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J Genetic Algorithms (GAs) introduction: Historical Notes

X 1970 John Holland - schemata theorem

1975 J. Holland publication: “Adaptation in Natural and Artificial Systems: An

1ntroductovy Analys is with App[ication to Bio logy, Control, and Avﬁﬁc ial ]nteﬂigence”.
The Seminal work

1975 K. De Jong (). 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. 1t
reports techniques like Multi Objective GA (MOGA), today very current.



L Introduction: What &Why

What are Genetic Algorithms (GAs)

Searching procedures based on natural selections (genetic laws)

Why choosing GAs versus other techniques ...
A basic answer:
Newton-Rap hson methods (and many variants) are based on local information.

The Scan moves in direction of “local maxima” or “local minima”
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L Introduction: What &Why

Why Genetic Algorithms **
Despite, New’con-Raphson methods can overcame the local solutions issue on some

tricks ...

GAs are:

> na’cvura“y able to manage the local solution issue

> natum“y para“e[iza]ole

> usable with a minimum mathematical eﬁort

And, on empiric results,
show strong capaloility to manage pro]o[ems where other methods fai[

Genetic Algorithm Optimization
Applied to Electromagnetics:
A Review

Daniel S. Weile and Eric Michielssen. Member, IEEE

** pros and cons in literature

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 45, NO. 3, MARCH 1997




 Where: Genetic Algorithms (GAs) in Beam Dynamics Optimization -1

GAs give strong advantages ...

> in multi-dimensional pvoblems with variables shrong[y non linear correlated

A main example :

> Space Charge & its non-linear nature: correlates low energy beam-line parameters

> Also ﬁrozen beams (space charge oﬁ): Other complex sttuations

Example (1) Thomson/Compton Sources (e.g. SPARC lab, STAR, ThomX, ELl-np, Munich
Compact Light Source) which ask for :

For the spectral density: 1) very low DE/E, 2) low Emit
For the photon flux : 3) Q. as high as possible




L Where: ... -2

Example (2) Ultra short e-beams (e.g. SPARC lab, LCLS, REAGE, XFEL, EUPRAXIA, ...):

Femtosecond light pu[ses (FEL/X-FEL), Atoms in chemical reactions, phase—trans ition,
Photosynthesis Water Splitting : timescale 1-100 fs [2014 “first snapshots of water
spﬁtﬁng” by LCLS; ScienceDaily; Nature]

Plasma Wave Acceleration: )\p order of 30-600 fs . The Witness much shorter, the

[asma

Driver (pwfa) comparable to )xp[

asma

Femtosecond Electron Diffraction (FED)

Molecular or atomic motion movies: phase transitions, ..., . Timescale: few 108 of fs

Relativistic case: E, ~ 5MeV, Q, ~ 100fC, g_<0.1 mm-mrad, _<30um (100fs)

THz radiation (by CoTrRad)
0.1 up to tens THz is of great interest for both

(fs scale) and n pump~and—pro’oe experiments ....



Genetic Algorithms
app[ied to Beam-Line Optimization




(] From Beam-Lines to Chromosomes

Genetic Laws work on Chromosomes ==> Chromosomes are made of genes (parameters)

Beam-Line = Parameters Array ==

> One Chromosome

A Beam-Line
| b RF sections
Laser beam Electron beam _ Solenoid . A I:l Forth harm
~1_5 m 5 m 8.5m interaction point

Chromosome
Gene Referenc
e case
dE, | dz(MV/m) 120
9, (°) 0
B, (T) 0.2707
dE, | dz (MV/m) 13.4
¢, () -30
B,/(T) 0.12
z,(m) 1.322
dE, | dz (MV/m) 6.55
¢,(°) 88
B,(T) 0.1145
z,(m) 5
B,(T) 0.1145
z;(m) 85
O (°) 180

Zny (M)

11.7




o Fol[owing Genetic Laws: Fitness Function

Gene

Referenc
e case

dE, | dz (MV/m)
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¢, ()
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dE, | dz (MV/m)

0.2707
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B,
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1.322

dE, | dz (MV/m)
$,()

6.55
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3,(T)

0.1145

zy(m)
B,(T)

z;(m)

5
0.1145
8.5

é}ﬂ! (0)

180

Zg (M)

