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X-Ray FEL Based Light Sources Provide Great Opportunity

for Scientific Discovery

Natural and Artificial Photosynthesis Fundamental Charge Dynamics Advanced Combustion Science

Dynamic Nanoscale Heterogeneity
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Some X-Ray FEL User Facilities in the World

Existing ... in construction

facilities

L e SR ot TP 2016-2017

Courtesy of L. Gannessi

S -.-' U.S5. DEPARTMENT OF Dfﬁce Df >>>
= (GIENERGY |2 immwnomaces ATA P :



The FEL Cost and Performance Critically Depend on

Electron Beam Quality

 Electron beam emittance &

« Energy spread o
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Ideal electron beam:

/ - high peak current
2 O / }/ )
Aw = e small energy spread
A - small emittance
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Global Start-to-End Beam Dynamics Optimization Is

Needed to Achieve the “Best” Electron Beam Quality

Beam Beam distribution and
manipulation individual beamline tuning
and

conditioning —2 GeV CW

superconducting linac

Low-emittance, Laser systems
high rep-rate timing & ’
electron gun synchronization

Ref: J. Corlett et al., 2013

* previous studies were done with injector and linac optimization separately

* optimizing the linac using the best-performing solution from the injector does not
guarantee the best solution at the end of the accelerator.

* local optima may exist given the high dimension of search space

* global optimization method 1s needed to avoid local optimal solutions

* global start-to-end simulation is needed to allow all machine control parameters to
vary simultaneously.
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Global Optimization Using a Stochastic Evolutionary

Method to Overcome Local Optimal Solution
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Differential Evolution Algorithm:

* Stochastic, population-based evolutionary optimization algorithm
* Easy to implement and to extend to multi-processor
 DE has been shown to be effective on a large range of classic optimization problems
- In a comparison by Storn and Price in 1997 DE was more efficient than
simulated annealing and genetic algorithms
- Ali and Torn (2004) found that DE was both more accurate and more
efficient than controlled random search
-In 2004 Lampinen and Storn demonstrated that DE was more accurate
than several other optimization methods including four genetic algorithms,
simulated annealing and evolutionary programming

E_ Stom and K. Price, Joumal of Global Optimization 1a1:341-339, (1997).
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Differential Evolution Algorithm

» A population of control parameter vectors are randomly generated from the control parameter
space
« Anew perturbed vector is generated for each parent bv:

Vv, = X A X6 — Xig) T (X, —X,35) —> mutation

L

*» Anew trial control parameter vector is generated by

U PGl T (qu:G—J:HfJ:G—L Tt HJLD:G—]__:J

V. if rand; =CR or j=mbr,

H . _—
§.G+ x,. otherwise —> CroSS over

» If the new trial vector produces a better objective fuimction value, it will be put nto the next
generation G+J population. Otherwise, the original parent vector is keptin the next generation
population.
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An Adaptive Unified Differential Evolution Algorithm:

Some standard DE mutation strategies:
DE/rand/1: randomly chosen
DE/rand/?- solutions

DE/cumrent-to-best/1: current solution

DE/current-to-rand/1: _
best solution

DE/rand-to-best/1:

Unified DE mutation strategy (uDE):

V=X + F(X, - X))+ Fy(x, - %)+ F5(X,; - X 3) + Fi(X,, - X,5)

Encompasses standard DE mutation strategies as special cases. Four control parameters + CE_

Flf:'+l L E;imi.'r.. T+ T_;I'llrl._'ijﬂT — Fj:r.l'l.-:'n:l:- i T2 = T
73 Fﬁ . otherwise

J. Qiang and C. Mitchell, in OO digest, 2015.
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A Pseudo Code of the Adaptive Unified Differential Evolution

Algorithm

Step 1: Generate a set of imitial control parameters (F'y, Fo, Fa, Fy,Cr)
from random umiform sampling in the interval [0.1]. Generate a set
of mitial population members by randomly sampling N P ponts
within the feasible control parameter space I and evaluate their olyective
function values f(Z). Set the generation number &' = (.
Step 2: While the stopping criterion 1s not satisfied. Do:
Fori1=1 to NP (for each target parent solution I ):
Step 2.1: Mutation
Find a set of control parameters (for 1=1.2.3 4):

