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- Comments on multiobjective optimization tools
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- APEX design and measurement analysis
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- New optimization algorithms: VPES-PMDE
- Global start-to-undulator FEL optimization
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——— AT v “L-

&

- -\ [_
u’-ﬂ‘ U.S. DEPARTMENT OF Office of ))D
{9ENERGY | oo CEE IR G LT 5 2

.. Ao
BERKELEY LAB




* Introduction and motivation
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High-Brightness Electron Beam Requirements for ~1 MHz

Repetition Rate Soft X-Ray FEL (eg, LCLS-II)

LCLS-Il Baseline (0-4 GeV) FEL Features
LCLS-II Linac ErAOCpEST?ﬁ ch_: 5';'815| ég@c high repetition rate (up to 1 MHz)
“Lsec.11:20 }* XL high average brightness ( >20 W)
w broad photon energy range (0.2-5 keV)
4 GeV 1-25 keV (120 Hz) road phot gy range (C.
1-5 keV (0 -1 MHz) novel seeding schemes (EEHG)
Injector Baseline (0-100 MeV) e,y <Al4n

A=X,(A+K*12)/2y%)

B8  Solenoid magnet

<750 keV >750kev ®

w. - i p
0 . 0 ( [[) Warm wo-cellRF cavity Beam requirements at the undulator
B m CW | W Cold multi-cell RF cavity Electron energy 4.0 2.0-4.14 GeV
€| Leserpulse Bunch charge 100 10-300 oC
Cryomodule Repetition rate 0.62 0.93 MHz
Beam requirements at the injector exit (100 pC) Final norm. rms slice emittance 0.45 0.2-0.7 Hm
Final peak current 1000 500-1500 | A
Peak current 120 | A
- Final slice energy spread (rms) 500 125-1500 | keV
Norm. rms emittance 0.35 | um
Higher-order p spread™ | 15.0 | keV/c *the rms longjtudinal momentum spread, taken after removing linear and

guadratic correlations from the beam'’s longitudinal phase space

LCLSII-1.1-PR-0133; T. Raubenheimer, in Proc. FEL2015, WEP014 (2015). ESSl iR IRV g ATA ID))
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Multiobjective optimization: allows one to visualize

tradeoffs between conflicting beam quality objectives

The Problem Pareto Dominance

Minimize fm(21,22,...,2,), m=1,...M

]

feasible solutions

for .YZEL) <z; < xEU), r=1,...,1
Subject to constraints of the form:

gi(r1,29,...,20) >0, j=1,...,J

Example: Minimize transverse beam emittance and
bunch length by tuning > 10 layout design settings.

A dominates B if A is not worse than B in all f2(A) <f2(B) -
objectives, and is strictly better than B in at least
one objective.

Example: A and B both dominate C, but
Pareto-optimal front: The set of all solutions that are A and B don’t dominate each other.
not dominated by any other solution in the allowable

search space. Widely applied to injector”, linac, and ring design.

*|. V. Bazarov, C. K. Sinclair, Phys. Rev. ST Accel. Beams 8, 034202 (2005) [BaMHLLE TECHNOLOGY&A TA P)D




Comments on multiobjective optimization tools (1):

algorithm details

Genetic Algorithm Approach (eq, NSGA-Il or SPEA2)

Initialize population

Evaluate objective functions/constraints (beam dynamics simulation)

Assign fitness to all individuals, non-dominated solutions are preferred
Stochastically choose a subset for mating pool (higher fitness being preferred)
Apply crossing and mutation operators to generate offspring

- Crossing: combine solutions to improve

- Mutation: introduce randomness to investigate larger volume of parameter space
6. Evaluate objectives/constraints for the offspring

7. Repeat from step 3.

AN S

Y Population of non-dominated solutions == > approximation of the Pareto-optimal front.

