 

As expected the amplitude falls to a small level before the phase shift is significant 

Amplitude and Phase (x 10000) at quench
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After quench and even if the beam is steered through cavity then the beam 

could still deposit 6 kW in cavity which is way too much for the cryo system. 

There is still a requirement to dump the beam after a crab cavity quench. 



With errors 
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Detected RF Failure –input requests 90o error 
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Worst case scenario – LLRF input error requesting  90o cavity phase error. 

Response depends on the maximum RF power and external Q factor. 

Phase error ~30o  after 1 revolution – unacceptable deflection.  

Once deviation detected transverse damping system could start 

correction hence some mitigation. 

Cutting power does not solve problem. 

Steering beam through cavity will provide protection. 



RF Spectral Noise and Beam Effects 
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Sum voltage acting on a particle starting displacement at x(to) with phase to is given as 

   
  


















 

s

0
s

sd
cossasx     m2cossax cm

at crab cavity 

Both the phase  and the offset x are oscillatory 

Can do explicit summations to get effective voltage acting on particles as a function of 

their Betatron and Synchrotron phases. Sum on revolutions until phases de-cohere. 

betatron motion 

synchrotron motion 

crab voltage kick 

axis 

Noise at synchrotron frequency gives differential transverse kicks 

Noise at betatron frequency gives differential longitudinal kicks 

What does white noise do? 



Noise sources 
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getting 16 bit accuracy at 100 MBPS is difficult 

main interest here is measurement errors between cavity pick-up and controller  

beam offset probably known but use arbitrary values here 

cavity can be modified to change microphonic spectrum but arbitrary values used 



Kick contribution after m revolutions 
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Transverse 

damping can only 

remove this term 

From before Fourier coefficients can be determined for known disturbances 

Terms containing the phase are different for differing particles in the same bunch 

For all frequencies we are interested in summations of the form 
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For one disturbance frequency fn the previous formulation for small bunches yields 



White noise  

Integral of kick for theta = 0 radians
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Integral of kick for theta = pi/2 radians
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Big kicks clearly come from when frequencies are equal to revolution frequencies +/- the 

synchrotron or betratron frequency but for white noise there is perfect cancellation  



Sum kick for a disturbance at synchrotron freq. 
Graphs give voltage kicks acting on particles phased apart by 90 degrees in the 

same bunch. The kick becomes unacceptable after a few tens of turns. 

Sync freq. = 46 Hz,  Revolution freq. = 11245 Hz, Offset freq. = 46 Hz, theta =  /2
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Sync freq. = 46 Hz,  Revolution freq. = 11245 Hz, Offset freq. = 46 Hz, theta = 0
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Kick as summation 

Sync freq. = 400 Hz,  Revolution freq. = 11245 Hz, Offset freq. = 46 Hz, theta =  /2
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Sync freq. = 400 Hz,  Revolution freq. = 11245 Hz, Offset freq. = 46 Hz, theta = 0
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For convenience have moved synchrotron frequency away from disturbance frequency 

Kicks are worryingly large.  



Next Steps 
1. Obtain better time domain estimates of bunch offsets 

2. Determine predictability of bunch offsets as this allows feed forward 

3. Obtain likely microphonic spectra 

4. Evaluate kick summations for a wide range of disturbance parameters 

5. Repeat analysis for a crab cavity in the SPS 

6. Determine key investigations that can validate expected bunch lifetimes 

Observations 
1. Steering beams through cavities is probably necessary for machine protection. 

2. The largest contribution to RF noise (determining beam lifetime) is likely to be 

gaps in the bunch train. This can be mitigated by increasing the accuracy to 

which beams are steered through the crab cavities. 



