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INTRODUCTION 
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EMMA COD status 

• A large COD (~10mm peak-to-peak) is measured in 
EMMA.  

• The main source in the horizontal plane is the septum 
stray field (0.5 mTm). In the vertical plane the source is 
unidentified. 

• Response matrices have been measured due to 
quadrupole shifts and vertical correctors. As well as 
improving correction, the measurements may yield 
information about the machine. 
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Diagnostics 
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• In general, 2 BPMs per cell. One in 
between every quadrupole pair and two 
at either end of every other long drift. 

• There is also a WCM in the ring. 
• BPM data now read by EPICS shot-by-shot 

and stored on a server for later retrieval.  
• Due to the beam traversal of the BPM 

aperture, mapping voltages to 
coordinates is non-trivial. A CST model 
was used to work out the mapping. 

FIGURE 3. Two cells of the EMMA lattice, viewed from above.

accurate initial alignment of the magnets and the BPMs. The BPM readings themselves are likely to be the only point

of reference for the beam measurements.

Due to the very strong focusing in this ring, it is likely that as long as the beam is injected into the dynamic aperture

of the machine (which should be relatively large), the beam will make it around at least once. From that point, one

can search for closed orbits at various energies, and then minimize the closed orbit distortion via magnet alignments.

Horizontal misalignments are easily corrected by horizontal displacements. One should insure that vertical alignments

can be corrected through some fine adjustment, which in principle need not be made very often (ideally only once).

SETTING MACHINE PARAMETERS, MEASURING LATTICE FUNCTIONS

To determine the properties of a configuration and to ascertain whether we have reached the proper configuration, one

must find the tunes and the time of flight as a function of energy. More precisely, at a number of different energies,

one will find the closed orbit, measure the time of flight on that closed orbit, and measure the beam tunes by inducing

small oscillations in the beam. Ideally one would like the tunes to about 1% accuracy and the time of flight per turn to

better than 10 ps. One should be able to compute these quantities at a relatively modest number of energies (10–20 at

most) and use a least-squares spline interpolation to determine the functional dependence at any energy. Finding the

closed orbits accurately will not be possible near an integer tune, and the tunes will be difficult to determine near half

integer tunes.

To obtain the times of flight and tunes, one must store the beam for a number of turns at fixed energy. Because of

beam loading, the beam will gradually lose energy to the cavities. This will happen slowly at first, but the total energy

loss will be quadratic in the number of turns if the beam frequency and the cavity frequency are the same, and will



Closed orbit calculation (1) 

• Calculate closed orbit for each BPM and for 
each shot.  
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Closed orbit calculation (2) 
• Calculate closed orbit at each BPM for each shot. Error bar is the standard 

deviation of the set of closed orbits calculated for all shots.  

Horizontal and vertical closed orbits at 18 MeV/c  
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Apparent closed orbit variation (1) 
• Fit to coordinate versus turn implies a slow COD variation with turn. 
• Is the variation due to a change in beam momentum, drift in BPM electronics or a 

time-varying error source? 
• Establishing the cause of the drift should allow us to calculate the closed orbit with 

more confidence. 
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Calculating closed orbits
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COD more than 10 mm!BPM signals – turn-by-turn data 



Apparent closed orbit variation (2) 
• In general, slope of fitted line depends on amplitude of COD at each BPM. 
• This indicates that the trend is probably not something solely to do with 

the BPMs themselves but is related to some property of the beam. 

Fit for each BPM Slope of fitted line  
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Debunching measured by WCM 
(Ian Kirkman) 
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RESPONSE MATRIX  
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Response matrix measurement 

• Decided on a +/- 0.5 mm magnet shift & +/- 0.2 V on 
vertical corrector to measure response matrices. 
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Response at 18MeV/c 
• Look at response at each BPM due to a single magnet shift. 
• Can see characteristic “dip” at the corrector location. 
• Error bars obtained by adding in quadrature the closed orbit standard deviation 

over shots. 

Horizontal co response to D in cell 14 shift Vertical co response to VC in cell 29 
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D-14 response VC-29 response 



Lattice parameters from response matrix 

• Use downhill simplex algorithm to find β at corrector and BPM 
and cell tune. 
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υx= 0.155, βD,βBPM= 0.302, 0.484 m  

D-14 response 

Fractional part of tune, 0.5, is consistent 
with turn-by-turn coordinate 

D-14 x(turn) 



Vertical response to quad shift? 

Vertical co response to D in cell 17 shift (left) and D in cell 20 shift (right). 

• Vertical response in cell 11 BPM seems to 
correlate with horizontal response in same 
BPM. 

• Need larger shift and more data to see if 
there is any real effect.   
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Response Matrix measurements to date 

Equivalent  momentum (MeV/c) Components measured 

11.66 D, F, VC 

14.3 D. F, VC 

16.1 D, F, VC 

17.8 D, F, VC 

18.0 D, F, VC 

18.2 F, VC 

18.4 F 

18.6 D, F, VC 
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COD CORRECTION 
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COD correction at single momentum 
• Correction using fit to measured response matrix and least squares. 

• COD reduced but room for improvement. 

• Example at 17.9 MeV/c, data from 5/11/12 and 30/8/12. 
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Horizontal Vertical 



COD correction at multiple momenta 
(simulation) Correct all momenta using D magnets only

12.7 MeV/c
14.6 MeV/c
16.4 MeV/c
18.0 MeV/c
19.7 MeV/c

D magnets
F magnets

<max>  = 6.9
<stddev> = 3.0

<max>  = 4.1
<stddev> = 1.3

• Weights D: 1.0FFAG12, Osaka University, 12-15/11/2012 

• Can expand the response matrix to cover multiple momenta and find optimal 
correction settings. 



COD correction at multiple momenta 
(verification) 

Verification of COD correction
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• COD improved as predicted at the measured momenta
• Increase momentum acceptance of EMMA by targeting COD at low and 
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Conclusions 

• Can measure response matrix. Have 
demonstrated COD correction using fitted 
response matrix. 

• The response matrix provides a measure of 
tune and beta at corrector and measurement 
locations. 
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