1.7

m  Selection: bluﬁfed Roulette wheel

" Mutations

Rules to pass generation = in generation:

f(x) = 0.125

f(x) = 0.125

f(x) = 0.125

f(x) = 0.375

f(x) = 0.25

.. & others methods & tricks. The rule: closest to Nature, best pevfovmances

Chromosomes Must be sorted

on a Fitness ﬁmc’cion %

Generation n

chromosome 1

== 50'8_[
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Next
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> Fol[owing Genetic Laws: Reproducﬁon & Mutation

Generation n ;
Chromosome Sorting b}’; 0< ; <100 chromosome 1 99,
chromosome 2 97.
chromosome 3 190.
) chromosome 4 85.
By the Roulette Wheel: two Chromosomes Tracking =
f(x) = 0.125 COde
f(x) = 0.125 f(x) = 0.375
sum of
f(x) = 0.125 oflo
probability ==1 chromosome 23 |60.
chromosome 24 58.
f(x) = 0.25
Chromosomes Veproducﬁon
cross-over
Elements of n" generation random Elements of the n+1" generation
function
|91|92|g3| |95 | |DC—|91|92|93| I95|96| |
91 O4 gsl | —| 91 85194 95
) \
\ N\ \
Gun @ injection \
un g‘yad[enf . . j Mutation, Wlt’ﬂ
_ (ntensity . o
' probability <1%
ﬁrsf solenoid




» Following Genetic Laws: Real coding (1) and binary coding (2)

(1) Genetic rules on Real Numbers

Chromosome P
Gene Referenc
e case
dE, | dz (MV/m) 120
9. (°) 0
B,(T) 0.2707
dE, | dz (MV/m) 13.4 (2)Binary
A -30 Coding
B.(T) 0.12
z,(m) 1322 |—> Z |Z>
dE, | dz (MV/m) 6.55
¢,(°) 88
B,(T) 0.1145
z,(m) 5
B,(T) 0.1145
z;(m) 8.9
B (°) 180
Zps (M) 11.7

Genetic rules on

binavy arrays

—

0 Main loop,

Generation in Generation

/ 0 < Gene Value < 255.127 \
~ /

olojojo]ojo|o]o.0[0]0[0|0]0|0/

/

1|1|1|1|1]2|2|1.2|2|1]1]|2]|2|12

N\ I\ )
Y
8 bits 7 bits
N\ J
Y

AsDNA in

@eﬁc Laws

15 bits X Gene /

Generation in Generation

Decod'mg to decimal } |:> 0 Main [00p,

and compute the ﬁtn SS




> Fol[owing Genetic Laws: Elitism

Concluding: the elitism
. Next .

Generation n Geheration nit Sorting
chromosome 1 chromosome

chromosome 2 chromosome

chromosome 3 chromosome

chromosome 4 chromosome

chromosome 23 chromosome /

chromosome 24 chromosome

Generation n+2

chromosome 1

chromosome 2

chromosome 3

chromosome 4

chromosome 23

chromosome 24

> b

Generation n+5

chromosome 1

chromosome 2

chromosome 3

chromosome 4

chromosome 23

chromosome 24

Nowadays “quasi-classic” optimization techniques
O elitism
O advanced mutation operators
o hill climbing

O Vegenera’cion ﬁfom best solutions

O &pava“eﬁzation quasi—mandatovy




» E.G.:SPARC beam line Optimization in Thomson case

Laser beam
) s e S TR

Electron beam _ 1}
|

RF sections

Solenoid . RF-Gun

O

'%FFﬁ

Forth harm

?—

interaction point

~1.5m 5m 8.5m
Old Kind of Fitness Function "
fitness = A}/
gx,n
Y
i (a) By hand | spot 0] Spectrum
. o
(b) By GA =
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M
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“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




The
GIOTTO code




GIOTTO - Genetic Interface for OpTimising Tracking with Optics

+* WAS BORN in 2008; Language: Fortran 9o/95

** USE for Optimization of Generic Code’s Parameters or for Statistical (Jitters) Analysis

>

INPUTS based on NameList & on two internal DataBase

>

CAN easi[y Drive diﬁeren’c codes:
Now: ASTRA’s Generator, ASTRA, (E[uid (Plasma acceleration, A. Rossi modiﬁca’cions)

L)

>

Cwrrent Version (Ver.10.0):
Linwx 64 bit; Windows 64 — (compilers gfortran or INTEL fortran)
Parallelized with OPEN-MPI (Linux), MS-MP1 or INTEL MP1 (Windows)
Used @ PSI (S. Bettoni) and tested at Desy-Pitz

D)

L)

* Code and Documentations:
URL: http://pcfascifisicaunimi.it/Pagine/ GIOTTO/GIOTTO.htm (server down, pardon!)

