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(1) The goal

Hybrid Laminar Velocity Bunching or Laminar Bunching (LB) 

<==>

Velocity Bunching + Drift Laminar Bunching

(2) The technique

prove extreme high performances in compact LINACs (~20 m) 

𝐸𝑛 = 150 − 500 MeV; 𝜀𝑛,𝑝𝑒𝑎𝑘 ≈ 0.3 − 1.0 𝑚𝑚 −𝑚𝑟𝑎𝑑;

𝑰𝒑𝒆𝒂𝒌 up to: 𝟒 𝒌𝑨 ; 𝝈𝑬 < 𝟓𝟎 𝒌𝒆𝑽
Ultra bright & Ultra cold: Dream beams

The Laminar Bunching



Important notes:

 charts show: 𝝈𝒙 , 𝝈𝒛 , 𝜺𝒏𝒙, 𝝈𝑬

 ASTRA (*) Simulations

 Optimizations made in GIOTTO (**)

Outline

 Ad-hoc Laminar Bunching LAYOUT

 Point out the Laminar Bunching effects

 Laminar Bunching / Velocity Bunching COMPARISON

 Some Beam Dynamics: Laminarity parameter

(*) K. Floettmann, ASTRA—A space charge tracking algorithm,http://www.desy.de/~mpyflo/
(**) A. Bacci, et al. “GIOTTO: A Genetic Code for Demanding Beam-dynamics

Optimizations”, doi: 10.18429/JACoW-IPAC2016-WEPOY03

http://www.desy.de/~mpyflo/


40 MeV/m

in-scale sketch

Ad-hoc layout for Laminar Bunching

For Velocity Bunching refs to: M. Ferrario, et. al., PRL 104, 054801 (2010)



Inj. exit @ 8.7 m

Gun
RF Compressor

x-band Linac
90 MeV/m

1) H-harmonic cavity 2) Velocity Bunching 4) Booster. Modular C-band Cavity 
(SW - 6mm iris): Stop compression 
& RF focusing knob

1) HighHarm-cavity current pre-correction; 2) Velocity Bunch.; 

3) Drift Laminar Bunching (balanced accordion effect);

4) RF-focusing tunable booster 

3) Drift Bunching: 
No Ballistic 
1.5÷3.0 m long
@20 MeV

Drift

2m C-band TW
ELI-NP-GBS

exit @ 18 m
E𝒏= 𝟏𝟓𝟎÷50𝟎𝑴𝒆𝑽

A compact machine layout working in Laminar Bunching



High harmonic cavity current pre-correction

1.2 m 1.4 m 2.0 m 1.4 m

Many good effects:

1) RF curvature pre-correction

2) Current pre-correction

3) Starts the compression (\ chirp)

En decrease of 2.3 MeV on 6 MeV

⬇
4) 𝜌𝑧 falls down favoring compression

5) A lower Energy favors VB

head

tail



𝜎𝑥 , 𝜎𝑧, 𝜀𝑛𝑥, 𝜎𝐸 curves in Laminar Bunching

Turning off the SPACE charge 

from the drift onward

• 𝝈𝒙 quasi linear rising

• 𝝈𝒛 hyperbolic decreasing

• 𝝈𝑬 a quasi full correction

• 𝜺𝒏 a quasi full correction

𝝈𝒙

𝝈𝒛

𝝈𝑬

𝜺𝒏



Laminar Bunching (LB) 

Velocity Bunching (VB) 

only a comparison

LB works on the 

whole bunch dist.

VB favors one spike

@ bunch head

LB & VB are 

relatives, but their 

final results are 

different. 

The aim:

outline LB peculiarities versus 

the VB known technique. 

