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 Introduction

o The Brightness

o An example of a Linac (photo injector) ad hoc for 

Thomson/Compton sources

o RF-Gun introduction (physics and beam dynamics)

 Useful codes for space charge dominated beam simulations

o Point to Point (P-P) 2D - 3D Codes

o The Astra code

o Examples of the Astra Use

 CAIN, a Montecarlo quantum code to simulate electron-photon 

interactions

o Some examples of the CAIN use

 Useful references



 The Brightness – 1
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Southern european Thomson source for Applied Research: monochromatic, tunable,

ps-long, polarized X-ray beams, from 20 to 140 keV. Unical, CNISM, INFN and Sinc.

Trieste Collaboration.

Experiments on matter science, cultural heritage, radiological imaging with micro-

tomography capabilities are foreseen . Collision laser based on a Yb:Yag 100 Hz

STAR project (at Univ. of Calabria campus)



A typical High Brigthness electron BeamLine

The Gun:

-Laser Longitudinal profile

-Laser transverse dimension

(relative uniformity)

-Inj. phase in RF Acc.Field

-RF Epeak

Gun Solenoid:

-Position

-Intensity

First Acc. Cavity

-Position

-Inj.phase

-RF Epeak

First Solen. array

-Position

-Intesity

Second Acc. Cavity

-Position

-Inj.phase

-RF Epeak

Second Solen. array

-Position

-Intesity

Third Acc. Cavity

-Position

-Inj.phase

-RF Epeak

19 parameters, some strongly coupled  (non 

linearly) to each other

In-blue harder parameters to be set (12/19)

In-black easier parameters to be set (7/19)



Radio-Frequency Photo-Injectors

hn

UCLA/SLAC/BNL

S-band  next gen. RF Gun

Photo-Cathode Emissivity J < 10 kA/cm2

(t)Prompt emission on a ps time scale



Qeff  Nelectrons Nlaserphotons

Qeff Cu  photo cathode  5 105

WCu  4.2eV , hn  4.6eV

Q 1 nC  needs  Ulas 
hn Qbunch

Qeff

 92  J

Thermoionic Injectors

Cathode Emissivity J < 20 A/cm2



Beam Dinamycs in Photo-Injectors

themperature emittance @ photo-cathode

(real liouvillian emittance)
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Optimize High Brigthness BeamLines is challenging – 1

The electron beam is an ‘reactive’ distribution:

External 

Forces 

Internal

Force (active 

reaction)

γ (ralativistic factor) is fondamental! and

the bunch reaction is strictly linked to the

bunch energy up to the bunch frozen

𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑟𝑒𝑝. 𝐹

𝑀𝑎𝑔. 𝑎𝑡𝑡𝑟𝑎𝑐. 𝐹
=

𝑐

𝑣

2
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A Traveling

Electron

beam
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charged particle

by Gauss-Amper Fs

SC dominated = Laminar

emit. dominated = neutral gas or 

betatron incoherent osc. dominated

HB Bunches (250/500 pC) are still laminar at 120/150 MeV (or quasi laminar !) 

𝑺𝑪𝒕𝒓𝒂𝒔. ∝
𝟏

𝜸𝟑

𝑺𝑪𝒍𝒐𝒏𝒈. ∝
𝟏

𝜸𝟒

on sc and laminar beam

Space-Charge dominated bunches are hard to be tamed



S.C.R.C.P. or
Laminar Plasma-Beam

• Plasma launched at relativistic velocities along the propagation axis with 
equivalent ionization = 1/2 ; plasma confinement provided by external 
focusing (solenoids, ponderomotive RF focusing, acceleration)

• Spread in plasma frequency along the bunch  strong time-dependent 
space charge effects  inter-slice dynamics

© M. Serafini

Liouvillian emittance = foil volume
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2
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Projected emittance (shadow) >>  slice emittance (foil thickness)



Some of the more used Codes

A consistent simulatin of the SC must be done by using PIC or P-P codes

Parmela (Los Alamos National Lab. , L. Youg and J. Billen, PIC/P-P(?))