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

D)




GIOTTO = Genetic Interface for OpTimising Tracking with Optics
From 2008 up to day, the code is grew in power and capability

Optimization techniques: elitism; advanced mutation operators; ;

—regeneration frombestsolutions—— @ 0

; user freely defined by Astra outputs:
Targets: bunch PosZ or Time, En, ENngpreads SigZ, Xemit, sigX, divergX, Yemit, ....

Important GIOTTO’s features:
Every Namelist ’s variables can be used as a GENE (optimizable) & Any code working with

Namelist is directly importable in GIOTTO.
ASTRA e.g. : 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)

Switch from Optimizations to Statistical analysis is really EASY

Jitters sampling interval: Uniform or Gaussian




» GIOTTO’s Data-Bases

All variables usable in

THE BEAM-LINE
Now: Astra generator, Astra, QE[uid

module DB_usable_gene
integer, parameter :: DB_extension=269
character{len=14),dimension(DB_extension) :: DB_genes={/& tda inseri
"PHI{1) '3 "PHI(2) '3 "PHI(3) 'S "PHI(A) '&
s PHI(5) '3 "PHI(6) '3 "PHI(7) ', "PHI(8) '&
s PHI({9) ', "PHI{108) "L "PHI{11) 'y "PHI{12) &

Opﬂmizalo le variables

THE GENEs
Sub-DB1

module charge_rpn_idon trpn reverse polish notation
use post_processors
implicit none

integer ,parameter,private :: DB_out_dim=187
character(len=18) ,dimension{DB out dim),private :: DB out=(/&
Astra Ou‘qouts (or other codes) pos2 . 'time *En -,-Eigz * *DEn .
*Xmed ','sigX ', "divergX 'Llemity
'Ymed ','sig¥ ', 'diverg? ‘,‘emitV
THE FITNESS 'Scurr(1) ','Scurr(2) °','Scurr(3) ','Scurr{4) ','Scurr(5) °',&
; *Scurr{6) ','Scurr{(?7) °','Scurr(8) ','Scurr{(9?) ','Scurr{18) ',&
‘SemitX(1) ', 'SemitX(2) ','SemitX(3) ', 'SemitX{4) ','SemitX(5) ',&

emittance, enve[ope, En_spvead,

etc. ...

DB2




» GIOTTO’s INPUT FILE

GINxx.xx.ini is divided in two parts:
1) One NameList (&GA) giving all the directive to GIOTTO

2)  Three keyNames defining: CONSTRAINTS, FITNESS and GENES

&GA
fAstra in='Astra_23_ Jan2614.exe’,'pls-start.in’
1)

::=============================Fr0m here Key_”ames:==============================

——————————————————— (lines after one blank-record are comments)===================

[constrB1]
sigZ En * sqr emitZ sqr sigX = / 5300 = 1 >

[constrB2]
sigZ En * sqr emitZ sqr sigX = / 6300 = 108 >

[idoneity] tmust be used the Reverse Polish HNotation
lemitX 2.5 7 sqr -1. = exp 50 =

2) '< sigZ 0.150 /7 sqr -1. * exp 50 * +

sigX 2.5 7 sqr -1. * exp 50 = +

tGene{i) Delta JoinGenes{i:i+N) u-uniform g-gaussian JoingSign

[genes]

sig_clock 8.2E-3 1 u 1 0.8 9

SIG_X 6.62 1 u 1 6.8 8

MaxB(1) 6.68 1 u 1 6.0 8
\_ MaxB(2) 0.08 1 u 1 6.0 8




» GIOTTO’s INPUT FILE: &GA NamelList

&GA
fAstra in='Astra_23 Jan2614.exe’,|'pls-start.in’
Gener in='generator Mar2813. ‘generator-starti.in’

Genes number=7 tmax val S 48
pop size=8 *must be a multiple of the nodes numbers
generations number~410

' _#7" the chrom in the first gen;".f." All rnd, the chrom as central values

Under developing (it slows
down heavily GIOTTO)

Usua“y few

variables are

txxxxxxxxxxxxxxxxPost processor for COMB bunch distributionssessesesesssemereerrenrrs
1&S€Ci LaserComb=.false. *if true Gener_in is a generator input with SPIKES namelist--
tif "true" uses "ID_bunch_LC" for the spikes analysis and compute the Fitness—-

LaserComb PostPro=.false. L. .
PostPro_in_index=0012 ()ptﬂ?ﬂZ&tKﬂQ

Rarely needs changes

oY A

#3636 XX XXX XXXXNXNXXXXXXX€X%%STat1stical nnalysis*******************************
statistic=.false.