F:‘_’;‘+1 o {anuﬂ + rjll::F_'.!ma:r' — ij':!-'lt-}'l if ;2 << T

—Fll’i_‘ otherwise
1:-*_-Jl'],_.ll_ﬂ?—l-l _ C"r'm-aﬂ + ]'"J[\C]"mm:r — Crm-;.-n_:l' 1f Ty < Ty
’ Cr&, otherwise

T
Find a mutant solution vector using the uDE mutation strategy:

Step 2.2: Crossover
Generate a new tnial solution [:fi_{utl, U,3, -+ , U, ) through
a binominal crossoper scheme:

u,, = v,;,; if rand,;[0,1] < Cr{‘+l OF 7 = Jrand-

otherwise u,; = x,;.
Step 2.3: Selection
Evaluate the objective function of the trial solution f(I7,).
If £(0,) < f(Z.). then 7, g11 = U..
else ¥, oy1 = T2
End For
G=G+1

End While




Improve the uDE Using 14 Multi-Variable Test Function Tuning

2.1.1. I'y: Shified Sphere I'unction 2.1.2. I, Shifted Schwefel’s Problem 1.2
D

F(x)= z,.2 + f_bias, ,z=x—-0,X=[X,X,,...,Xp |

— "o Fi(x)= Z(Zz) +f _bias,, z=x—-0,X=[X,X,,...,Xp |

] o o ) i=l1  j=1
2.1.3. F5: Shifted Rotated High Conditioned Elliptic Function

i—1

Fi(x)= Z(IO VPl 2P+ £ bias,, z=(x—0)*M ,x=[x,,x,,...,x,]

i=1
2.1.4. Fy: Shifted Schwefel’s Problem 1.2 with Noise in Fitness
D i
F(x) =0, z))*(1+0.4|N(0, D))+ [ _bias,, z=x—0,X=[x,,X,,...,.Xp ]
izl j=1
2.1.5. Fs: Schwefel’s Problem 2.6 with Global Optimum on Bounds
f(x)=max {|x, +2x, - 7|,|2x, + x, =5 l,...,n, x =[1,3], f(x)=0
Extend to D dimensions:
F.(x)= max{|Az.x—Bf|} + [ _biasg,i=1,...D ,x=[x,x
2.2.1. Fg: Shifted Rosenbrock’s Function

1° 29 )xD]

D-1
Fé(x):Z(IOO(zf— 2., )V +(z—D)+ [ bias,, z=x—0+1,x=[x,,x,,.... X, ]
i=]

222, o Shiﬁed Rotated Griewank’s Function without Bounds

;s Z=(X—0)*M, x=[x,%,,....%,]

4000 3, \f
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Improve the uDE Using 14 Multi-Variable Test Function Tuning

2.2.3. Fg: Shifted Rotated Ackley’s Function with Global Optimum on Bounds

1 & 1 &
Fy(x) = —20exp(-0.2 BZZ,?)—GXP(BZ cos(27z,))+20+e+ f biasy, z=(x—0)*M,
i=1 i=1

2.2.4. Fy: Shifted Rastrigin’s Function
E((x)= i(zf —10cos(27z,) +10)+ f_bias,, z=x-0, X =[x, X,,...,X, |
i=1
2.2.5. Fo: Shifted Rotated Rastrigin’s Function
Fry(x) = i:(zj2 —10cos(27z,) +10)+ f_bias,,, z=(x—0)*M ,x =[x, X,,..., X} ]
i=1

2.2.6. [I',: Shifted Rotated Weierstrass Function

D kmax Jrmax
Fi(x)=> (D [a" cos(27b* (z,+0.5)])—D > [a" cos(2zb" -0.5)]+ f _bias,,,
i=l k=0 k=0

