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RFRF-- photoinjectorphotoinjector

•External forces – RF – Solenoids
•Collective Self Fields
•Boundary conditions (cathode – walls)

RF-GUN LINAC

SOLENOID

SOLENOID

2..1k RF ≅γ′≡α

•High gradient
•Short pulse σt<<TRF
•The beam becomes relativistic in the first half cell
•Transition from laminar to emittance dominated motion in few meters

Scaled problem for emittance compensation



OtherOther typicaltypical situationssituations

DC DC gunsguns
LowerLower gradientsgradients & & largerlarger emittancesemittances

MergerMerger
Mix of high Mix of high energyenergy + + lowlow energyenergy beamsbeams
EmittanceEmittance compensationcompensation forfor the the lowlow energyenergy
beambeam

BendingBending magnetsmagnets
SPCSPC
CSRCSR
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CSR & SPCCSR & SPC
(A) radiative term
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(B) space charge term

Genuine space charge effects may appear at high peak current & moderate energy

Note: The “line charge method” includes only part of the space charge effects in (B), 
e.g. in a drift SPC are neglected

500 µm
γ = 200, R = 2.4m
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Term (B) in a bend :
1) Geometric - kinematic factor +
2) Curved trajectory → small retarded delay 
→ small retarded distance



SolutionSolution MethodsMethods

Differential Differential 
MethodsMethods

ITACA ITACA 
SpiffeSpiffe
……

Integral Integral 
MethodsMethods

fields are derived fields are derived 
at each time step at each time step 
from the particles from the particles 
coordinates and coordinates and 
velocitiesvelocities

MaxwellsMaxwells LorentzLorentz
EquationsEquations

Quasi Static Quasi Static 
approximation.approximation.
Poisson Poisson eqeq. in . in 
the moving the moving 
frameframe

+ no + no accelaccel. fields. fields
+ no+ no--retarded retarded 

times times 
+ relax on velocity + relax on velocity 
spread  spread  ∆β∆β//ββ <<1<<1

PARMELAPARMELA
GPTGPT
BEAMPATHBEAMPATH
ASTRA*ASTRA*
……

LienardLienard WiechertWiechert
retarded potentialsretarded potentials

TREDI TREDI 
TraficTrafic4 4 &&
CSRTrackCSRTrack

Relax on boundary Relax on boundary 
conditions which are conditions which are 
treated only for flat, treated only for flat, 
perfectly conducting perfectly conducting 
walls (e.g. cathode). walls (e.g. cathode). 

HOMDYNHOMDYN
+ + paraxialparaxial approximationapproximation σσ’’<<1<<1
+ + smallsmall sliceslice energyenergy spreadspread σγσγ<<1<<1
+ + uniformuniform bunchbunch distributiondistribution

SemiSemi--
AnalyticAnalytic

2 2 dimensionsdimensions

First
principles

Examples

fields are independent fields are independent 
variables of the problemvariables of the problem

*ASTRA*ASTRA accountsaccounts forfor a a particlesparticles velocityvelocity spreadspread in the in the movingmoving frameframe



PDE METHODSPDE METHODS

Given charges and currents distributions

solve Maxwell’s Equations with a PDE 
Solver (e.g. LeapFrog)

Calculate new charge & current distributions
with the known fields

The The fieldsfields are are evaluatedevaluated on a on a meshmesh withwith spacingspacing ((δδxx,,δδyy,,δδzz))

The The highesthighest k k vectorvector supportedsupported byby the the meshmesh isis givengiven byby

The The highesthighest frequencyfrequency isis givengiven byby

IntegrationIntegration Time Time step
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TIME / SPACE TIME / SPACE decoherencedecoherence

MagneticMagnetic and and ElectricElectric FieldsFields are are notnot knownknown in the in the samesame
placeplace at the at the samesame time. time. 

