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Talk overview

• Two optics used on BCMS (0.9 eVs) cycles (TFB ON, low chroma, coupling 

corrected)

• data taken in two MD sessions (not fully analysed yet) – 30th October and 7th November 2018

• Operational optics 

• PPM-rematched optics

• First order moments analysis

• Injection oscillations and Dp/p dependence (energy matching) at BPMs and SEM grids

• Dispersion at BPMs and SEM grids

• TbT beam size at SMG52

• Horizontal measurements 

• Vertical measurements

• SEM grid scattering blow-up 

• Conclusions and next steps



Re-matched optics
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Operational and (PPM) re-matched optics

• PPM optics minimises betatron and dispersive measurements and is suitable for 

parallel operation, as it moves only BT quads

• V. Forte et al., “Overview Of The CERN PSB-to-PS Transfer Line Optics Matching Studies In View Of 

The LHC Injectors Upgrade Project”, WEP2P006, HB2018

• Work on transfer line understanding is improving  analysis of quadrupolar gradient error (to be presented)

Excellent matching to PS closed solution



Injection offset and Dp/p dependance

• Injection oscillations from first order moments by changing PSB extr frequency

• Mean (± 1 SD) oscillation for the BPMs in the PS ring
• Orbit with RF OFF look flat 

 energy reasonably matched
• 3-sigma modulation looks more reliable for noise rejection on the modulation 

amplitude

3 sigma 
amplitude

Max
amplitude



Injection offset and Dp/p dependance

• Injection oscillations from first order moments by changing PSB extr frequency

• Mean (± 1 SD) oscillation for the BPMs in the PS ring (single BPM in this case)
• Orbit with RF OFF look flat 

 energy reasonably matched
• Parabolas do not have minimum at y=0 

 residual emittance growth source from injection oscillation in the order of few percent 
(2% in this case)

PPM-rematched optics



Injection offset and Dp/p dependance

Injection oscillations from first order moments by changing PSB extr frequency

• Mean (± 1 SD) oscillation for the BPMs in the PS ring (all BPMs in this case)
• Residual momentum mismatch Dp/p seems between 1e-4 (PPM-rematched ,~1% em. growth) 

and 4e-4 (OP, ~9% em. growth)

OP optics



Dispersion at BPMs

• Dispersion from BPMs gives constant normalised dispersive mismatch:

• MDx= 0.39 √𝑚 emittance growth ~14 (±21s)%
• MDy= 0.05 𝑚 emittance growth ~0%

MD

Horizontal Vertical

OP optics



Dispersion at BPMs

• Dispersion from BPMs gives very constant normalised dispersive mismatch:
• MDx= 0.12 𝑚  emittance growth ~1%
• MDy= 0.03 𝑚 emittance growth ~0%

• Some coupling is visible in the horizontal plane

MD

Horizontal Vertical

PPM-rematched optics

Horizontal

Vertical



We consider the first 14 turns

• Losses present with RF OFF and ON for longer periods

• No reduction of bunch length observed (first and last turn)  to be refined with tomo data from latest measurements

• To avoid start of filamentation

Measurements with RF OFF and Optics C Measurements with RF OFF and Optics C

Intensity evolution along measurements



TbT horizontal profiles at SMG52

Operational optics

PPM re-matched optics



Operational optics

PPM Re-matched optics

TbT vertical profiles at SMG52

Evident tails



• Example of evolution in time of beam profiles in both optics

• Beating of peaks ( beam sizes in lossless regime) is synonymous of mismatch: 
• (Already) visually larger beating for OP optics

TbT vertical profiles at SMG52

OP optics PPM-rematched optics



• Important to correct to minimum modulations peak level

• On the TbT SEM-grid it is possible to derive injection oscillations and tune 

• Mean value of Gaussian fit 

• 0.5 mm (peak), which is an optimal OP value, would be already + 2% emittance 

growth in the horizontal plane for a BCMS-like beam

• 1 mm (peak) would be +8% emittance growth !!!

Injection oscillations

Operational optics PPM-rematched optics



• Method as in M. Benedikt, C. Carli et al., here

Fit functions for turn-by-turn data

https://indico.cern.ch/event/734078/contributions/3027339/attachments/1663866/2666833/M.Benedikt_others_matching_2001.pdf


• Dispersion is obtained by changing extraction frequency of the PSB and deriving Dp/p through 

slip factor from MadX PSB. Then every blue marker point is the slope of the linear correlation 

between position and Dp/p

Related analytical De/e0 = 13% (OP optics)

• considering e0,norm=1 um and dp/prms=0.9e-3  

Operational optics, RF OFF (6.21, 6.24) from beam 
position at SMG52



• Dispersion is obtained by changing extraction frequency of the PSB and deriving Dp/p through 

slip factor from MadX PSB. Then every blue marker point is the linear correlation between 

position and Dp/p

Related analytical De/e0 = 1% (PPM-rematched optics)