2.2.7. Fio: Schwefel’s Problem 2.13

D
Fp(x) =D (A, =B,(x)) + [ _bias,, x=[x,X,,...x,]
i=1

D D
A = Z}(aij sinaj +b,.j cosaj),B,.(x) = Z;(a,.j sinxj +be' cosxj) Jfori=1,..,D
J= i=
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Improve the uDE Using 14 Multi-Variable Test Function Tuning

Number

Function Name

Function Properties

Shifted sphere function

unimodal, separable

Shifted Schwefel’s Problem 1.2

unimodal, non-separable

Shifted rotated high conditioned elliptic function

unimodal, non-separable

Shifted Schwefel’s Problem 1.2 with noise in fitness

unimodal, non-separable, with noise

Schwefel’s Problem 2.6 with global optimum on bounds

unimodal, non-separable, optimum on the boundary

Shifted Rosenbrock’s function

multi-modal, non-separable, narrow valley

Shifted rotated Griewank’s function without bounds

multi-modal, non-separable, no bounds

Shifted rotated Ackley’s function with global optimum on bounds

multi-modal, non-separable, optimum on the boundary

Shifted Rastrigin’s function

multi-modal, separable, large number of local optima

Shifted rotated Rastrigin’s function

multi-modal, non-separable, large number of local optima

Shifted rotated Weierstrass function

multi-modal, non-separable, continuous but not
differentiable

Schwefel’s Problem 2.13

multi-modal, non-separable, random

Expanded extended Griewank’s plus Rosenbrock’s function

multi-modal, non-separable, expanded

Shifted rotated expanded Scaffer’s F6

multi-modal, non-separable, expanded
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Performance Comparison of Different DE Strategies