Runs Humber=360 tmust be a multiple of the pop_size

/




> GIOTTO INPUT FILE: Key Names

:==============================Fr0m here I{ey_NameS=======================
===================(1lines after one blank-record are comments)===========

!**********************Equation in Reverse Polish HNOT a1 0% 56633363 36 363 36 36 36 36 36 36 36 3 36 3

i Variables that can be used are:------—-—---——————————————————————————
H=——— PosZ time En DEn sigZ2 emitZ Xmed sigX divergX emitX Ymed sig¥-—————-
=== A T O T T e e e e e e e

Rare ly needed

Definition N

[idoneity] tmust be used the Reverse Polish Notation

lemitX 2.5 7 sqr -1. * exp 50 =
sigZ 0.158 7 sqr -1. = exp 50 = +
sigX 2.5 7 sqr -1. * exp 50 * +

Comments

tGene{l) Delta__ JoinGenes{i:i+N) u-uniform___ g-gaussian___ JoingSign

GENES
Deﬁnition

[genes]
sig_clock 0.2E-3 1 u 1 6.8 8
SIG_x 68.062 1 u 1 6.8 8
————» |MaxB{1) 0.068 1 u 1 6.8 8
MaxB{2) 0.68 1 u 1 6.8 8
Phi{1) 2.9 1 u 1 8.0 0
Phi(2) 2.9 1 u 1 8.0 0
Phi(3) 16.8 1 u 1 6.8 8

Comments




» GIOTTO: FITNESS FUNCTION

[idoneity] *must be used the Reverse Polish Notation
emitX 2.5 / sqr -1. = exp 50 =

sigZ2 0.158 / sqr -1. = exp 50 = +

sigX 2.5 / sqr -1. = exp 50 = +

Reverse Polish Notation: Opers Follow Operands
> 34+ =7
> Stack based operation
> Does not need brackets

;:

emitX sigZ sigX

2 2
50 ¢ (25 ) +50- ¢~(o15) 450~ (Z5

8

8

~L_L-

Best Chromosome

w
=)

N
(=]

Fitness Value

|
10 * | a) not yet full optimized
; o k 1 |
00 05 10 15 2000 05 10 15 2000 05 10 15 20
sigZ sigX

& 3

w
(=}

\\ ll Lest Chromosome\\
wff b) ﬁAU op’cimized

0 1 | ) BN 1
00 05 10 15 2000 05 10 15 2000 05 10 15 20
emitX sigZ sigX

Fitness Value
N
=)

Fitness Funciont strategy to Cope with Multi Objectives Problems (MO):

O One Single Criterium per Equation piece (Objectives Wights)

O To be close to the Goal mean close to the Gaussian Curve Top

O The ‘Far region’ (Vefewing to op’cimizaﬁon) has to be on the maximum Gaussin s[ope
O

change the FF in real time (ander implementation)




GIOTTO
Optimization &

Statistical analys S




Beam-Line Optimization fov: ultra short, ultra cold, High brightness bunches

RF-Compressor 2.0 m drift

Gun gaaeenanonnn A C-band cavity GOALS:

N g 5 Low Emittance
THTTTIITIT

> Low Energy Spread

Sig X [mm]; Sig Z* 100 [mm]

4.0

> femptosec. SigZ

40 pC

3.5¢ GIOTTO Drlft@ — 90pc |]

150 pC

1 RESULT 20 N[ o]l
23] Me X | A Beam-Line studied with:

s Envelop[mm] > Experience

1.0} s 1
0.5 /\\/M "Sig_zfum] | > AnAd hoc GIOTTO use

0-95 1 2 3 4 5 6 7 8 9
!Emit_x I[mm-mlrad] ; F_sprea:d [keV/llOO] + ]300Ke\{ GENES tn the Optlmlzatlon:
> Gun:
* (1) Phase & (2) Solenoid (B,)
AE =100
\:k:év: > TW cavity (RF- Compressor):
’l _ | *  (3) Phase & (4) Solenoids
2t W}
1 \..... ] »  C-band cavity: (5) Phase
P — ty: (5
% 1 2 3 4 5 6 7 8 9




