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Accelerator Key Parameters 

  light source:  spectral brilliance 

  measure for phase space density of photon flux 

   user requirement: high brightness 

        →   lot of monochromatic photons on sample 

bandwidth] 0.1%][mrad[][mm[sec]

photons ofNumber 
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  connection to machine parameters 
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   preserve small emittance 

        →   question of stability 

        →   require active feedback systems / careful design considerations 

  requirements 

   design of small emittance machine 

        →   proper choice of magnet lattice 

Gero Kube, DESY / MDI 

   user requirement: high luminosity 

        →   lot of interactions in reaction channel 

relativistic invariant proportionality factor between 

cross section σ (property of interaction) and number of 

interactions per second 

  collider:  luminosity 

  measure for the collider performance 

for two identical beams with emittances εx = εz = ε 

  connection to machine parameters 

𝑁 =  𝔏 ∙ 𝜎 

𝔏 =
𝐼1 ∙ 𝐼2
𝜀
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Transverse Emittance 

  projection of phase space volume 

  separate horizontal, vertical and longitudinal plane 

  accelerator key parameter 

  defines luminosity / brilliance 

  linear forces 

  any particle moves on an ellipse in trace  

     space (x,x') 

  ellipse rotates in magnets and shears along drifts  

         →   but area is preserved:  emittance 
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    ( α, β, γ: Courant-Snyder or Twiss parameters ) 

22 ''2 xxxx  
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  transformation along accelerator 

  knowledge of the magnet structure  (beam optics)    →     transformation from initial (i) to final (f) location 
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→     single particle transformation →     transformation of Courant-Snyder/Twiss parameters 
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Transverse Emittance Ellipse 

  propagation along accelerator 

  change of ellipse shape and orientation 
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→   area is preserved 
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beam waist: 

→  minimum in envelope  →  minimum in β  →  β΄ = 0   → α = 0 

  )(cos)()( sssx 
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Emittance and Beam Matrix 

  via Twiss parameters 

22 ''2 xxxx  
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  statistical definition 

P.M. Lapostolle, IEEE Trans. Nucl. Sci. NS-18, No.3 (1971) 1101 
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2nd moment of beam 

distribution ρ(x) 

  εrms is measure of spread in phase space 

  root-mean-square (rms) of distribution 
2/1

2xx 

  εrms useful definition for non-linear beams 

      →  usually restriction to certain range 

            (c.f. 90% of particles instead of [-∞,+∞]) 

  beam matrix 
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  transformation of beam matrix 
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Emittance Measurement: Principle 

  emittance: projected area of transverse phase space volume 

  not directly accessible for beam diagnostics 

 beam divergence  2

22 'x

 beam size  2

11 x

  measured quantity 

 divergence measurements seldom in use 

       →    restriction to profile measurements 

  measurement schemes 

 beam matrix based measurements 

       →  determination of  beam matrix elements:   
2

122211det 

 mapping of phase space 

       →  restrict to (infenitesimal) element in space coordinate, convert angles x‘ in position 
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beam size 

beam divergence 

Circular Accelerators 

  emittance diagnostics in circular accelerators  

  circular accelerator:    periodic with circumference C0 

     →   one-turn transport matrix:  M(s+C0) = M(s) 

     →   Twiss parameters α(s), β(s), γ(s) uniquely defined at  

            each location in ring   

  measurement at one location in ring sufficient to determine ε 

    →   measured quantity:     beam profile / angular distribution 

  classification  
beam spot 

wavefront 

manipulation 
spatial resolving 

detector (CCD) 

  imaging 

     →   beam size 

  interference 

     →   beam size 

  projection 

     →   beam divergence 

image size 

interference 

pattern 

angular 

distribution 
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Beam Matrix based Measurements 

  starting point:   beam matrix 
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122211det 

  emittance determination 

  measurement of  3 matrix elements   Σ11,  Σ12,  Σ22 

  remember:  beam matrix  Σ depends on location, i.e. Σ(s) 

      →   determination of matrix elements at same location required 

  access to matrix elements 

  profile monitor determines  only 

   other matrix elements can be inferred from beam profiles taken under various transport conditions 

      →   knowledge of transport matrix M  required 
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  measurement of at least 3 profiles  for 3 matrix elements 

  measurement :  profiles 

  known:  transport optics  

  deduced:  matrix elements 

cbacba ,,
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221211 ,, 

→    more than 3 profile measurements favourable, data subjected to least-square analysis  
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Beam Matrix based Measurements 