Tstep (Parmela Clone, from a Private Company, PIC)

Astra (Desy, Klaus Floettmann, Free Code, PIC/P-P), used at Flash-FEL

GPT (Private company Pulsar Physics, Netherlands)

IMPACT-T and 

IMPACT-Z (Berkeley Lab., Ji Qiang, Free Code) 

Usually the Space-Charge is a main issue for Linac injectors up to 100 MeV. Typical

applications: FEL, Thomson/Compton sources or ultra short bunches for Plasma

Wave Accelerators)



CODES Model (2D cylindrical symmetry or 3D p-p)

Space charge force computation: Lorentz-transforming the particles position and field maps into
the average rest frame of the beam.
It then applies static forces to the various rings of the cylindrical map assuming a constant
charge density inside a ring.
This algorithm requires to have some particles in each of the cell of the cylindrical grid.

d

r
R

sample particle



Let us introduce:



Astra input files and free parameters

Let see the STAR project input files

All 3D (or 2D) pic tracking code have two main algorithms: 1) e-bunch extraction 

from cathode or particles generation),  2) e-bunch tracking into the beam-line.

Input for e-bunch extraction: 

main parameters 

to work on

Laser pulse shaping



Astra input files and free parameters



Astra main output files



Space Charge ON



Space Charge OFF



On the cathode



Gun Exit Aggiungere 
senza carica 
spaz



Linac entrance

Long. phase space
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zoom-box 

Focusing
channel
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A Quantum Code, To simulate the Electron-Phothon Bunches 
schattering



Slide da luca su scattering



Cain Input file



STAR Linac, 

X-ray source @ 60 MeV –recoil << initial Δγ/γ

Let consider an electron-bunch with an Δγ/γ of 0.003 , scattering λ=1um, 0.4 J, W0=20um 
laser

𝐸𝑚𝑎𝑥 =
4𝛾2ℎ𝜐

1+Δ
, Δ=

4𝛾ℎ𝜐
511𝑘𝑒𝑉

𝐸𝑝ℎ 𝜆𝑙𝑎𝑠𝑒𝑟 = 1 𝑢𝑚 = 1.24 𝑒𝑉

𝐸𝑚𝑎𝑥 = 71.340𝑘𝑒𝑉, Δ=0.00116 
(recoil)



STAR Linac, 

X-ray source @ 60 MeV – recoil small but > initial Δγ/γ

Let consider an electron-bunch with ultra low Δγ/γ of 0.00003  and same condition as 
before

𝐸𝑚𝑎𝑥 = 71.340𝑘𝑒𝑉, Δ=0.00116



STAR Linac, 

X-ray source @ 1 GeV –not negligible recoil

Let consider an electron-bunch with an Δγ/γ of 0.0005, scattering λ=1um, 1 J, W0=20um 
laser

𝐸𝑚𝑎𝑥 =
4𝛾2ℎ𝜐

1+Δ
, Δ=

4𝛾ℎ𝜐
511𝑘𝑒𝑉

𝐸𝑝ℎ 𝜆𝑙𝑎𝑠𝑒𝑟 = 1 𝑢𝑚 = 1.24 𝑒𝑉

𝐸𝑚𝑎𝑥 = 19.46𝑀𝑒𝑉, Δ=0.019𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =
8.4𝐸8 ∙𝐿𝑎𝑠𝑒𝑟𝐸𝑛𝑒𝑟𝑔𝑦 𝐽 ∙𝑄𝑏𝑢𝑛𝑐ℎ 𝑝𝐶

𝑃ℎ𝑜𝑡𝑜𝑛𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑉 ∙(𝜎𝑥
2 𝜇𝑚 + 0.25∙𝑊0 𝜇𝑚 )

𝑊0 = 𝑅𝐿 ∙ 𝜆𝐿/𝜋
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GIOTTO – Genetic Interface for OpTimising Tracking with Optics

fitness function freely defined by the user, by using all the tracking code’s outputs (Astra)
or by a dedicated post processor for the Lcomb configuration:
PosZ, time, En, Den, SigZ, Xemit, sigX, divergX, Yemit, SigY, divergY, emitY ….
Multi bunches Post_Pro:SCurrent(NSpike), SemitX(Nspike), SemitY, Sdist(Nspike) ….

switches from Genetic Optimizations to Statistical Analysis. Each variable can be analyzed.
The sampling interval can be sampled in uniform or Gaussion way – very fast stat. analysis.