Both: Linear compression & 

same energies

Both optimized by  

GIOTTO genetic 

algorithm

𝜎𝑧, 𝜀𝑛𝑥, 𝜎𝐸



Laminar & Velocity Bunching Layout

@ chatode

for both

LB & VB

𝑸𝒃 [𝒑𝑪] 𝝉𝑳𝒂𝒔𝒆𝒓 [𝒑𝒔]
flat-top

𝝉𝒓𝒊𝒔𝒊𝒏𝒈 [𝒑𝒔] 𝜺𝒕𝒉 [ 𝟏𝝁
/𝒎𝒎]

𝝈𝒙 [𝝁𝒎]

250 10 1 0.9 260

Gun:φ=1

φ=-189

φ=-85

φ=-50 φ=-11

L.Bunching

𝐸𝑛 = 160 𝑀𝑒𝑉

V.Bunching

Gun:φ=-4

φ=-88

φ=-56 φ=0

𝐸𝑛 = 150 𝑀𝑒𝑉



Laminar “▓” & Velocity “▓” Bunching comparison

Laminar Bunching

Velocity Bunching
𝝈𝒙

𝝈𝒛

𝝈𝑬

𝜺𝒏



Dispersive path

Vel. Bunching

Ballistic Bunc.

Lamina Bunching,

Space charge 

trasformation

A strong simplification of the longitudinal phase 
space modification

𝛾

𝑧

Classic methods

chirping Max.

compression



Ip Peak 

current

Slice Energy Spread [keV]

1𝜇𝑚

100 𝑘𝑒𝑉

100 𝑘𝑒𝑉

1𝜇𝑚

Slice Energy Spread [keV]

Slice Emittance norm.[𝝁𝒎] Slice Emittance norm.[𝝁𝒎]

Ip

Ip

Ip

Laminar “▓” & Velocity “▓” Bunching comparison

LB LB



Transverse envelope 

equation

Long. envelope equation

Some Beam Dynamics

γ power of 3

𝜌⊥ =
𝑄𝑏𝑐𝜎

2

2𝐼0𝛾𝜀𝑛
2 𝜌𝑧 =

𝑄𝑏𝑐(𝛾𝜎𝑧)
2

𝐼0𝜎𝜀𝑧
2

Laminar Parameters

1) Longitudinal 

compression

&

2) bunch stiffness 

respet to the 

compression

γ power of 4

Emittance 

compensations

Coupled by 𝛔𝒙



LB perfomances VS. bunch-charge: 40;90;150;250 pC

Drift @
20 MeV

ΔE =100 keV

@ booster end

= 17 m (0.5 GeV)

𝑸𝒃 = 𝟒𝟎 𝒑𝑪
𝝈𝒛 = 𝟒. 𝟐 𝝁𝒎

𝑰𝒑𝒆𝒂𝒌 > 𝟐. 𝟓𝒌𝑨

𝜺𝒑𝒆𝒂𝒌 = 𝟎. 𝟑 𝝁𝒎

𝑩𝒑𝒆𝒂𝒌 = 𝟑 ⋅ 𝟏𝟎𝟏𝟔

(𝑰𝒑 = 𝟏. 𝟓𝒌𝑨)

(𝜟𝜸/𝜸)@𝑰𝒑𝒆𝒂𝒌≅ 𝟖 ⋅ 𝟏𝟎−𝟓



CONCLUSIONS

 No Laser Heater (High un-correlated Energy Spread):

We saw a new compression technique: the Laminar Bunching

Incorrelated Espread ≈
𝟐𝟎 𝐤𝐞𝐕 than 𝟐 − 𝟓 𝐤𝐞𝐕

Correlated 

Espread

Long. phase space

 A compression that works on the whole bunch distribution

 It is reproduced for a large range of charge: 40-250 pC

 ULTRA brightness and ULTRA low energy spread (10-4÷ 10-5); 

A combination difficult to find!

 Drawback: Large envelopes for 𝑸𝒃 > 𝟏𝟎𝟎 𝒑𝑪.