InterpolationInterpolation isis requiredrequired..
At large γ the Lorentz force equation is sensitive to relative 
errors between E and B components. Cancellation ∝1/ γ2 is not
correctly reproduced. The requirements on the mesh becomes
more strict at large γ

E, B

Alternative: Maxwell eq. in 2D - Itaca (L.Serafini), Spiffe (M. Borland)

A closed sub-set of Maxwell equations, where the field propagation 
(driven by the source  [ρ,J] ) can be fully described in terms of a scalar 
pseudo-potential ( )tzrHr ,,ϕ⋅≡Φ
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Scalar wave equation + ODE for electric field



FromFrom DifferentialDifferential methodsmethods toto integralintegral methodsmethods
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Transition from laminar to emittance dominated motion

typical µ=1, I=100 A, λRF≈ 10 cm,  εth ≈ 0.3 mm-mrad - the simulation length
is ≈ 4 m (more with vel. bunching) + “High Resolution” required to recover εth
after acceleration

““EmittanceEmittance compensationcompensation” ” extendsextends the the spatialspatial rangerange wherewhere space space chargecharge
effectseffects mustmust bebe takentaken intointo considerationconsideration –– increasedincreased meshmesh sizesize

DifficultyDifficulty in in separatingseparating the the evolutionevolution of the of the acceleratingaccelerating fieldfield and of the and of the 
particlesparticles dynamicsdynamics

ExtensionExtension toto 3D 3D domaindomain notnot straightforwardstraightforward forfor the the ““decoherencedecoherence”” problemproblem
and and forfor the the increasedincreased meshmesh sizesize

→ → IntegralIntegral MethodsMethods



LienardLienard WiechertWiechert RetardedRetarded PotentialsPotentials
Traffic4, Traffic4, CSRTrackCSRTrack, , R.LiR.Li codecode, , TREDITREDI
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Three Three dimensoionaldimensoional algorithm algorithm 

Includes radiation effects and space charge effects in bendsIncludes radiation effects and space charge effects in bends

Trajectories are stored and the fields evaluation  requires bracTrajectories are stored and the fields evaluation  requires bracketing of the keting of the 
retarded condition.retarded condition.

The implementation of “Extended particles” requires careful treaThe implementation of “Extended particles” requires careful treatment of tment of 
retarded conditionretarded condition

The problem scales with nThe problem scales with nee
22 or or nneexMxM with and M vertices meshwith and M vertices mesh



EvaluationEvaluation of of fieldsfields in “Quasi in “Quasi StaticStatic” ” approxapprox. . 
((ParmelaParmela, GPT, Astra, , GPT, Astra, BeampathBeampath …)…)

• A space-charge mesh centered on a reference particle moves at the γ of the 
particle.

• Particle coordinates and momenta are transformed to the frame of this mesh 
and are assumed at rest*. We have indeed (                                       )

• The charge is assigned to mesh cells.
• The electrostatic field at the particles coordinates are given by the sum of

Green functions of  a  charged ring (2D scheff) for each mesh node
• Momentum kicks are applied to particles
• The coordinates and momenta of the new particle coordinates are 

transformed back to the lab frame.

12
<<=∆

RF

bunch

λ
πσφ

*in ASTRA the particle velocities are used as sources of magnetic fieds in the moving frame



Quasi static approximationQuasi static approximation

Cartesian geometry is required in bendsCartesian geometry is required in bends

In curved trajectoriesIn curved trajectories

Magnetic field components in the moving frame appearsMagnetic field components in the moving frame appears
If If ∆β∆β┴┴ is relativistic, the time of signal propagation within the is relativistic, the time of signal propagation within the 
bunch is not negligiblebunch is not negligible

Not adequate to simulate the interaction of a high Not adequate to simulate the interaction of a high 
energy and a low energy beams in a  “merger”

ββ
R
l b≈∆ ⊥

energy and a low energy beams in a  “merger”



HOMDYNHOMDYN (M.(M. FerrarioFerrario))
multimulti--envelopeenvelope model: model: time dependent space chargetime dependent space charge of a of a 

uniform charged bunchuniform charged bunch
OriginallyOriginally developeddeveloped for for BBU studiesBBU studies in SC linacsin SC linacs

CouldCould easily include the Line chargeeasily include the Line charge methodmethod for CSRfor CSR

•Paraxial approximation σ’<<1
•Small energy spread σγ<<1
•Uniform bunch distribution, no wave breaking
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Extremely fast – allows a fast relaxation of the parameters 



Code Code comparisoncomparison

Test caseTest case
SS--Band Band GunGun
SolenoidSolenoid 2.541 2.541 kGkG
DriftDrift
1 1 nCnC –– 1mm, 10 1mm, 10 psps squaresquare pulsepulse
SameSame fieldfield mapsmaps fromfrom SuperfishSuperfish or or PoissonPoisson forfor allall the the codescodes



Code Code comparisoncomparison

RF-Gun + Solenoid

••The The imageimage chargecharge modelmodel isis appropriate appropriate toto
representrepresent the the boundaryboundary conditionsconditions at the at the 
cathodecathode
••The The quasiquasi--staticstatic approximationapproximation givegive goodgood
resultsresults forfor the the BNLBNL--likelike gungun RF-Gun + Solenoid + Drift



CPU timesCPU times

TREDI quasi static - assumptions – 2D +
• The velocity of the source particle doesn’t change on a time scale 

comparable to the retarded time;
• The contribution of acceleration fields is negligible.