GIOTTO OUTPUT: RISULTATL.TXT

[idoneity] *must be used the Reverse 2! [genes]
emitX 1.2 7 sqr -1. = exp 168 = U—] MaxB({1) 8.0083 1 u 1 6.9
sigZ 0.016 7 sqr -1. * exp 468 = + z MaxB(2) 8.61 1 u 1 8.8 890
DEn 268.8 / sqr -1. * exp 50 * + m Phi(1) 1.2 1 u 1 6.8 86
Phi(2) 1.5 1 u 1 6.6 8
O Priay 1.5 1 u 1 0.0
RISULTATLTXT Emit sigZ AE
1 HAXB(1) HAXB(2) PHI(1) PHI(2) PHI(3) [oe*id Desteex|xxxid_worstxex emitX sigZ DEn
2 3.33234E-81  5.76714E-62  2.34351E+00  1.91001E+02 -8.48726E+01 | 4.83694E+02| 7.83022E+01 | 5.79146E-01 | 5.08770E-03 | 7.80340E+01
3 3.33234E-01  5.76714E-62  2.34351E+00  1.91001E+02 -8.48726E+01 | 4.83694E+02| 1.72762E+02 | 5.79146E-01 | 5.08770E-03 | 7.80340E+01
4 = - + + - + + + - - +
5 3.33234F-01  5.76714E-02  2.18337E+08  1.9543E+02 -8.56834E+01 | 4.86096E+02| 3.06747E+02 | 6.46188E-61 | 14.62506E-63 | 7.56986E+61 |
G 3.33004E-01  5.76714E-02  2.18337E+00  1.905H3E+02  -8.50834E+01 | 4.86096E+02| 3.27450E+02 | 6.46100E-01 | 4.62500E-03 | 7.56980E+01
7 8.33234E-01  5.76714E-02  2.18337E+00  1.9054SEwp—fuiafthE=tt—] 14.86096E+02| 2.90264E+02 | 6.46100E-01 | 4.62500E-03 | 7.56980E+01
8  8.33234E-81  5.76714E-62  2.18337E+00  1.90543E+02 -8.50834E+01 | 4.86096E+02| 2.92544F+02 | 6.46100E-01 | 4.62500E-03 | 7.56980E+01
9 3.33234E-01  5.76714E-02  2.18337E+00  1.90543E+02 -8.50834E+01 | 4.86096E+02| 3.01542E+02 | 6.46100E-01 | 4.62500E-03 | 7.56980E+01
10 3.33234E-01  5.76714E-02  2.34351E+00  1.90543E+02 -8.50834E+01 | 4.87645E+02| 4.29286E+02 | 6.16760E-01 | 4.63930E-03 | 7.69790E+01
11 3.33234E-01  5.76714E-02  2.34351E+00  1.90543E+02 -8.50834E+01 | 4.87645E+02| 4.31203E+02 | 6.16760E-01 | 4.63930E-03 | 7.69790E+01
12 3.33234E-01  5.76714E-02  2.34351E+00  1.90543E+02 -8.50834E+01 | 4.87645E+02| 4.40076E+02 | 6.16760E-01 | 4.63930E-03 | 7.69790E+01
13 3.33234E-01  5.76714E-02  2.34351E+00  1.90543F+02 -8.50834E+01 | _4.87645F+02]  4.40076E+02 | 6.16760E-01 | 4.63930E-03 | 7.69790E+61
-, RoAILxruo 7|
Best Chromosome of the 496 FHHHHHHHEHHHEE
[ 494
Generation N.5 rm
492
9.490
§§ 4881
e J4s6)
=
< 484 b
P
82 il 77 5 i 00 Wil T

Generation




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

6 Bunches '
Cathode b End of Drift C Accelerator Exit

300 150 1000
- 800 |
:? —~
© 200 100 < 600 |
c €
o @ 400
= 100 < S5 =
=2 >
o 10 ps O 200 |

0 0 0]
-8 -4 0 4 8 -8 -4 0 4 8 -1 -05 0 05 1
0.4 0.4 25 — - - - »
0.2 0.2 [ 15 ¢
. i )

. . L 05 | : : .
g; 0! @ @ o .0 o> = 0 N . ’
s . g 05 ¢+ . .
< - - S

0.2 0.2 o 15 .