— ASTRA run 1 llll”l""'l' B EEEE
Parallel Run on ~1OO cores

NSGA-II implementation

(optimizer) | | ASTRA run 2
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Comments on multiobjective optimization tools (2):

an example from LCLS-Il injector design

o Electron
3 M bunch
=
5 100 MeV
g [] []
: —
a
APEX gun <‘L Laser pulse . RF gun : Solenoid magnet W00 Multi-cell RF cavity /") Cryomodule
186 MHz 100 pC solution
1 ' Currlent plrofile . 0‘3551ice elmitx,‘emit)l<=0.3l49 um
. I N T IR NSNS
Pareto front from optlmlzatlon 8 knobs o fon——r |
a " 28 pC  + 2. izjz» ”g ]
188 pC 4l ‘5
%0 pC * T 010/ 035 m |
s H ' 2 objectives: : | I Hi
" 8 o' _lsLor;c_}i(%udi_nsal Phoase Sspace1 o ST&:Oe ze_ta X for run 14
3t % ] xn’ =z 0004 -I I ] — 1o0%
’E\ & o 0002 1 l=_95%
\E, 2.9 L 300 pC % 0.000 1 ‘EBV |
'.gb 2 % % u“’I"—O.OOZ— /\ [ M ‘
N AT |
C % * -0.004 p : : E l ‘
<9 1.5 % % 100 pC i -5 -10 -5 (t'; s 10 %5 10 -5 ( ) 5 10
- *‘ t-t0 (ps t-t0 (ps
(&] * e T ] % x . . .
§ 1y ’E\ 1 F Requires 100’s of generations, ~ 1 week of computing
20pC s | time running in a cluster (80 cores).
Y L . F Allows us to compare optimized solutions for different
®6 o1 o2 03 04 05 o8 07 oo os 1 layouts and different bunch charge.
X- emlttance (um) . .
F Requirements for the peak current and emittance are

set by the downstream linac and FEL.
Science APPLIED PHYSICS DIVISION A=A I A =2/

*C. Papadopoulos et al, SLAC-PUB-16210 (2014). GY | Officd

BERKELEY LAB G —1 A 1 —1 B




* Applications to APEX and LCLS-lI
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Multiobjective Genetic Optimization of APEX layout and

design settings

APEX beamline

Buncher

Advanced Photoinjector EXperiment (LBNL) vacuum //,‘VZHF-G“

Loadlock
? . Transverse
: Emittance

Linac Sections i
Measurement Slits Deflet_:tmg
Cavity

 The following 12 parameters are allowed to vary:
1) the initial transverse rms beam size
2) the initial pulse length FWHM - ,
3) the gun RF phase (the gun energy is held fixed) R i
4-5) the buncher peak field and RF phase L=
6-8) the three solenoid strengths
9-10) the first cavity field and RF phase APEX VHF gun

11-12) the second cavity field and RF phase f=186 MHz
E,~ 20 MV/m

Spectrometer

 There are two objectives:
1) minimize transverse emittance at TCAV
2) minimize bunch length at TCAV

* There are two constraints: rms energy spread < 200 keV, HOM spread™ < 5 keV/c

* For the beam profile at the cathode, we assume: transversely - a Gaussian profile truncated at 10,
longitudinally - a plateau w/ 2 ps rise time.

*the rms longitudinal momentum spread, taken after removing linear
and quadratic correlations from the beam'’s longitudinal phase space

ACCELERATOR TECHNOLOGY & )
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APEX Pareto-Optimal Performance (Nominal 750 keV Gun

Energy)

20 pC solution (at the TCAYV)
APEX Phase-II Injector

as Current for run 0 o 1%Iice emitx for proj. emit. 0.0987
Optimization of APEX Phase II: 750 keV Gun Energy aof N\ T To0%] AL
2.5 ' T ' ' ' ' ' ' i) I N R T W O | -
—~ 25+
.| & =1.0 pm/mm S 20 /o koo
5 + S — y y Y R R Stls 4 IRt SRS 5 0.06
i ¥ b 1 LOp i NS oos |
X 05 i L\ : : : :
y XK 0.0 ! i i ; ; 0.04 i i i ; ;
- t % ¥ 300 pC 0010_8 _6No ﬁ‘r‘m, (;Sad.ocorr.2 28_8 - _S‘llice_geta?( 2
g 1.5 S s B E— X . ' I S — 100% ]
= 1 % X 0,005 al| ;(5)3/
~ + 100 pC ol S Y g ol =21 v
N j X % g 00001y g o N T .
7)) 1F R S— % ] R -0.005| 4 cor "
i 20 pC XXl 3 *,;g* = _oot0f B LA e i
%‘L >SS<>§<X>< * K g i i i i L 2 : I .
05 = Tg—— K% . g =1 2 o0 2 4 %§ 6 -4 2 o 2 a
o P nominal o
B A A LCLSII spec.
curtent Peak current 4.5 A 5A
0 I I I I I I I I I . ~
0 01 02 03 04 05 06 07 08 09 1 . )
emitx (mm-mrad) Slice x-emittance 0.09 um
Proj. x-emittance 0.099 | um <0.25 pm
Slmulatlon r.esults are_shown .usmg 10K particles - el anEEy > 10 MeV
this overestimates emittance in the 100 and 300 pC cases.
Slice energy spread <1 keV
Demonstrated that the nominal APEX design could meet Proj. energy spread 87 keV
LCLS-Il beam quality specifications. HOM spread 3.9 keV/c | <15 keV/c
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Optimization Demonstrates that Comparable APEX 20 pC