*The CPU time for Tredi STATIC is integrated over the 16 nodes.  The “waiting” time is 1/16.

*

TREDI is now a factor ~ 3 faster – Optimized compiler (factor 1.6) + code (factor 2)



Cathode Q.E. Cathode Q.E. inhomogeneityinhomogeneity studies studies 
((ParmelaParmela spch3D / TREDI)spch3D / TREDI)
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Compression Compression 
at low energyat low energy
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Simulation is difficult.  Number of macroSimulation is difficult.  Number of macro--particles is low because of timeparticles is low because of time--
intensive spaceintensive space--charge calculations.charge calculations.
Sharp emittance increase when “fold over” begins is missing in sSharp emittance increase when “fold over” begins is missing in simulations.imulations.

Scott Anderson Thesis defense



Line charge method Line charge method (Courtesy of J.(Courtesy of J. RosenzweigRosenzweig))

9 MeV !!!



TREDI TREDI isis a a multimulti--purposepurpose macroparticlemacroparticle 3D Monte Carlo3D Monte Carlo

Three dimensionalThree dimensional effects in photoeffects in photo--injectorsinjectors
InhomogeneitiesInhomogeneities of cathode quantum efficiency / Laser misalignmentsof cathode quantum efficiency / Laser misalignments
MultipolarMultipolar terms in accelerating fieldsterms in accelerating fields

““33--DD”” injector for injector for high aspect ratio beam productionhigh aspect ratio beam production
Coherent radiation emission and space charge effects in Coherent radiation emission and space charge effects in 
bendingsbendings

Available devices list:
Rf-guns
Linacs (TW & SW)
Solenoids
Bendings
Undulators
Quadrupoles
Field Maps
Custom devices

FEATURES:FEATURES:
LW based 3D algorithm LW based 3D algorithm 
SPC & CSR fields naturally included SPC & CSR fields naturally included 

15000 15000 lineslines in C in C languagelanguage
Scalar & Scalar & ParallelParallel (MPI 2.0)(MPI 2.0)
Unix & Windows Unix & Windows versionsversions
Tcl/Tk Gui (Tcl/Tk Gui (prepre--processingprocessing))
Mathematica & MathCad Mathematica & MathCad frontendsfrontends
Output format in NCSA HDF5 formatOutput format in NCSA HDF5 format



Virginia FEL Conference - TREDI exercise: 
GUN  + solenoid + linac + FEL 



ConclusionsConclusions
ERL features asks “specialization” in models for space charge ERL features asks “specialization” in models for space charge 
simulationssimulations

RFRF--Gun injector Gun injector –– Poisson Poisson eqeq. in the moving frame. in the moving frame
CSR & Space charge effects in bends CSR & Space charge effects in bends –– LienardLienard WiechertWiechert retarded pot.retarded pot.
CSR & CSR & MicrobunchingMicrobunching instability instability –– Line charge methodLine charge method

New ideas for efficiently combining together the various effectsNew ideas for efficiently combining together the various effects that that 
may appear simultaneously are desirable.may appear simultaneously are desirable.

Some of the models are CPU consumingSome of the models are CPU consuming
Great improvement from Moore’s Law & parallel computing Great improvement from Moore’s Law & parallel computing 
(ex. TREDI: 1996/300 particles, 2005/50000 particles) (ex. TREDI: 1996/300 particles, 2005/50000 particles) 
EUROFEL EUROFEL –– dedicated cluster with 50dedicated cluster with 50--60 nodes60 nodes

More codes benchmarking in other situations than RFMore codes benchmarking in other situations than RF--
PhotoinjectorsPhotoinjectors is desirableis desirable



… … otherother referencesreferences relatedrelated toto TREDITREDI

Thanks to
S. Anderson, M. Borland, M. Ferrario, C. Limborg, 

A. Kabel, P. Musumeci, C. Ronsivalle, J. Rosenzweig, L. Serafini
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