• considering e0,norm=1 um and dp/prms=0.9e-3  

PPM-rematched optics, RF OFF (6.21, 6.24) from 
beam position at SMG52



• Method as in M. Benedikt, C. Carli et al., here

Constraints for total beam size fit parameters

Boundaries  of fit parameters are derived from systematic errors assumptions

1 Mrms = 0.5(𝐌𝐠
, 𝐭
+

𝟏

𝐌𝐠, 𝐭

)

https://indico.cern.ch/event/734078/contributions/3027339/attachments/1663866/2666833/M.Benedikt_others_matching_2001.pdf


• All parameters are free apart dp/prms which was imposed = 0.888 e-3 to be equal to WS 

measurements 

• ex,n,0=0.789 um (intensity for this shot was ~68e10 ppb)  Bx ~ 62 e10 p/um

• Betatron mismatch is extremely small Mg =1.09  Mrms ~ 1.0  eafter filamentation=Mrmse0

• Beam size is dispersion-dominated  Estimated emittance growth due to dispersion is +18%

Operational optics, RF OFF (6.21, 6.24) : beam size

Total rms emittance growth (disp + Twiss) = +18%



• With free dp/prms  ex,n,0=0.748 um (because fitted dp/prms= 0.926 e-3 !!!)

• Intensity for this shot was 64e10 ppb  Bx ~ 85.56 e10 p/um

• Betatron mismatch is extremely small Mg =1.1  Mrms ~ 1.00  eafter filamentation=Mrmse0

• Beam size is dispersion-dominated  Estimated emittance growth due to dispersion is +19%

Operational optics, RF OFF (6.21, 6.24) : beam size

Total rms emittance growth (disp + Twiss) = +19%



• All parameters are free apart dp/prms which was imposed = 0.888 e-3 to be equal to WS 

measurements 

• ex,n,0=0.906 um (intensity was 62.8e10 ppb)  Bx ~ 69e10 p/um

• Betatron mismatch is extremely small Mg =1.0  Mrms ~ 1.0   eafter filamentation=Mrmse0

• Beam size is dispersion-dominated  Estimated emittance growth due to dispersion is +1%

PPM-rematched optics, RF OFF (6.21, 6.24) : beam 

size

Total rms emittance growth (disp + Twiss) = +1%



• With free dp/prms  ex,n,0=0.8 um , but for fitted dp/prms= 0.969 e-3 !!!

• ex,n,0=0.741 um (intensity was 62.8e10 ppb)  Bx ~ 84.75e10 p/um

• Betatron mismatch is extremely small Mg =1.019  Mrms ~ 1.00

• Beam size is dispersion-dominated  Estimated emittance growth due to dispersion is +1%

PPM-rematched optics, RF OFF (6.21, 6.24) : beam 

size

Total rms emittance growth (disp + Twiss) = +1%



Mg from total beam size (squared) – RF OFF

PPM-rematched optics

• Approximation (to be followed up analytically) of global mismatch (Mg,t) on modulation of 

total beam size (betatron + dispersion) in first 5 turns 

• by subtracting scattering from fit
• Almost factor 4 reduction in s2 beating

Mg,t

Mg,t =  1.56

Mg,t

Mg,t =  1.16

Operational optics



Mrms from Mg,t (approximation from total beam size squared)

• RMS emittance growth Mrms for different Mg,t (from total beam size squared)
• eafter filamentation=Mrmse0

Mrms = 0.5(𝐌𝐠
, 𝐭
+

𝟏

𝐌𝐠, 𝐭

)

𝐏𝐏𝐌 𝐫𝐞𝐦𝐚𝐭𝐜𝐡𝐞𝐝 𝐨𝐩𝐭𝐢𝐜𝐬

𝐎𝐏 𝐨𝐩𝐭𝐢𝐜𝐬



• RF OFF:

• Negligible contribution: MDR,y = 0.02 𝒎**

• Fully consistent with dispersion from BPMs (see Appendix)

• Related analytical De/e0 = 0%

Vertical dispersion vs. turns

**bR,y = 21.71 m at SMG52 (From “Injection 7” optics)

Operational optics PPM-rematched optics



• RF OFF:

• PPM-rematched optics qualitatively  reduces beating

• Modulation fits were not fully convincing due to leak of modulation 

• Analysis to be completed for measurements far from Qy=6.25

• Scattering slope in the same order of horizontal plane 

Vertical beam size vs. turns



Preliminary: a mismatched case -

PPM-rematched optics and BT.QNO10 at 150 A

• Horizontal betatron amplitude increases but not as expected (Mg =1.38 instead of ~2.5)

• Fit more complicated and not optimal (large residuals) 

Tuning of fit to be followed up

• Tune (6.21,6.33) 

HB2018 –WEP2P006



[1] F. Roncarolo Ph.D. thesis, http://inspirehep.net/record/1231311/files/CERN-THESIS-2005-082.pdf?version=1

• Order of magnitude is consistent with TbT fits (bq2~0.02-0.03 um)



• TbT SEMgrids profiles were obtained and analyzed

• Signal-to-noise of measured profile was very satisfying (thanks BI !)