Performance can be Achieved at Lower Gun Energy

Emittance Evolution: 20 pC, 750 keV Gun Energy Emittance Evolution: 20 pC, 630 keV Gun Energy

o
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o

o

o+ 2 3 4 5 6 7 8 9 0 1 > 3 4 5 6 7 8 09
Distance (m) Distance (m)

Current for run 0 2Slice emitx for proj. emit. 0.11 Current for run 0 §Iice emitx for proj. emit. 0.112

45 T T 0.1 LI — 3 T T T T T 0.1 L L T ! T

4.0F-- : 0.11} : : 1 : : 0.11H — 100% [/ M\ i

3.5k : ~~§0.10— 4. .. oo ........ ....... ‘g 0.10 S _______ L i

3.0} i 0.09 oA Y\ 3 : : : . £ 0.09 , s ST W
. : [ : 1 1 N A e T ' 4 H H :
52.5—, : o 008 3 ‘ : : : ) E 008 oo [N /T B NG
T 2.0 i E0.07 - if -/ =5 ; g : § ; E 0.07} ‘ ; '

L5 E #$ 0.06[ B —7”‘] 7-,0.06—

LOR-id § 005 fo 1| I A L R .\ E o005f

0.5} 0.04 - : / : : H 0.04 |

0.0 o T R T 0.03 A S S R S 0 ; ; ; ; ; 0.03 i i i ; i

-8 -6 -4 -2 0 2 4 6 -8 -6 -4 -2 0 2 4 6 -8 -6 -4 -2 0 2 4 -8 -6 -4 -2 0 2 4

No lin., quad. corr.
0.005 —— ,q : ' :

1.8 T -
17H — 100% | --i-ooioof R 4

Slice zetax No lin., quad. corr. Slice zetax
H T T T T T T T T T

T T
A 0005 A sof| T 100%| }
g 0.000 - 164 — RS AR A s | . 4 S T — 95% | ]
: : 5L P DU punuRUR RN I U ¥/ S i > - - :
s E U 5 2 0.000 ANV
S —0.005} - f i B ) SO O N =
b= [ - N N =
N ‘ N 13bL.... . : ; IS SRS, N —0.005}) - .. N R
N -0.010} - L2F o A N A ¥
11l /) A N C 2 _0.010}-- b e b R . e
—-0.015 I I ] I I I 1.0 I P i " i : : : : :
’8 —6 -2 — ra— -0.015 S S S S
8 6 -4 -2 0 2 4 6 8 2 4 6 ’8 =6 -4 —2 0 2 a4 11
t-t0 (ps)

t-t0 (ps)



APEX 20 pC Optimization Near Experimental Settings:

Optimization Settings and Procedure

Due to practical considerations, APEX operation is simplified by running all cavities on-crest.
Simulations indicate that this restriction can still produce solutions with ~ 0.15 ym emittance.

To compare with measurement, we perform a new optimization in which the initial beam is fixed
based on the measured rms properties of the laser at the cathode.

500 1000 1500 2000 2500

Example

Initial distribution (20 pC): laser profile (100%)
Ideal gaussian truncated at 10, 0, = 156 um
with o, = 0.35 mm (before truncation) o,= 171 pm
so 0, = 156 pm (after truncation). Ax =0.80 mm
Ay = 0.74 mm

Thermal emittance: 0.6 um/mm.
Plateau pulse with 14.3 ps FWHM.