with 10 and 30 Dimensional Test Problem

10 dimensional problem

Fuzction rand/] b (0.9.0.9) rand’] bin (0.5,0.9) best/] bin (0.6.0.3) AuDE3
Mean std Mean Std Mean st Mean Std Mean atd
Fy 0.0000000E+00 0.0000000E+00 1. 1600433E-05 §.7763915E-06  |~G-Q0Q0000E+08— 0.0000000E~00 2 2T3TI68E-15 1.1138%90E-14 0.0000000E+00 0.0000000E-+00
Fa 0.0000000E+00 0.0000000E+00 52947817E-02 3.1B12454E-02 0.0000000E+00 0.0000000E+00 82032011E-09 5.6288682E-09 HOO000OE- 0.0000000E-+00
Fg CET4IGIRAE-03 >  1.5246452E-03 2796018 TE+4 1.0797875E+04 1.9950938E+05 8.8750793E+4 1.BOB3329E+03 6.9729592E+02 LI6TTS4E+DD S1TT2101E+02
Fy 6.5907689E-08 L137T208E07 S.0278412E01 3.2090327E-01 0.0000000E-+00 0.0000000E+00 4.1926821E-03 16378655E-03  CLODOOODOE=0>|  0.0000000E=+00
Fg 3.0234581E+01 T0282410E+00 1511768 1E+02 1.4761628E+02 0.0000000E+00 1.5947931E+01 4. 288T9TOE00 0.0 +00 0.0000000E=+00
Fg 5.6672931E+00 2.028807TE+00 1.2190600E+02 43514187E+01 2.07T05489E+00 1.3533926E+00 1097641 8E+00 1.5543555E+00 ( 4.7838049E-01 ) 1. 2954 349E+00
Fw 5.3679379E-01 TOB23728E-02 6.3233369E01 8.4535T16E-02 1.63T8389E-01 5.7131860E-02 1.4336614E-01 3.1907309E-02 . Z0E-2 47315555602
Fg 2.0338342E+01 6.7732253E402 2.0340375E+01 8.7961754E-02 2.0350417E+01 6.5T33178E02 2.0333038E+01 6.9860187E-02 20348756E+01 BO11T752E02
Fg 249771913E+01 3.8533340E+00 2.4869593E+01 3.2228950E+00 1 4725304E+00 1.3531443E+00 2 161314E+00 7.9532603E-01 D000000E+ 0.0000000E-+00
F1p 3.3944239E+01 4 4434536E+00 4.1290421E+01 5.8501187E+00 1.3738418E+01 3.5RB06027E+00 1.7154235E+01 3.1317709E+00 6.2387856E+00 1 53R189TE+00
F1q 8.116993TE+00 £3923093E01 8 95644 T1E+00 5.7B81595E-01 6.255572 6.7614688E-01 49552116E+00 £.04483835E-01 p KU 1.4317264E+00
Fig 6.3814388E+02 24652132E02 3.3414181E+03 1.0060128E+03 u] : 4051293 TE+02 1.1206846E+02 5.3707647E+01 4 4314780E+02 £.5549TR9E+02
F1a 2.658614TE+00 34527250E01 3.4535876E+00 3.20435086E-01 6.0300527E-01 1.5142810E-01 T.1776035E-01 1.1885232E01 106001 9 04R5625E02
F14 3.4981003E+00 14T5TITIEDL 3.T4TI4SERD0 1.3941907E-01 3.2142822E+00 1.6952966E-01 3.3314049E+00 1 6809668E-01 @ 3.5611180E01
30 dimensional problem
Fanction rand/l b (0.9.0.9) rand/] bin (0.5,0.9) best/L/bm (0.6,0.3) AuDE3
Mean Std Mean Std Mean Std Mean Std Mean Std
Fq 4.0042068E-02 £.3307992E-03 1.0409654E+04 1.2104588E+03 5.4569682E-14 1.9558423E-14 5.3842086E-12 2.1210759E-12 AO00000E= 0.0000000E-+00
Fa 13737241 E+03 1 9986083E+H02 3.3304339E+4 330402 7TE+03 2 8456TIRE+0] 2.1763623E+01 1.226T751E+02 1.9971381E+01 TOEB0TREE-14 3.9382276E-14
Fq J448I82EH0T | 42367T28EH6 20209261E+08 JOTITI4E+0T 25650801 E+07 8 T024844E+06 42126081E+06 | S0293WE+D3 1L4104564E+05 5.6480228E+4
Fy 8.9191323E+03 1.5487786E+03 4.0898995E+4 J8311927E+03 4445 +02 ISTTIIED 5.9860186E+03 1.3586903E+03 J0108320E+01
Fg 9.4191660E+03 5.8526015E+02 1.8207668E+(4 1.2946165E+03 20355 4 (48R493E+2 5.1414490E+03 1361 TI59E+02 2031 628F+03 5.1893203E+02
Fg 1.5925815E+04 | 4.1294933E+03 8.7971840E+08 12523826E+08 2.9464409E+01 2. 417T08E+01 3.5691109E+01 34391071E+00 e 1.9917166E+00
Fr 1.0166459E+00 13860761E-02 5.2188218E+02 59920405E+01 | CTII6428E-0T >  1.0649478E-02 6.2153108E-02 1.9692523E-02 1.3353466E-02 1.6031365E-02
Fg 2.0949387E+01 4.7929997E02 109326T8E+01 3.T664812E-02 20930889E+01 4 3TRIETOE2 20942710E+01 4.5839964E-02 2.0925805E+01 4 1211114E07
Fy 2.2875580E+02 1.1624656E+01 2 7182950E+02 1.1788136E+(1 9.7903961E+00 34541 TE-D 43379156E+01 6.0438936E+00 4 4 368038 TE+0
F1n 2.5627592E+02 L1178713E+01 3.4069565E+02 1.3533140E+(1 1.63333T4E+02 1.7418266E+01 1.9153300E+(2 1.3487459E+{1 4.9181750E+01 1.0619879E+01
F11 3.9625818E+01 1.0999763E+00 3.9586897E+01 9.2565013E-01 JT911211E+0] 109551 56E+00 1 7922660E+01 LITIN9EHID 1.2619T60E+01 3.2RBROR0E-+00
Fig 3.9682312E+03 4 4826984E+04 6.91606353E+05 7.3840596E+04 T8503639E+03 LO178754E+04 3.7835219E+04 5.6300539E+03 1487261 2E+03 3.355508TE+03
Fi3 2.1428267E+01 1.1650938E+00 3.9428286E+01 3.6998405E+00 T.T156768E+00 7.5339803E-01 6.0425845E+00 5.8237527E01 3. TE0G460E 0] 3.6730826E-01
Fry 1.3357126E+01 1.5099584E-01 1.3468751E+01 L0284081E-01 1.3251791E+01 1.3541026E-01 1.2910809E+01 1.5619979E-01 NE195TIEAI] 3.3397551E01




