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USPAS Accelerator Physics 2019 
 Northern Illinois University and UT-Batelle 

 
It’s Friday! 

Space Charge/Emit Compensation (Todd) 
Emittance Measurements/Quad Scans (Todd) 

Proton Radiotherapy Medical Accelerators (Steve) 
Frequency Map Analysis (Todd, if time) 

Todd Satogata (Jefferson Lab and ODU) / satogata@jlab.org 
Steve Peggs (BNL) / peggs@bnl.gov  

Bhawin Dhital (ODU) / bdhit001@odu.edu and Kiel Hock (BNL) / khock@bnl.gov  
http://www.toddsatogata.net/2019-USPAS 

 
Happy birthday to Emilio Segre (1959 Nobel)! 

Happy National Baked Alaska Day, National Freedom Day, and Hula in the Coola Day! 
(Also Car Insurance Day; please be careful out there) 
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Transverse Space Charge 
§  Space charge is fundamentally Coulomb repulsion of 

particles within the beam boosted into the lab frame 
§  Zero force at center of bunch; grows linearly with transverse r 
§  Looks like a quadrupole to first order (just like beam-beam) 
§  Force scales as         from boosts 

•  electric/magnetic terms cancel at very high boosters/energies 

 
§  Force dependent almost entirely on local current density I/σ2 
§  Assume constant current density in r, slices in z 

“Beer can distribution” 
 
Current dependence on z! 
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Emittances 
§  Slice betatron oscillations dependent on local current I(z) 
§  Thermal emittance vs projected emittance 

§  Thermal emittance: intrinsic emittance of beam from gun 
§  Projected emittance: effective emittance combining all slices 

§  (x,y) rotationally symmetric 
§  Focusing at low energies: solenoids 
§  Zeroth order: solenoidal field balances space charge 

•  Brillouin flow 

http://uspas.fnal.gov/materials/10MIT/Lecture5_BeamDynamicsWithSpaceCharge_text.pdf 
             (David Dowell, 2010 USPAS)  
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Envelope Equation of Motion 

§  Equation of motion of beam size oscillations in each slice 

§  Provide solenoid focusing to balance average space charge 
§  This is a local equilibrium: expand 

 
§  Each slice oscillates around this equilibrium depending on I(z) 

§  Expand equation of motion and linearize to find 

http://uspas.fnal.gov/materials/10MIT/Lecture5_BeamDynamicsWithSpaceCharge_text.pdf 
             (David Dowell, 2010 USPAS)  
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Space Charge Compensation 

§  Beam distribution starts small at photoinjector 
§  Projected emittance spoiled by I-dependent space charge 
§  But slice emittances individually are still conserved 

§  Emittance spoiling is an “incoherent” effect created by 
projection of current variation into projected emittance 
§  Slice emittances oscillate with different amplitudes and 

phases 
§  But also move with same frequency in linearized 

approximation 
§  Therefore there are locations where they realign to locally 

minimize projected emittance 
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Some Math 

http://uspas.fnal.gov/materials/10MIT/Lecture5_BeamDynamicsWithSpaceCharge_text.pdf 
             (David Dowell, 2010 USPAS)  
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Putting It Together 

http://pbpl.physics.ucla.edu/Education/Schools/USPAS_2004/Lecture4.pdf 
           (Jamie Rosenzweig, 2004 USPAS)  

“Trace space” of beam 
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Emittance Measurements: Quad Scans 

§  We can measure beam profiles and their projections 
§  Observables: 
§  But 
§  How do we disentangle these to measure beam “beta” and 

beam emittance? 
§  One of the most common methods is a quadrupole scan 

§  Vary focusing K of single quadrupole 
§  Measure beam size at point downstream (a “harp”) 
§  Matrix from thin quadrupole to harp is M 
§  Then total matrix including harp and quadrupole is 
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See Minty and Zimmermann textbook... 
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Emittance Measurements: Quad Scans 

§  How does the beam size propagate? Sigma matrix: 

§  Expand via tedious algebra to find 
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Emittance Measurements 

§  This is a quadratic relating an observable <x2>=σ2 to a 
control knob K (quadrupole strength) 

§  Plot measured σ2 vs set K and use model Mij 
§  Usually M is a drift matrix and so is known reasonably well 

§  “Convenient” parameterization of above quadratic 
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Some More Math 

§  But remember sigma matrix elements are related to beam 
alphas, betas, and emittances 
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Systematic Beam Size Scale Errors 

(Tech note I wrote for a summer student... ask for a copy if you want!) 
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Systematic Beam Size Scale Error 
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M. Minty: Many USPAS’s 
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WARNING! 
DANGER!!! 
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(Proton Radiotherapy: Steve) 