700 750

The following parameters are now allowed to vary during optimization:

1) the gun RF phase (the gun energy is fixed at 630 keV)
2-3) the buncher peak field and RF phase

4-6) the three solenoid strengths

7-8) the first cavity field and RF phase

9-10) the second cavity field and RF phase

"”:'” :,,s‘:‘-“-”‘*!..g,‘ U.S. DEPARTMENT OF Office of \
o (GIENERGY |Jie oo A4 TA P)))
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APEX 20 pC Optimization Near Experimental Settings:

Comparison with Measurements

Pareto-Optimal Front Based on Simulation in Astra (20 pC) Experimental data (20 pC):
20 pC: Buncher On, 28.5 ps FWHM )
P P 100% Projected
1.4 . . . ' ' ' €., = 0.31 + 0.05 um
(ol . — e, = 0.25 £ 0.06 ym
10K particles gl
1l ; | 95% Projected
= § | &n = 0.6 um/mm £, = 0.26 + 0.03 pym
%% ; ' €yn = 0.20 £ 0.04 ym
D06} % —
N / ~06.D A
04 B %( _q}_ _49_ 7] 0.036 : : pea,k T T T T
>§gx X X X XX X )z(x ey % « 0.0355 & x < Xoxox % ><><X X>< o X><><><X Xxxxxxxx XX X x _ xXNXXX XX
0.2 i XX X_ . XX X X — XX
=™ optimizer (6 A)-0.03551 T
O | | | | | | %0-0345' e)meum(ﬁnt'993533T x x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 = oosal
100% emitx (mm-mrad) - agreement to ~0.5% in
S o near-optimal solenoid
In this optimization, the gun and cavities are forced voazs| S?tt":gff In experiment vs
to run on-crest. | - Simaton
003, 10 20 30 40 50 60 70 80

solution index

ACCELERATOR TECHNOLOGY & @
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A Single APEX Solution at 20 pC Near Experimental

Settings: Comparison with Measurements

Final Beam (at the TCAYV)

0.2§I|ce er|n|tx fc|>r pI’OJ[. emlF. 0.162

Beam Size and Emittance

6 Current for run 0
! ! ! T 2.5 . . . .
sl 0.18H — 100% |---i i Horizontal rms beam size
¢ 016 ___ 95% / 5 . Horizontal emittance
41 £ 0.141 : — - INIAN
2 5l : 0.12} 2+
= ¢ 0.10}
2t % 0.08}

£ 0.06 |-
0.04}

1 I I
-4 -2 0 2

0.02

1 !
-4 -2

I i
0 2 4

-6

i i i
—4 —2 0 2 4
t-t0 (ps)

6

1.0

Horizontal beam size (mm), emittance (micron)

-
(&)
T

0.02 ° lNo Ii]n., qluad. Icorr.[ ‘ 26 | Slilce zet{ax 1
001l = ' ‘ ‘ 1 24l — 100%| i
g 0.00}- | 22H — 95%
v o1k |x 201 : :
§ -0.02} 1818 -
N N 16t
N —0.03} 1 14l
-0.04} 1.2}4 0 :
—0.05 0 4 5 6 7 8

Distance (m)

Peak current: 6 A (6.5 A)

Slice x-emittance: 0.15 um

Proj. x-emittance: 0.162 um (0.26 pm®)
Final energy: 15.7 MeV (15.7 MeV)

*This measured value is affected by space charge and overestimates the true beam emittance. \TA @

Y E—— WS S WR W | POV

Slice energy spread: < 1 keV
Proj. energy spread: 13.3 keV
HOM spread: 7.7 keV/c

BERKELEY LAB




Quad Scan Emittance Measurements Affected by Space

Charge in the Diagnostics Section

Simulated quad scan measurement With space charge, 20 pC (6 A)

Without space charge 1200
1000 E 1000 I TSY =028+002 pm
S B =342+026m
£ ye, =017 £0.00 pm 3 i & =029 +003
S 800t B,=539+0.00m N 800 y
-~ ¥ 7
= o, =0.35+000
N ) £ 600}
‘» 600} s
£ o 400}
o 400t = .
& 00| overestimates
g - the beam emittance 00
o I i 0 I L )
re]:cp:\odu_ceslemntanc 05 = 5 5 10
0100 the S'mg ated bearg 5 T Quad current f A
Quad current / A 500
¥, = 0.22+0.00 um
ool B,=574£018m

o, = -0.63 £0.03

IMPACT-T was used to model the beam during the
single-quad-scan emittance measurement, and
the result was analyzed using the MATLAB tool.