• Profiles were reasonably Gaussian 

• some tails arise in the vertical ones after 30 turns qy=0.25?

• Analysis to be completed and refined

• First order methods (with BPMs) used to evaluate dispersion

• Operational and PPM-rematched optics reflected results already presented in the 

past (2017 MD with three screens, HB2018)

• 1-2 % emittance growth in PPM re-matched optics and ~15% emittance growth in 

OP optics due to dispersive mismatch)

• Minimum emittance growth due to injection oscillations difficult to bring below 2%

• Due to correction of injection oscillation typically at 0.5 mm peak amplitude level

• Correlation of injection oscillation with Dp/p could be used to approximate energy 

mismatch 

• Energy mismatch must be below ~1e-4 to give emittance growth in the order of 

1%  Always check before measurements!

Conclusions



• Fitting method proposed by M. Benedikt and C. Carli in the past was applied 

to evaluate also betatron matching (uncertain to date)

• Dispersion value and mismatch consistent with BPM results

• Operational and PPM-rematched optics validated  mismatch dominated by dispersion

• Vertical matching was qualitatively improved

• Need to change working point for a better fit of mismatch parameters

• However in the vertical plane we do not see emittance growth typically…

• Mrms could be approximated from total geometrical mismatch Mg

• Values of Mrms,x =~10% (OP optics) and Mrms,x=1÷2% (PPM-rematched optics)

• Estimation of brightness strictly depend on systematics! Thus…

• We wait for comparison in systematic brightness measurements from ABP performed on both

optics for BCMS 0.9 eVs and especially for BCMS 1.5 eVs, where dp/prms~1.5e-3 ( emittance

growth due to dispersion is ~3 times larger!) and transverse space charge is reduced

Conclusions

De/e0 Inj osc Dispx Twissx

Op optics 2% 15-18% 0%

PPM-rematched optics 2% 1÷2% 0%
3-screens (HB2018)



Next steps

• Complete analysis 

• Vertical matching

• Horizontal betatron mismatch  why so lower than expected?

• Analytical evaluation of global mismatch Mg,t

• Evaluation of beam size using different strategies (e.g. statistical rms)

• Comparison of residual injection oscillations with BPMs (Dp/p=0)

• Analysis of bunch lengthening through tomoscope data on-going

• Could correlate rms bunch length to rms momentum spread



Thanks



Appendix



TbT dispersion from BPMs



• PPM-rematched optics (RF OFF)

PPM-rematched optics (dispersion from first order 

moment)



• dp/prms from tomoscope during BCMS OP brightness scans (courtesy F. Antoniou)

PSB extracted dp-prms



• Extracted from  M. Fraser - LIU Beam Performance Meeting, 5th July 2018

PSB extracted dp-prms



• RF OFF (check RF ON):

• Consistent periodic dispersion from fit DR,x = 0.73-0.74 𝒎** (~2.57 m)

• MD,x improved in re-matched optics: from 0.37 to 0.1 𝒎**

• Fully consistent with dispersion from BPMs (see Appendix)

• Related analytical De/e0 = 14% (operational optics) ; 1% (PPM-rematched optics)

• considering e0,norm=1.1 um and dp/prms=0.9e-3  

Horizontal dispersion vs. turns

**bR,x = 12.05 m at SMG52 (From “Injection 7” optics)

Operational optics PPM-rematched optics



Horizontal dispersion vs. turns

**bR,x = 12.05 m at SMG52 (From “Injection 7” optics)



PDF here

https://indico.cern.ch/event/734078/contributions/3027339/attachments/1663866/2666833/M.Benedikt_others_matching_2001.pdf


PDF here

https://indico.cern.ch/event/734078/contributions/3027339/attachments/1663866/2666833/M.Benedikt_others_matching_2001.pdf


Last turnFirst turn

Optics C – RF OFF

Last turnFirst turn



Intensities



Energy loss per turn per particle: 

1.17 [MeV·g-1·cm2] x 40e-4 [cm] x 19.3 [g·cm-3] = 0.09 MeV / turn

Energy loss: Bethe-Bloch formula

•Density r = 19.3 g/cm3

•Wire diameter dwire= 40 mm = 40e-4 cm



Wirescanner measurements for PPM-rematched

optics

PS WS 68H at C185 (conventional dp/p deconvolution)
BCMS 0.9 eVs
(PPM) Re-matched optics
RF ON, TFB ON, Coupling Corrected, Zero chromaticity