  „quadrupole scan“ method 

  use of variable quadrupole strengths 

      →   change quadrupole settings and measure beam size in  profile monitor located downstream 

Mquad  (f = 1/k) Mdrift   (drift space) 

→    M =MdriftMquad 
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quadrupole transfer matrix 
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M drift

drift space transfer matrix 

  Σ11 depends quadratically on  

     quadrupole  field strength 
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Beam Matrix based Measurements 

  „multi profile monitor“ method 

  fixed particle beam optics 

      →   measure beam sizes using multiple profile monitors at different locations  

4 monitor stations in a 

FODO lattice 

10DBC2 

  example: 

        emittance measurement 

        setup at FLASH injector  (DESY) 

courtesy: K. Honkavaara (DESY) 

  task 

  beam profile measurement 
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By moving the lens one can take pictures from the camera in the focus (not preferred due to 

limited resolution of the optic system) and on other positions. The distance of the lens to 

various screen positions can be measured by a simple ruler*. The camera is connected to a 

Computer where the readout software is installed. The pictures (.jpg) can be saved and can be 

loaded into a free software called “ImageJ” where a profile of an area can be displayed and 

the curser position and the value is displayed (8 bit). The  of the profile have to be found for 

each screen (camera) position and the emittance have to be calculated. 

 

* Move the lens to simulate different screen positions 

Camera    Screen   Calibration Screen    Moveable Lens    Aperture    Laser 

Introduction 



Parameters 
  CCD 

  material: white paper   Phytec USB-CAM 051H 

  screen 

  grid target 

  spacing: 1 mm 

  Laser: LaserBoyII 



CCD Readout: Introduction 

  readout program 

  histogram of grey values 

  CCD control parameters 

     →      Device  →      Properties 

PHYTEC Vision Demo 2.2 

Check 

always: 

Do not 

saturate 

(255) 



Calibration 

Use mm-grid to calibrate the  

readout setup. 

Select ROI (where beam image will 

appear), plot profile, use cursor and 

enter measurement into pre-prepared 

Excel sheet “Laser emittance.xlsx” 

All yellow cells will be 

calculated automatically 

Your tasks in green frames  Check: 

Do not 

saturate 

(255) 



ImageJ: Introduction 
  press icon access to start panel 

-> list data points 

  load image file   →  File  →  Open        (Shortcut:  Ctrl + O) 

  select ROI: in start panel:    select left button (below “File”), usually already pre-selected 

then with left mouse button: draw rectangular ROI 

  plot horizontal projection   →  Analyze  →  Plot Profile        (Shortcut:  Ctrl + k) 

-> save data as .csv file (required for profile fitting)   save data 



ImageJ: Introduction 

  profile fitting   →  Analyze  →  Tools  →   Curve Fitting… 

  load profile data:    

load .csv data file 

  delete bad data:    

remove first line in file 

  select fit function:    fit profile data  
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122211det  rms

Hint1: Make the distances equal, set s1 = 0, s2 = - s0 

Hint 2: Avoid position at waist (why?) 

y
2
measured = M1

211 + 2M11 M1212 + M12
2 22 

 

No optical elements =>  

2(S1) measured = 11 + 2s1 12 + s1
2 22 

2(S0)measured = 11 + 2s0 12 + s0
2 22 

2(S2)measured = 11 + 2s2 12 + s2
2 22 

Take profiles at 

3 different distances 

lens-screen. Move 

lense to simulate 3 

positions.  

= 2(S0) 

= 2(+s) 

= 2(-s) 

Adjust the aperture so that the image looks 

quite gaussian at its larges size! 

S1=0 
Check: 

Do not 

saturate 

(255) 



=M1 
=M2                  S0                     

                 S2                    

Make the distances equal, set s1 = 0, s2 = - s0 

Take profiles at 

3 different distances 

lens-screen. 

Enter the screen positons +s, 0, -s and the measured  from fits (in pixel) at +s, 0 

and –s into the Excel sheet: 

The emittance is calculated by the 

formulas. 

Since the Laser is not gaussian, vary 

a little(!) the fitted widthes. Note 

how sensitive the emittance behave.  

=> Need of good resolution and 

good fits. 

Check: 

Do not 

saturate 

(255) 