Bibliography 
[1] Yi-Peng Sun, R. Assmann, J. Barranco, R. Tomas, T. Weiler, F. Zimmermann, R. Calaga, A. Morita, “Beam Dynamic Aspects of Crab 

Cavities in the LHC”, Phys. Rev. ST Accel. Beams 12, 101002 (2009) http://prst-ab.aps.org/abstract/PRSTAB/v12/i10/e101002  

[2]  Hall B., Burt G., Lingwood C., Rimmer R., Wang H., “Novel Geometries for the LHC Crab Cavity” WEPEC049 IPAC10, 

http://accelconf.web.cern.ch/AccelConf/IPAC10/papers/wepec049.pdf  

[3]  F. Zimmermann, "LHC upgrade scenarios," Particle Accelerator Conference, 2007. PAC. IEEE , vol., no., pp.714-718, 25-29 June 2007,  

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4441113&isnumber=4439905  

[4]  R.B. Palmer “Energy scaling, crab crossing and the pair problem”, SLAC-PUB-4707, 1988 

[5] T. Leiri, K.Akai, H. Fukuma, M. Tobiyama “ Beam dynamics measurements using a gated beam position monitor at KEKB”, Nuclear 

Instruments and Methods A, Vol. 606, No 3, July 2009, http://dx.doi.org/10.1016/j.nima.2009.04.036  

[6]  Bruning O., Burkhardt H. and Myers S. “The Large Hadron Collider” CERN–ATS-2012-064 

  http://cdsweb.cern.ch/record/1443022/files/CERN-ATS-2012-064.pdf  

[7] Maria R. and Fartoukh S. “Optics and layout for the HL-LHC upgrade project with a local crab cavity scheme”, sLHC-project report 0055, 

July 2011 http://cdsweb.cern.ch/record/1364853/   

[8]  E. Ciapala et al. “LHC Crab cavity specifications”, EuCARD-REP 2012-004 August 2010. http://cdsweb.cern.ch/record/1287113  

[9]  G. Burt, A. Dexter , P. Goudket, A.C and A. Kalinin, “Effect and tolerances of phase and amplitude errors in the ILC Crab Cavity”, EUROTeV 

Report 2006-098 http://www.eurotev.org/reports__presentations/eurotev_reports/2006/ 

[10]  A. Dexter and G. Burt “Phase and Amplitude Control of Dipole Crabbing Modes in Multi-Cell Cavities”, EUROTeV-Report-2008-064, 2008 

http://www.eurotev.org/reports__presentations/eurotev_reports/2008/  

[11]  Angoletta M.E. “Digital Low Level RF”, WEXPA03, EPAC 2006 http://accelconf.web.cern.ch/accelconf/e06/PAPERS/WEXPA03.PDF  

[12]  Baudrenhien P. “LLRF for Crab Cavities” LHC-CC1 5th Crab Cavity Workshop CERN, Nov 2011 

http://indico.cern.ch/getFile.py/access?contribId=25&sessionId=6&resId=1&materialId=slides&confId=149614  

[13]  Boussard D. “Design of a Ring RF System”, CERN SL/91-2 (RFS) http://cdsweb.cern.ch/record/1023436/files/CM-P00065157.pdf   

 [14] Baer T., Calaga R., De Maria R., Fartoukh S., Jensen E., Tomas R., Tuckmantel J., Wenninger J., Yee Rendon B., and Zimmermann F., 

“Very Fast LHC Crab Cavity Failure and Their Mitigation”,  IPAC12 http://accelconf.web.cern.ch/accelconf/IPAC2012/papers/moppc003.pdf  

[15]  Sands M. “The Physics of Electron Storage Rings An Introduction”, SLAC 121 UC-28 November 1970 

http://www.slac.stanford.edu/pubs/slacreports/slac-r-121.html  

[16] Boussard D. “RF for the CERN Proton-Antiproton Collider” CERN SPS/85-38 http://cdsweb.cern.ch/record/162005/files/cer-000073340.pdf    

[17]  Pinwinski A. “Intra-Beam Scattering” Proc. CERN Accelerator School, pp 402-421, Oxford 1985, 

 http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf  

[18] Evans L. and Gareyte J. “Beam- beam effects”, Proc. CERN Accelerator School pp 159-185, Oxford 1985 http://cas.web.cern.ch/cas/ 

[19] Ohmi K., Calaga R., Tomas R., Hofle W., Zimmermann F. “Beam-beam effect with an external noise in LHC” TUPAN048 PAC07 

http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR%20Upgrade%20II/lhcbb2-Ohmi.pdf  