/]
-0.4 : -04 . 25 . .
f -4 -4 0 4 8 {sare coMs,otot-220pt/pulse,d=4.27 psec
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*

15m

105m

M

- P.0.Shea et al., Proc. of 2001 IEEE PAC, Chicago, USA (2001) p.702;f:

ooooo

element

eeeeee . phi-phis

0.0000 psS 216.08" u=

ooooo

0000000

ooooooooo

00000

4 Bunches

0.000

ngood= 20397

rms (ARE) /KE=58.60% 2 0

- M. Ferrario. M. Boscolo et al., Int. ). of Mod. Phys. B, 2006 (Taipei o5 Workshop)




Beam-Line STATISTIC fov Laser Comb — TWO Bunches case : Current Statistic

I xxxxxxrrxrrxxrxxrxxxxxxxxxxxxx5tatistical ﬁnalysis*******

statistic=,true,
Runs_Number=360

Imust be a multiple of the pop_size
! 36 36 36 3 36 36 3 I I 36 3 I I K I I I I I I3 I I I I I I I I I I I I I I I I I I I I I I I I E X NN

[genes]
hi(1)
i(2)

-

0.9
0.9

(%)
3 pos? time
(] 12,0000000 40,1020012
Q 12.0000000 40,0989990
(=) 12.0000000 40,1010017
O 12,0000000 40,0989990
o™ 12,0000000 40,0999985
12.,0000000 40,0970001

En sig? DEn emit2 XEpMed Xmed
127.5899963 0.1931209 315,2000122 49,8079987 &1.1999969 -0,0012153
127.5899963 2 287.4100037 47.6329994 158,7799988 -0,0011859 —
127.5999985 329.6600037 192.,4600067 -0,0012634
127.5899963 282,3500061 152,9400024 -0,0012552
127.5899963 275,6199951 145,9199982 -0.0012090
127.6399994 041682500  445,8599854 279.6300049 -0.0011903

58

48 -

18

B

+4,86 Deg

nean = 214.9
sig = 28,6 1

30

1

e
156 286 256 380 358 468 458 560

Current_1 [A]

550

o +4,86 Deg 1
nean = 242.7
- sig = 34,2 E

1 L

2}
156 280 250 360 350 400
Current_2 [A]

458 568 556

bacci@pcsimul2:~/Doc_Lavoro/08_SPARC/03_LaserComb/02_Simulazioni/05_Giotto/02b_Titti_comparison/02_result_p5
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1.6118000 1.0041000 1.5850000 0,0003960
1.6318001 1.0206000
1.6545000 1.0482000




GIOTTO
and the ELI-NP case




ELI-NP LINAC machine

Beam Dynamic features

Electron Linac design to drive bright Comp’con back-scattering gamma-ray sources

A. Bacci, D. Alesini, P. Antici, M. Beﬂaveg[ia, R. Boni et al.
J- Appl. Phys. 13,194508 (2013); online: http://dx.doi.org/10.1063/1.4805071

The Peculiar Gamma Ray Source featwres

Photon energy MeV 0.2-19.5
Spectral Density phisec.eV 0.8-4'1 0*
Bandwidth (rms) % =05 In next page,
# photons per shot within FWHM bdw. <2.610° ’/l t ’(1 t ’/l t
# photons/sec within FWHM bdw. <8.310° oW Lo reac ese pavame €rs
Source rms size i 10 - 30
Source rms divergence frad 25 -200
Peak Brilliance Ifﬂ};_,-—"’sec'mm:m;'(m“f'O. 1%%) 103[1 -
10~
Radiation pulse length (rms, psec) 0.7-1.5
Limnear Polarization % =99
Macro rep. rate H- 100
# of pulses per macropulse =32

Pulse-to-pulse separation nsec 16




ELI-NP Injector merit fac’cors

The Emittance

I " )}
Maximization of electron density into transverse phase space : |y ('—:
==> means ==> very low emittance~ 0.4 mm-mrad =

The Energy Spread

Minimization of the energy spread: the source spectral density require Ay/y < 0.1%, we
have chosen a conservative threshold of 0.05 %

_ 0,25 : Booster freq.
Energy Spread by RF curvature: | g
,-’X—Band ’
0,20+ i /)
yl ’
./ /,
./ 7/
. 0,15+ ! /'C -Band
A/ y . 0z - § 1 ."/ e "
- ~N L nf RF — < > \i 0.10 Aty [%] -EL[-NI{/}l)roj. threshold ~ +~
N ) . N, |
/ rms ¢ o s ‘

0,05

0,00

; : . t : : t : '
0 100 200 300 400 500 600 700

0,< 280 um @ the injector exit




Result: GIOTTO optimization on merit factors ( booster’s injector)