Performance Comparison of Different DE Strategies

with 50 Dimensional Test Problem

Funetion rand'1/bm (0.9,09) rand'1bm (0.5,0.9) best/ /o (0.6,0.3) AuDE3
Mean Std Mean Sd Mean Std Mean Std Mean Sid
Fy JO92TIBEEA03 | 33B0689TE+DY | SB565096E+4 | IIISIOIE+03 | TOMES839E-14 | 24276863E-14 | S79007IE-04 | 1932750CE-4 D000000E- 0.0000000E=00
Iy SITRA0ME+04 | SSTTMSSE+03 | LI1233028E+05 | 8.7430565E+03 | 1600S0BTE+04 | S.OITBOIE+D3 | 13310258E+04 | 155061ME+03 [ L7958065E-04 \ 2.5805313E-04
Fq JAMBEH08 | STIGNSEAT | LOSOISSTE+D9 | 13M7SME+08 | LOT30390E+08 | 1S0M499IE+0T | 40MASEHDT | S4701652E+06 N 5.00s0682E-05 /| 19314395E+05
Fy TI0680E+04 | STB4T083E+03 | L29GDGIIE+0S | T.697435E+03 % SI831596E+03 | 4693TITEE+04 | 4.3B00970E-03 35472E+ §.7681772E+02
Fr 1293246E+04 | 14333B40E+03 | J103969E+M4 | 1485T210E+03 1 TRAITE0 | 14083438E+04 | LO9IS037E+03 | 3.2045008E+03 | 9.3906237E+02
Fg 11235168E+08 | 40623867E+0T | LGATISTE+I0 | 25799614E+0% | SOITM498E+01 | 2593M4BTE+0l | 4.1049263E+02 | 5.3862000E+01 K J.8137936E+ 2 (888036E+00
P 19435586E+02 | 23509047E+01 | 24503718E+03 | L.7207500E+02 @ SISSSROTELDR | G4MISNEEL | 4536833E | S.6083196E-03 | 9.6%48211E-03
Fg TIADYEA0D | 303958MEDY | I136908E+01 | 3ISIIT96E-0 | 21136844E+01 | 32363326E02 | 2IIMI(E+D] | 44633915E02 | 21INM2E+0] | 32208483E02
Fy 49859346E+02 | 1629%490E+01 | G.0349638E+02 | 1S2ITIM4E+01 SM6MIEAL ) 3TMEMOE+0] | LIBGT0RSE+02 | I3TITMEAl | 4226030E+01 | 1.7862920E+(l
F1p 60219018E+02 | 19609180E+01 | S30SIIG4E+02 | 3JO04I6330E+01 | 3J6TOISME+DD | L78T4MIE+Dl | 49069444E+02 | 43478100E+01 T44199EA8 | 221682031E+01
11 TI080034E+01 | 109696SIE+00 | T72906333E+01 | 166623G3E+00 | TITETESSE+0l | 14045200E+00 | S.T315084E+01 | L7626631E+00 |/ JOOHINNE-01\| 1Q455411E+01
Fi9 1I6155E+06 | LTATROSIES0S | 3T8633T9E+06 | 30L29766E+05 | L7B3285TE+4 | LI103380IE+4 | 26931807E+05 | 31723TME-(4 | 94551430E-03 || 79832132E+03
Fia SOTOI9EA01 | 3263BIEA00 | 2I127533E+01 | 2B8636S1E+01 | 21405098E+01 | LO92SO4BE<00 | L6SI8S38E+01 | LI329TLE<00 N\ LAOTI9G48E-01 /| 7.35038179E-
Fi4 1I0MSEA0L | LOTATTSEL | 1323RAGE+01 | L3G434I3E-01 | 22043825E+01 | 13336836E01 | 22683903E+01 | 14716163E-01 | N 224T3IE- JR18T439E01

Retune uDE with 3 control variables shows better performance

than several standard DEs and the jDE!