An Ad-hoc large iris cavity can be used (rf-focusing knob)



Beam Dynamics study by 
using Genetic Algorithms 

Alberto Bacci and 
Marcello Rossetti Conti 
@ INFN-Milano

@ CERN 29 November 2018



 Genetic Algorithms (GAs) intro

 GAs applied to beamlines optimization

 From Beamlines to Chromosomes

 Following Genetic Laws: Fitness, Reproduction, 

Mutations, …

 e.g.: SPARC beam line Optimization in Thomson case  

 The GIOTTO code

 The GIOTTO Data-Based DB

 Inputs & Outputs

 Fitness function (or Idoneity) definition

 Optimizations & Statistics on some Specific Cases:

 Ultra short bunches by Laminar Bunching

 Comb bunches distributions

Outline



 1970 John Holland - schemata theorem

 1975 J. Holland publication: “Adaptation in Natural and

Artificial Systems: An Introductory Analysis with

Application to Biology, Control, and Artificial

Intelligence”. The Seminal work

 1975 K. De Jong (J. Holland’s student), Thesis: “An analysis

of the behavior of a class of genetic adaptive systems”.

Broad applicability of GAs

 1989 David Goldberg Book: “Genetic Algorithms in Search,

Optimization, and Machine Learning”

It deals with the topic at high level and is considered a

milestone in GAs story. It reports techniques like Multi

Objective GA (MOGA), today very trendy.

 Intro: Genetic Algorithms Historical Notes

John Holland



start

End

Local extrema

Intro: What are Genetic Algorithms (GAs)?

A Searching procedure based on a natural selection 

(genetic laws)

Why choosing GAs versus other techniques? 

A basic answer:

Newton-Raphson methods (or variants) are based on local 

information. The Scan moves in direction of  local-maxima

or local-minima

start

End

A Parabola



Intro: Why Genetic Algorithms?

Despite, Newton-Raphson methods can overcame the local 

solutions issue by some tricks …

GAs are:

 naturally able to manage the local solutions issue

 naturally parallelizable

 usable with a minimum mathematical effort

by empirical results, show strong capability in 

problems where other methods fail

pros and cons

a suggested pub.



 GAs in Beam Dynamics Optimizations

GAs give strong advantages in

 multi-dimensional problems with variables strongly non-

linearly correlated

Two main examples :

 Space Charge & its non-linear nature: correlates low

energy beamline parameters

 Also frozen beams (space charge off), e.g.: complex

matching lines (plasma accelerated beams)

example: Thomson/Compton sources (e.g. SPARC_lab, STAR,

ThomX, ELI-np, Munich Compact Light Source) ask for :

 High spectral density that means: very low DE/E, low Emit

 High the photon flux that means: high Qbunch, small spot size



considering ultra short e-beams (e.g. SPARC_lab, LCLS, REAGE,

XFEL, EUPRAXIA, … ):

 Femtosecond light pulses (FEL/X-FEL), Atoms in chemical 

reactions, phase-transition, Photosynthesis Water Splitting 

: timescale 1-100 fs [2014 “first snapshots of water 

splitting” by LCLS; ScienceDaily;  Nature]

 Plasma Wave Acceleration: λplasma order of 30-600 fs . The

Witness much shorter, the Driver (pwfa) comparable to λplasma

 Femtosecond Electron Diffraction (FED)

Molecular or atomic motion movies: phase transitions, …, .

Timescale: few 10s of fs. Relativistic case: Eb ≈ 5MeV, Qb
≈ 100fC, εtr<0.1 mm-mrad, σz<30μm (100fs)

 THz radiation (by CoTrRad)

0.1 up to tens THz is of great interest for both

longitudinal electron beam diagnostics (fs scale) and

spectroscopy in pump-and-probe experiments ....