Comparison using Tstep (a Parmela heir) & Astra codes

1) A space charged dominated region needs a double check
2) Astra gives the possibility to use Giotto (Giotto improves 30-60 %)

Astra with GIOTTO
0.8
1S
- 0.1
=
e
R ' Astra £ o
1 2 5 4 5 6 7 3 ™
m —
ye=04 um 0. |
, <E>=79.8 MeV -2 0 2
\ x/mm
Tstep 0~ 0.279 mm o= 0.‘280 mm, o /(E)=1.747%
o /<E> = 1.65% - .
9: ,/'/
0.8 | s: 0 P
(mm) ~ /
0.6 | E /
S (E)= 79.663 MeV
0.4 — 5 ) )
0.5 0 0.5 1
M Zrms ] z/mm
% 200 400 ‘ 600 300
Z(cm)
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Injector jitters analys s
N
Injector—> C Booster = y-Source
Astra—> Elegant - Cain




ELI-NP booster’s Injector Jitters (9 parameters)

Jitters kept in Consideration in GIOTTO:

RF:
> 200 fs Phase (overestimated): (1) Gun & (2,3) TW cavities (S- band)

» 2% in pick field: (4) Gun & (5,6)TW cavities (S- band)

laser:
> (7) 200 fs arrival time
> (8) 20 um pointing instabilities (on cathode)
> (9) 5% energy ﬂuc’cuaﬂon (C harge ﬂuc’tuation)

Different Machines:
+/- 70 um as misalignments for:  RF Cavities, Gun Solenoid, TW Solenoid

Uniform distributions Jitters; a very conservative choice




ELI-NP Injector Jitters Analysis — Energy & Bunch length

Energy, c=1.1e-01 MeV

o,, c0=4.7¢e—03 mm
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15¢
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0.265 0.270 0.275 0.280 0.285 0.290

Energy, c=1.2¢-01 MeV

80.8 81.0 81.2 81.4

30
25}
20}
151
10}

(0]

o,, c0—=4.8—03 mm
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Energy, o= 1.2e701 MeV ‘
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125t
1ot
1list
1ot

O 0':4.96—03 mm

(]

80.6 80.8 81.0 81.2 81.4

0.265 0.270 0.275 0.280 0.285 0.290

_Energy, c=1.2¢-01 MeV

50~ 45

o., 0=4.7e—03 mm

401
351
30}
251
20}
15f
101

(@)

0.265 0.270 0.275 0.280 0.285 0.290

All jitters

Machine_1
160 runs

Machine_2
160 runs

Machine_3
160 runs
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ELI-NP Injector Jitters Ana[ys is — Centroid, Envelope, Emittance

<X>I, o :4.9e70v2 mm

o,., co=1.2e—02 mm

€.y 0=7.2e—03 pm

35n - 25 z 25
sof All jitters 11 20! 1] 20t
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20 1] 15} 1] 15}
15¢ 11 1o} 10
10 1
st {l st
5 N
% 15-0.10-0.05 0.00 0.05 0.10 0.15| © 0.40 0.42 0.44 0 0.38
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Machine 1
20} - . 20
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1sf . 15
10} . 10
st 1 5
0~ —6710-0.050.00 0.05 0.10 0.15 o 0.38 0.40
>5 . <X>, o=1.1e-02 mm >5 0,9 0=12e—02 mm 30 €0 0=7.7e—03 pm
,| Machine_2 | || 25!
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300160 runs 1135l ]
30}
ol 20}
15} 1] 20}
10} | |10} | »
| 1] 20
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In Conclusion

Genetic A[gorithms show great promise in the Beam Dynamics optimization and prob[em
solution.

GIOTO has been applied successfully to:

*  refine known beam lines, with improvements around 20-40 % (in the performances)

* have been used to ﬁnd comp[ete[y new schemes, as in case of the hylovid velocity
lounch'mg

Thanks for your attention

Demand of EXTREME HIGHT QUALITY electron beams doesn’t stop and often it makes

necessary to cope with strong space charge

Beam-Line optimization is Nowadays really a critical issue



Emittanzometro RF-Gun 1.6 S-band 120 MV/m

Emittanzometro’s edata are handled by a dedicate algorithph that
return a PhaseSpace.txt (successively(interpolated
to increase the definition)