U.5. DEPARTMENT OF Office of

EN ERGY Science

ACCELERATOR TECHNOLOGY & .
APPLIED PHYSICS DIVISION A ] A -_-;




Evolution of the Average Error in the Objective Value

for the First Four Test Functions
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[ o rand (0.9, 0. 9] m—
SEanasTvEiE 102003 el frand/1/bin (0.3,0:3) |
/best/1/bin LnZEjn;F& FUk foest/1/bin {0.&,0. 31
AUDES — L — AUDES
'| _
t) i)
b - b
0 o
M M
b b
i i
1 1 1 1 1 - 1
2000 2500 3000 3300 4000 4300 5000 o 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

eneration {FE{

[l =]

generation

2]
[=]
[
2]
1
o]
(=]

1o o
I|'| I 1
T Ij.l:l.
=
|

£

T,

]
a
[T5]

100000
ﬂ:n-:a ﬂ
:
0 1e:0 0
10000
1e+06

0 500 1000 1500 2000 2500 3000 3500 4

(F3) generation




Accelerator Desigh Needs Multi-Objective Optimization

miny ... subject to gl.(x) <0, hl.(x): 0,

R ACY "

feasible solution space

Examples: ¢
e cost, performance Pareto front
* injector: emittance, peak current

* linac: peak current, energy spread

v

fi

*The goal of multi-objective optimization is to find the Pareto front in the objective function solution space.

+*The Pareto front is a set of non-dominated solutions within the whole feasible solution space.
“*Anon-dominated solutionis a solution that at least one ofits objective function valueis less than the same

objective function in other solutions.
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A Variable Population External Storage

Multi-Objective Differential Evolution Algorithm (VPES-MODE)

« Step 1: Define the minimum parent size (Npmin), the maximum size (Npmax),
and the maximum size of the external storage (Npext).
 Step 2: Generate initial Npini population of control parameter vectors randomly from
the entire solution space.
» Step 3: Produce offspring population using the unified differential evolutionary algorithm.
» Step 3: Check the new population against boundary conditions and constraints.
» Step 4: Combine the new population with the existing parent population from
external storage. Nondominated solutions (Ndom) are found from this
group of solutions and min(Ndom, Npext) of solutions are put back into
external storage. Pruning is used if Ndom > Npext. Np parent solutions are
selected from this group of solutions for next generation production.
If Npmin < Ndom < Npmax, Np = Ndom;
If Ndom < Npmin, Np = Npmin;
If Ndom > Npmax, Np = Npmax.
» Step 5: If the stopping condition is met, stop. Otherwise, return to Step 2.
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Test with an Analytical Solution

filx) =z
2
f2(%) = g(x) |1 = (21/9(x)) 5 =0,
g(x)=1+g(2?=2xi)/(n_1) 1=2,...,n
1 ) ) ) ' ' j ' 7 WPES-PMIE  + ) i ) T ONSGA-11 ——
analytical solution VPES-PMIE ——
L\ NSGA-II
—
VPES
00 01 02 03 04 05 06 07 08 09 134 5000 10000 15000 20000 25000
o stnto. o.as1enr F1 b o num. of func. eval.
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Start-to-End Beam Dynamics Simulation Using the Parallel

Multi-Physics Code Suite: IMPACT

e Some major features:
— Z dependent and T dependent tracking
— Detailed 3D RF accelerating and focusing model, dipole, solenoid, multipole, ...
— Multiple charge states, multiple bunches

— Multiple space-charge solvers: 3D shifted-integrated Green’s function, 3D spectral
finite difference multigrid space-solver, ...