… or other exampes



Genetic Algorithms 
applied to Beam-Line 

Optimization



 From beamlines to chromosomes

Genetic laws work on Chromosomes ==> Chromosomes are made of 

genes (parameters)

A BeamLine (exp. Thomson @ SPARC_lab)

Chromosome

=

Beamline setup ⇔ A genes array .or. One Chromosome



 Following genetic laws: the Fitness Function

Chromosomes  sorting

2
2

25035.0 5050























spreadEeimtX

ee==

EspreademitX

+

To pass generation  in generation:

-> Selection: bluffed Roulette wheel

-> Mutations

…. & others methods & tricks. The rule: closest to 

Nature, best  performances 



 Following genetic laws: Reproduction & Mutation

0 < < 100 Chromosome Sorting

𝑓𝑝 𝑥 = 1

By the Roulette Wheel: 

two Chromosomes

Gun

gradient

Gun_Ф inj.

Reproduction by cross-over oper.

Mutation, with

probability < 1%

Astra

99.
97.
90.
85.

60.
58.



 Following genetic laws: real coding & the binary one

Chromosome

2)Binary

Coding

0  <  Gene value <  255.127

1|1|1|1|1|1|1|1 . 1|1|1|1|1|1|1

0|0|0|0|0|0|0|0. 0|0|0|0|0|0|0

8 bits 7 bits

15 bits X Gene
Schemata

theory

decoding

to decimal

genetic rules on 

binary arrays 

1)Genetic rules on

Real Numbers  
main 

loop

… as seen …

before



 Following Genetic Laws: Elitism

best chromosome is kept in next 

generations unless it improves

Sorting +1 +5

>

“quasi-classical” optimization techniques:

o elitism

o advanced mutation operators  

o hill climbing 

o regeneration from best solutions

o … … …

parallelization is-mandatory



 SPARC beamline optimization in Thomson case  











nx

fitnessF

,

1

“MAXIMIZING THE BRIGHTNESS OF AB ELECTRON BEAM BY MEANS OF A GENETIC ALGORITHM”

A. Bacci, C. Maroli, V. Petrillo, A. Rossi, L. Serafini - NIMB 263 (2007) 488-496

Old Kind of Fitness Function

(a) By hand
(b) By GA

spot spectrum



The 
GIOTTO 

code



 The code was born in 2008;    Language: Fortran 90/95

 … born for optimization of beamline parameters & statistical 

(Jitters) analysis

 INPUTS based on NameList & two internal DataBase

 CAN easily Drive different codes (NameList natively):

Now: ASTRA’s Generator,    ASTRA,    QFluid (Plasma 

acceleration, A. Rossi modifications) 

 Current Version (Ver. 18.4):

Linux & Windows 64 bit – (compilers gfortran or INTEL 

fortran compiled). Parallelized: OPEN-MPI (Linux), MS-MPI

or INTEL MPI (Windows)

Tested @ PSI (S. Bettoni),@ Desy-Pitz (Martin), LAL (Luca, 

Harsh)

 Code and Documentations: 

URL:http://pcfasci.fisica.unimi.it/Pagine/GIOTTO/GIOTTO.htm

(server down, pardon!)

Exist an User manual for version 8.5 2012 (needs updates)

GIOTTO: Genetic Interface for OpTimising Tracking with Optics

http://pcfasci.fisica.unimi.it/Pagine/GIOTTO/GIOTTO.htm


GIOTTO – Genetic Interface for OpTimising Tracking with Optics 

switches from Optimizations to Statistical analysis

Jitters sampling interval Uniform or Gaussian

Every NameList ’s variables can be used as a GENE (optimizable) & Any

code working with NameList is directly importable in GIOTTO.

ASTRA: Phi(1)…Phi(50), MaxE(1:50), MaxB(1:50), sig_x (laser cathode) 

,sig_clock (Laser @ cathode), …, …  (no limit on the number)

Constraints  freely defined by the user (under test)

Optimization techniques: elitism; advanced mutation

operators; hill climbing; ant colony; regeneration from best

solutions

Important GIOTTO’s features:

From 2008 up to day, the code is grew in power and capability

freely defined by the User, exploiting Astra outputs:

Targets: bunch PosZ, bunch Time, En, Enspread, SigZ, Xemit,

sigX, divergX, Yemit, ….