[20] Ohmi K., “Beam-beam limit in a hadron collider”,  THYB01 IPAC2012 http://accelconf.web.cern.ch/accelconf/IPAC2012/papers/thyb01.pdf  

http://prst-ab.aps.org/abstract/PRSTAB/v12/i10/e101002
http://prst-ab.aps.org/abstract/PRSTAB/v12/i10/e101002
http://prst-ab.aps.org/abstract/PRSTAB/v12/i10/e101002
http://accelconf.web.cern.ch/AccelConf/IPAC10/papers/wepec049.pdf
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4441113&isnumber=4439905
http://dx.doi.org/10.1016/j.nima.2009.04.036
http://cdsweb.cern.ch/record/1443022/files/CERN-ATS-2012-064.pdf
http://cdsweb.cern.ch/record/1443022/files/CERN-ATS-2012-064.pdf
http://cdsweb.cern.ch/record/1443022/files/CERN-ATS-2012-064.pdf
http://cdsweb.cern.ch/record/1443022/files/CERN-ATS-2012-064.pdf
http://cdsweb.cern.ch/record/1443022/files/CERN-ATS-2012-064.pdf
http://cdsweb.cern.ch/record/1443022/files/CERN-ATS-2012-064.pdf
http://cdsweb.cern.ch/record/1443022/files/CERN-ATS-2012-064.pdf
http://cdsweb.cern.ch/record/1364853/
http://cdsweb.cern.ch/record/1287113
http://www.eurotev.org/reports__presentations/eurotev_reports/2006/
http://www.eurotev.org/reports__presentations/eurotev_reports/2008/
http://accelconf.web.cern.ch/accelconf/e06/PAPERS/WEXPA03.PDF
http://indico.cern.ch/getFile.py/access?contribId=25&sessionId=6&resId=1&materialId=slides&confId=149614
http://cdsweb.cern.ch/record/1023436/files/CM-P00065157.pdf
http://cdsweb.cern.ch/record/1023436/files/CM-P00065157.pdf
http://cdsweb.cern.ch/record/1023436/files/CM-P00065157.pdf
http://cdsweb.cern.ch/record/1023436/files/CM-P00065157.pdf
http://accelconf.web.cern.ch/accelconf/IPAC2012/papers/moppc003.pdf
http://www.slac.stanford.edu/pubs/slacreports/slac-r-121.html
http://www.slac.stanford.edu/pubs/slacreports/slac-r-121.html
http://www.slac.stanford.edu/pubs/slacreports/slac-r-121.html
http://www.slac.stanford.edu/pubs/slacreports/slac-r-121.html
http://www.slac.stanford.edu/pubs/slacreports/slac-r-121.html
http://cdsweb.cern.ch/record/162005/files/cer-000073340.pdf
http://cdsweb.cern.ch/record/162005/files/cer-000073340.pdf
http://cdsweb.cern.ch/record/162005/files/cer-000073340.pdf
http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf
http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf
http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf
http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf
http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf
http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf
http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf
http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf
http://cdsweb.cern.ch/record/179307/files/CERN-87-03-V-1.pdf
http://cas.web.cern.ch/cas/CAS Welcome/Previous Schools.htm
http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR Upgrade II/lhcbb2-Ohmi.pdf
http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR Upgrade II/lhcbb2-Ohmi.pdf
http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR Upgrade II/lhcbb2-Ohmi.pdf
http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR Upgrade II/lhcbb2-Ohmi.pdf
http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR Upgrade II/lhcbb2-Ohmi.pdf
http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR Upgrade II/lhcbb2-Ohmi.pdf
http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR Upgrade II/lhcbb2-Ohmi.pdf
http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR Upgrade II/lhcbb2-Ohmi.pdf
http://care-hhh.web.cern.ch/CARE-HHH/LUMI-06/Proceedings/IR Upgrade II/lhcbb2-Ohmi.pdf
http://accelconf.web.cern.ch/accelconf/IPAC2012/papers/thyb01.pdf