— Structure + resistive wall wakefields
— CSR/ISR

— Gas ionization

— Photo-electron emssion

— Machine errors and steering o
e (Can be used to model beam dynamics in:

— Photoinjectors

— lon beam formation and extraction
— RF linacs

— Rings
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An Example of Start-to-End Beam Dynamics Simulation

of the LCLS Microbunching Experiments

10,9m Laser DILI1 L1 BC1 1.2 BC2 L3/Trans. DI2
0-135 Heater -7mm 12 m 45 mm 360 m 15-50 mm 820 m -0.15 mm
MeV  8mm 135-250 MeV 0.25-5 GeV 5-4.3 GeV 100 m

L XTCAV
25-28 29-3 (e A&
o=

* Integrated injector and linac simulation using a single code
* Fully 3D time-dependent simulation in the injector
 Fully 3D position dependent simulation in the linac
 The multi-physics model includes:
- 5t order single particle tracking
self-consistent 3D space-charge effects,
1D CSR effects, ISR effects
structure and resistive wall wakefields

5000 0.0025 —— 0.5 —
4500 o 0.45
4000 | 0.002 1 0.4
% 3500f 0.35
5 ~
- 3000 £0.0015 . . 1 T 0.3
E oo g rms size evolution rms bunch length
g 2o00f E 5o )
3 2000} 2 0.001 Y evolution
é 1500 | 0.15
1000y energy evolution | 0.0005 1 0.1
500 | 0.05 —l 21
®0 200 400 600 800 1000 1200 1400 1600 180 %0 200 400 600 "800 1000 1200 1400 1600 180 e W B e Lo Tor o
distance (m) distance (m) distance (m)




Final Longitudinal Phase Space Distribution

Noln LHop = 19 keV

' i)
' | , "4

Measurements Measurements

-10 0 10 20 -20 0 20
Longitudinal position (um) | Longitudinal position (um)

In collab.
Simulations “1Y. Ding et al.

2 3 -3 =20 -10 0 10 20 80 at SLAC,
Nz (um) Az (um) WEPOB30
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Couple/Decouple Transverse and Longitudinal Beam

Dynamics in Global Start-to-End Optimization

Ideal beam: small emittance, small energy spread, high peak current

Injector <= ~100 MeV: longitudinal and transverse motion tightly coupled

optimize simultaneously transverse
and longitudinal beam dynamics

Linac >= ~100 MeV: longitudinal motion is n

Opt. transverse
beam dynamics

. BEPARTMENT OF Office of

: * ENERGY Science

injector

rly frozen except in BCs

Opt. longitudinal
beam dynamics

linac
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A Diagram of Parallel Start-to-End Beam Dynamics

Optimization
Parallel Multi-Objective P outputs
Global Optimization Program
injector control parameters linac control parameters
e.g. e.g.
- laser pulse size and length - L1 amplitude + phase
- gun phase - HL amplitude + phase
- solenoid strength - BC1 R56
- boosting cavity amplitude + phase - L2 amplitude + phase
- etc -BC2 ... etc
injector linac
simulation l simulation

energy, peak current ) final energy, peak current,
. &, P .| =2 constraints €—— . &Y P
emittances, energy chirp emittances, energy spread
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Application to an LCLS-Il Design Study
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A Layout of the LCLS-Il Accelerator

I I I I I

LTUS
3-15-GeV Culinac — LCLS-/

==
1

()
I

-wall
|

4-GeV CW SCRF Linac

%\
-
5
[
T
7

HXU

HXR kicker
SXR kicke

< 750 keV > 750 keV

E 2 Objectives characterize

| | | | |
[] [] 1500 2000 2500 3000 35
l Z [m]

iti longitudinal beam quality.
i x 8 cavitie B Apply constraints € quay
njector at the injector exit.