All variables in

THE BEAMLINE

Now: Astra_generator, 

Astra, QFluid

Optimizable 

variables

THE GENEs 

 GIOTTO’s Data-Bases

DB_1

Sub-DB_1

Code Outputs

THE FITNESS 

emittance, envelope, 

En_spread,

etc. …

DB_2



 GINxx.xx.ini GIOTTO’s  INPUT FILE

It is divided in two parts:

1) A NameList (&GA) giving all the directive to GIOTTO

2) Three keyNames defining: CONSTRAINTS, FITNESS and GENES

1)

2)



 INPUT FILE: &GA NameList

Under 

developing (it 

slows down 

heavily GIOTTO)

Optimization

Rarely needs 

changes 

Usually 

few 

variables 

are used



 INPUT FILE: Key_Names

Rarely 

needed

Comments

Comments

GENES

Definition

Definition



 GIOTTO: FITNESS FUNCTION

Reverse Polish Notation: 

Opers Follow Operands

 3   4   +   =   7

 Stack based operation

 Does not need brackets 

Strategy to Cope with Multi Objectives Problems (MO):

o One Single Criterium per Equation piece (Objectives Wights)

o Close to the Goal mean close to the Gaussian Curve Top

o The ‘Far region’ (referring to optimization) has to be on 

the maximum Gaussian slope

o Change the   in real time (under implementation)

o Lorentzian   dist.: very powerful if starting from scratch

50 ∙ 𝑒
−

𝑒𝑚𝑖𝑡𝑋

2.5

2

+50 ∙ 𝑒
−

𝑠𝑖𝑔𝑍

0.15

2

+50 ∙ 𝑒
−

𝑠𝑖𝑔𝑋

2.5

2

=

a) not yet 

fully optimized

b) fully 

optimized



 FITNESS FUNCTION if starting from scratch

Lorentzian much better than Gaussian



GIOTTO  “RISULTATI.TXT” output file

G
E
N
E
S

RISULTATI.TXT Emit sigZ ∆𝑬

Best Chromosome 

of the

Generation N.5

Generation

I
d
 
v
a
l
u
e



GIOTTO

Optimization 
& 

Statistical analysis



2.0 m drift

Beamline Optimization for: ultra short, ultra cold, High brightness bunches

A Beam-Line studied with:

 Experience

 An Ad hoc GIOTTO use 

GENES in the Optimization:

 Gun:

• (1) Phase & (2) Solenoid (Bz)

 TW cavity (RF- Compressor):

• (3) Phase & (4) Solenoids

 C-band cavity: (5) Phase

GOALS:

 Low Emittance

 Low Energy Spread

 Sig_Z hundred of nm

C-band cavity 

Drift @
20 
MeV

ΔE =100 
keV

GIOTTO
RESULT

Emit[um]

Envelop[mm]

Sig_z[um]



- P.O.Shea et al., Proc. of 2001 IEEE PAC, Chicago, USA (2001) p.704.
- M. Ferrario. M. Boscolo et al., Int. J. of Mod. Phys. B, 2006 (Taipei 05 Workshop)

Beam-Line STATISTIC for Laser Comb (ECHO Bunch Generations)

4 Bunches

6 Bunches



3
6

0
 c

as
e

s
Beamline STATISTIC Laser Comb two bunches case



Quads matching lines for plasma acc. beams – from scratch

EUPRAXIA project
From
Marcello Thesis

GIOTTO starts with all K=0 and matched all the lines



matching lines for plasma acc. Beams (same line diff. energy)

Isseu: the emittance conservation by chromatic effects

Bunch blowout



Velocity bunching test on CLEAR machine (1)