Emittance in Real Beam

Since real beams usually do not have well defined boundaries, a method for calculating the emittance, is
to choose a specific density contour, in the phase space, that represents from the 50% (worst cases) up
to the 98-99% (best cases) of the whole bunch charge (or integrated intensity). Within this density
contour and under certain conditions, such emittance satisfies the Liouville’s theorem and thus is
conserved

97% 95%

100%
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0,002

0,001 <

0.000

-0,001 -|

-0,002 +

-0.003 ///
2 2 2 2
Ly w4+ Py + 20y =¢ || gx” +by” +2axy =1
2 _ 1
7ﬂ —a =1 gb — a’ = —

_ areda &
Slope=-a/B - a
i 8= Za b= ﬁa a=—
|GMESA normalization & £ &

-y

g’ +bx"”” +2axx' <1

\ 4

Centroid

g’ +bx" + 2axx’ > 1

—0
v




[ DATA INPUT

*Global parameters evaluation } WE Slope=-y/a ax’ +by’ +2axy =1
§ *Phase space matrix downsizing Slope=-o./p 4 Y a
@20~

| e

y
[ First population generation
> Centroid
- —— ~ 1 One of the 30 generation’s chromosome with 25 genes
*Genetic optimization I
1

c A |2 1D g | oeeeeeemeeeeeeeeereneenns a
*Mutation probability control J g |b 8 b

*Process optimization tricks

N_generations

Convergence parameter test

ulation generation from | SR 7T —
hepbestong chromosome _ _ . ~sampling is a thorny
issue as uniformity and dimension. A shuffled

uniform random generator is used.

Solution anaIyS|s
End-Program

F fitness = A_d



Data analysis at SPARC - Some relevant results

One of the more significant curve - analyzed also with two other methods - that shows a strongly marked

double minimum

4 ; I . , Some phase space of the emittance curve
e Measuraments-profiles filtering ooz
®  GMESA (97%)
O Measurements-phase space filtering (95%)
35 +

PARMELA "

Emittance(mm-mrad)
w

00 0s 10 - 00 05 X A 00 0s 10

Z=1328 [mm] 7= 1360 [mm] Z=1392 [mm]

2.5
2 i : : : Z=1426 E:nm] ‘ ‘ Z=‘ml458 0[:11m] ’ Z:1523 Enm] E
100 120 140 160 180 200 <
z(cm)
From first tests the code seemed to be able to analyze Cordnae dlconvoclrtiet An output file

the rough phase space images, not yet interpolated

0,003

0,002

0,000

-0,001
X' 0,000 -p

[mm-rad] [mm-rad]

-0,002
-0,001

-0,003
-0,002

-0,004

X [mm] X [mm]

Emittanza rms al 100% della matrice centrata in 0,0= 2.23044437E-04
Emittanza rms al 100% della matrice centrata in X_c,Y_c= 2.23232026E-04

EQ. ELLISSE 1:

2.01641560 *X*2+2* 296.490082 *X*X'+ 2428111.25 X'*2= 1
gamma= 2.01641560 gamma-normalizzato = 9.19580809E-04
beta= 2428111.25 beta-normalizzato = 1107.33350

alfa= 296.490082 alfa-normalizzato = 1107.33350

emittanza analitica = 4.56047273E-06

EQ. ELLISSE 8:

1.98872209 *X2+2* -296.490082 *X*X'+ 863863.063 X'"2= 1
gamma= 1.98872209 gamma-normalizzato = 1.556765051E-03
beta= 863863.063 beta-normalizzato = 676.613770

alfa= -296.490082 alfa-normalizzato = 676.613770

emittanza analitica = 7.83241936E-06

Percentuale della carica raccolta= 97.0004120 %

Emittanza rms unione dell'ellissi - [massima stima] - non normalizzata = 2.09415637E-06 [mm-mrad]
Emittanza rms senza |'Area_buio - [minima stima] - non normalizzata = 2.06715064E-06 [mm-mrad]
Area_lIntensita’_nulla = 2.27432990 [% dell'Area numerica totale]

Area numerica= 5.23847807E-05 Emittanza numerica A_num/pi= 1.66745926E-05 [mm-mrad]



_ BPM and Genetic control of the steering correctors A code to compute the rms
emittance of high brightness electron beams

Developing of a dynamic link library (dll), in fortran 90, that can interface with LabView

_ Current of maximum rms of the BPM off-set
variation per corrector

N. Corrector
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from simulations it converges to 0.200 mm of maximum off-set after 80 generation
Considering 2s to test each configuration — 36 minutes

The real world could be faster ant colony optimization