F 1 MHz repetition rate to generate coherent x-ray radiation between
200 eVto 5 keV

E Allow beam properties
at the cathode to vary. E Injector consists of a VHF normal conducting gun, buncher, and
boosting cavities

B Linac consists fo 3 superconducting cavity sections, a 3" harmonic
linearizer section, a laser heater and two bunch compressors.
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Multi-Objective Global Optimization with 20 pC Charge

Parallel Multiobiective
Global Optimization Program

/\

12 injector control parameters 10 linac control parameters
- laser pulse size and length - L1 amplitude + phase

- gun phase - HL amplitude + phase

- buncher amplitude + phase -BC1 R54

- 2 solenoid strengths - L2 amplitude + phase

- 18t boosting cavity amplitude + phase -BC2 Rgg

- 4t boosting cavity amplitude + phase - L3 amplitude + phase

- final cavity phase

|

energy, peak current,
emittances, energy chirp

|

final energy, peak current,
energy spread
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Multi-Objective Injector Beam Dynamics Optimization with

20 pC Charge

Two optimization objectives at the injector exit:
- rms bunch length
- transverse rms emittance

[
.
o+

[
T

Pareto optimal front

o o
L] L]
43 &3]

rms bunch lengh (mm)
o
n

B TP

0 0,05 0.1 0.15 0,2 0,25 0.3
rms emittance (um)

#“% U.S. DEPARTMENT OF Offi f CCELER JOLOGY & '_'-f:';._"“-:
# E N ERGY Sc E,? .;?4 :.'PLELLE Dpﬁmg IESCS .Trﬂl;ﬁr;f SIA TA P__I




Multi-Objective Start-to-End Beam Dynamics Optimization

with 20 pC Charge

* Two optimization objectives at the entrance of undulator:
- fraction of the charge inside a window [-7,9] um
- rms energy spread inside the window
 Combine the 12 dimension injector solutions with the 10 dimension
linac random solutions at the 15t generation solution
* Turn outputs at the injector exit into constraints for global optimization

10 T T

9k

o
&

linac optimization
with one optimal
injector solution

o

@
o~

» Global start-to-end optimization
using global machine 1| shows significant improvement of
optimization . . .

11 final optimal solutions.

A

ag within the window (MeV)
R
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Improvement of Final Electron Beam Quality with Global

Optimization

—0,05 -0, 04 -0,03 =002 =0,01

bunch length (mm)

0,01 0,02

0.4
380 F
03F
300
befare optimization
= 280
5 z
§ L g 200
& £
3
E 180
o ok
100
-1k
i
_0'2 L i L i L L L 0 L
-0,07 -0,08 -0,08 -0,04 -0,03 -0,02 -0,01 0,01 0,02 -0,08 -0,07 —01,06
bunch length (mm)

0.25 ; 500
= 0.2 450 |
X
o’

c o : .. doof
S o4 after optimizatipon
-_E . . 350¢
= 0.05
>
3
3—0.05
| S
Q@ 0.1
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-0.25 :
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Transverse Beam Dynamics Optimization Significantly

Lowers the Transverse Emittance Growth

* rematching the lattice including 3D space-charge effects
- 18t 5 quads at the exit of the injector
- 4 quads before LH
- 4 quads after LH
- 4 quads after BC1

before optimization after optimization
1 : : : : : — 1 . . . . . o
Y — “1 [—

08 = 0.8
E El
@ 0.6 ' g 0.6
= =
E L =
£ 04 ﬁ’d = 0.4
2 # E
E WA
" 02 )V " 02 |/ | E—

00500 1000 1500 2000 2500 3000 3500 400( 00500 1000 1500 2000 2500 3000 3500 400(

distance (m) 7 i

distance {m)
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Conclusions

* Next generation x-ray FEL accelerator design needs global
optimization to attain final optimal solution.

* Multi-objective start-to-end beam dynamics optimization is
doable with advanced optimization algorithm and beam
dynamics simulation tool.

* One application example shows significantly improvement of final
electron beam quality, which might lead to “more than 80%
improvement of the final 5 keV radiation energy.”
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