NameList (nml) can be imported into a DB and each nml variables can be used as a Giotto
variable to be optimized (genes) (ex. Phi(1)…Phi(50),maxe(1),maxb(1), sig_x,sig_clock ---
No limit in the number)

Constraints  freely defined by the user

Nowadays “quasi-classic” optimization techniques   >> elitism; advanced mutation 
operators;  hill climbing; regeneration from best solutions; parallelization  (Open-MPI, MS-mpi)

What makes the difference:

From 2007 up to day, the code is grew in power and versatility

GIOTTO repository: http://pcfasci.fisica.unimi.it/Pagine/GIOTTO/GIOTTO.htm
or write to alberto.bacci@mi.infn.it



The Brightness – 2

22

, xxxxxn
  Ellipse equation (The Area is επ)normalized 

rms-emittance

must be normalized because:
jy

jy

jz

jx

p

p
y

p

p
x

,

,

,

,
, 

geometrical emittance

Martin Reiser – Theory and Design of Charged 

Particle Beams

Courant-Snyder or Twiss parameters:
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Why High Brightness

- In Free Electron Lasers: 

- In Thomson/compton source – To drammatically improve the Spectral Density 



Very useful codes (particles tracking and beam line Optimization)

MAD (Methodical Accelerator Design, FREE ,first ed.‘70) – MADX (ed. 2012,)

(CERN: http://mad.web.cern.ch/mad/). Exist many Clones or Similar Codes like 

MaryLIE (first ed. ’70): 

Can use Lie Algebra which works on symplectic vectorial space (energy

conservation) good for high order optics and rings (e.g. Runge Kutta RK

methods show energy drift), nowady can also track particles.

Trace3D (first ed. 87-3th ed. 1997, Los Alamos National Lab., FREE):

It works only with distribution. It is very light, easy and fast. Thurther can be

used also for photons (ε=λ/4π )

Elegant (‘88, ELEctron Generation AN Tracking, M. Borland, Argonne National

Lab. FREE ):

First gol was the tracking with 2nd matrices and time-dependent elements (Acc.

Cavities). One of the first code considering CSR and WakeFields effects. It can

track milions of particles permitting to see microbunching by CSR in the bends.

Benefits: extremely fast and useful to beam line optimizzation

Drawbacks: Usually don’t consider the Spce-Charge or have an analitical

aproximations (usually linear for water bag distributions)

Codes that work on Twinss Parameters and by using transport matrices

Non for low energy:



Brightness or Emittance Degradation

A focusing channel
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with n=1 the staight line gives rms emittance

equal 0. For n≠1 the emittance is not 0, also if

the two distribution area are 0



The Brightness – Emittance Degradation – 2

An important example:

Magnetic compressor (to 

increase the current)

e-beam

a dispersive path

Longitudinal phase space, pre

tuned (or chirped) to couple

correctly energy and position

pz’

z

pz’

z

- When a charged particle is accelerated it emits radiation. In bending magnets, of

the dispersive path (chicane), the transverse acceleration is a source of Coherent

Synchrotron Radiation (CSR), which generates a non linear energy modulation

(in the horizontal plane, X’= px/pz), which degrade the emittance

- The same effect for Dog-Legs

- A strong degradation can be given by space charge which is not linear

x



 Beamlines Optimizzation by Genetic Algorithms (GA’s)

The specific name of genetic algorithm refers to a work led by John Holland and

the student K. DeJong in 1975

K. DeJong: “An analysis of the behaviour of a class of adaptive systems”. Phd

dissertation. Department of Computer and Communication Sciences, University of

Michigan, Ann Arbor.

The main strength of this optimization technique is given by:

1) A strong ability to solve multidimensional problems with strong correlation

2) Strongly parallelizable

from 1975 up to 2007: four proceedings and only two discuss Beam-lines optimization:
2006: “ELECTRON TRANSPORT LINE OPTIMIZATION USING NEURAL NETWORKS AND GENETIC ALGORITHMS”, D.
Schirmer EPAC : Optimization from booster BoDo to the storage ring DELTA (Dortmund)
Reported for completenes, but not cope with high brightness electron beam optimization.
2007: “OPTIMIZATION OF THE BEAM LINE CHARACTERISTICS BY MEANS OF A GENETIC ALGORITHM”, A. Bacci, V.
Petrillo, A. R. Rossi, L. Serafini, EPAC

2008: “OPTIMIZATION OF THE MAGNETIC LATTICE USING GENETIC ALGORITHMS”, L. Yang, et al, LBNL, EPAC
2010: “LOW EMITTANCE LATTICE OPTIMIZATION USING MOGA”, Weiwei Gao, et al, Heifei Light Source (P. R.
China)
2011: “ COMBINED OPTIMIZATION OF A LINAC-BASED FEL LIGHT SOURCE USING A MOGA”, Christos F.
Papadopoulos, et al, LBNL, FEL
2012: 3 works, 1) Lattice optimization of ANKA (synchrotron light source of Karlsruhe Institute of Technology),
2)MOGA of Linac beam line optimization for a seeded fel (Diamond), 3)MOGA for linac lattice of PAL XFEL
(Republic of Korea)

looking for “genetic” in to the Jacow repository (CERN):