Velocity bunching test on CLEAR machine (2)

really negligeble Velocisty Bunching. 
compression starts @ phi=-80deg
don’t knowing machine behaviour I 
din’t want to lose the beam



Velocity bunching test on CLEAR machine (3)

• The optimization after few runs:
bunch_lengh= 2ps, emit: 1.2 mm-mrad

• After 4 hours (16 core working station -2012 machine-):
bunch_lengh=0.5ps, emit:0.9 mm-mrad



Concluding: some publications to deepen the topics discussed

A. Bacci, et al. “GIOTTO: A Genetic Code for Demanding Beam-dynamics Optimizations”,
doi: 10.18429/JACoW-IPAC2016-WEPOY03

Daniel S. Weile and Eric Michielssen “Genetic Alforithm Optimization Applied to
Electromagnetics: A Review”, IEEE Trans. On Antennas and Propagation, Vol 45, NO. 3,
March 1997

M. Rossetti Conti, A. Bacci “Beam based alignment methods for cavities and solenoids 
in photo-injectors”, Proceedings of IPAC2016, Busan, Korea THPMB011

A. Bacci, S. Gallo, et al., “STUDY OF A C-BAND HARMONIC RF SYSTEM TO OPTIMIZE THE 
RF BUNCH COMPRESSION PROCESS OF THE SPARC BEAM” IPAC 2015 
doi:10.18429/JACoW-IPAC2015-TUPW



Thanks for your attention



M. Rossetti Conti, A. Bacci “Beam based alignment methods for cavities and solenoids in 
photo-injectors”, Proceedings of IPAC2016, Busan, Korea THPMB011



The knob - field

A Radio Frequency (RF) Knob

Catching beams @ different envelope sizes MEANS:
a strong control on Focal Lengths of the RF lens, MEANS:

a KNOB to focus Adiabatically and in Full (x,y) Symmetry

NO Quadrupoles
→Symmetric Beams

→Very Good for BD

C-band five sectors Standing Wave  
(SW) cavity. Why C-band and SW:
• Irises large enough
• One feeder for sector
• A bit stronger focusing effect  

The knob booster booster booster
The knob

Different 𝛾 but 
Same Focal Lengths



A Radio Frequency (RF) Knob – Final focus

An IMPORTANT question:
Can we focus the bunch at Linac exit after RF focusing down to final focus specs?

20 cm device

45 cm @ Interaction Point

m
m Zoom box

sig_z

<2µm 

0.300

0.050

17 m

17.4 m

Final focusing channel by 5 Permanet Quads (20 cm)



𝜌𝑧 Laminar parameter for LB & VB

Laminar Bunching

𝜌𝑧 is low but > 1

A soft bunch for 

the compression

Velocity Bunching

NO DRIFT (STANDARD 

case)

𝜌𝑧 starts >> 1

A bunch stiff to be 

compressed

Velocity Bunching

SI DRIFT(TEST 

case)

Laminarity is lost

𝜌𝑧 < 1



compression factor 40 pc case

Velocity
Bunchig
ZONE

Drift
Bunchig
ZONE

Booster &
RF focusing ZONE

@ booster end

= 17 m (0.5 GeV)

𝑸𝒃 = 𝟒𝟎 𝒑𝑪
𝝈𝒛 = 𝟒. 𝟐 𝝁𝒎

𝑰𝒑𝒆𝒂𝒌 > 𝟐. 𝟓𝒌𝑨

𝜺𝒑𝒆𝒂𝒌 = 𝟎. 𝟑 𝝁𝒎

𝑩𝒑𝒆𝒂𝒌 = 𝟑 ⋅ 𝟏𝟎𝟏𝟔

(𝑰𝒑 = 𝟏. 𝟓𝒌𝑨)

(𝜟𝜸/𝜸)@𝑰𝒑𝒆𝒂𝒌≅ 𝟖 ⋅ 𝟏𝟎−𝟓