200 result depends on the

range of data fitted
200}

RMS beam size fum

The result ranges from 0.22-0.28 ym, depending
on the range of data used for analysis. 100

0 1 2 3 4 5 6 Fi
Quad current f A

— . #*“ %, U.S. DEPARTMENT OF Offi f )
A (ENERGY Iy o ATA P))
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Pz (keV/c)

Pz (keV/c)

20

Space Charge Effects on Longitudinal Phase Space

Evolution in the Diagnhostics Section

Vacuum

Transverse
Deflecting

Cavity spectrometer

~

q Il'l

-l
— &

_Just before Quad 1 At TCAV . At Screen 3
‘ ‘ ‘ ‘ ‘ ‘ 20 ; ; ‘
15¢ 15/ 3 151 i
o slice < 0.6 keV \ Togslice<0.6keV [ N of S:r'g_e: 5666“5;’ W
O proj. = 10.6 keV % " 0gproj. = 10.6 keV \ o, JeProl.= -0, \
"HOM = 5.8 keV/c B 3 °| HOM = 5.8 keV/c d HOM = 5.8 keV/c \,
of N N N O
s, No Space Charge | o
10} K * 10} s 10+ «*
e a5 1 05 0 05 1 15 125 15 1 05 0 05 1 15 155 15 1 05 0 05 1 15
7 (mm) o5 7 (mm)\ 30 7 ‘(mm\

15+

10+

()]

- o slice <1 keV
.1 f I ogproj. = 13.3 keV
- HOM = 7.7 keV/c

og slice < 0.6 keV
Og proj. = 10.6 keV
- HOM = 5.8 keV/c

Pz (keV/c)
[$)]

o
T

- With Space Charge

O slice < 1 keV
'O proj. = 15.7 keV
2., HOM = 9.2 keV/c




Comparison of APEX and LCLS-Il Optimized Performance

(Nominal 750 keV Gun Energy)

LCLS-II Injector

APEX Phase-II Injector
25 T T T 1
2.5 T T T T T T T T 20 plC N >< 1%8 pg +
100 pC  ~ _ .
300 SC x ; ‘ € = 1.0 ym/mm 300 SC x
ol 1 2r T T ! -
g . *XK
—_ . 3 % s 300 pC
£ 154 £ 1.5¢ t g; X 1
£ T " Ak o~ L
£ £ ! 100pC  *
N N £ *e
D 1k D 1 + §x ____________ % _
Z Z . % .
x ;+ 20 pC KR Ko ;g%*";(gx
HTHYE T 4 . E ‘&& % X KX
05¢ R nominal | o5 - Ry %X% ]
current MR P & S -
0 I I I I I I I I I | | | | | | | | |
¢ 01 02 03 04 05 06 07 08 09 f % 01 02 08 04 05 06 07 08 09 1
emitx (mm-mrad) emitx (mm-mrad)
LCLS-II Layout to 100 MeV APEX Layout to 15 MeV
SOL1 BUNCHER  SOL2 CAV1 - CAVS SoL1 BUNCHER sOL2 CAVL SOL3 cavo
B B m m B
[ e 1) e g
= N I N I
A
_ 1
larger bore, shorter length solenoids standard TESLA cryomodule The two layouts are very similar upstream of the
(improve beam stay-clear and cavities 2-3 powered off first accelerating cavity.
reduce low-E beamline length)

Simulation results are shown using 10K particles - this overestimates emittance in the 100 and 300 pC cases. D
I -
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Comparison of LCLS-Il and APEX 100 pC Optimized

Solutions

LCLS-II: 97 MeV

— T - T
Horizontal rms beam size ——
Horizontal rms emittance ——

- beam size
— emittance

&, = 0.29 um

Horizontal beam size (mm), emittance (um)

1 (A)

pz-pz0 (MeV/c)

4 6 8
Distance (m)

10

12 14

0'30'5I|ce elmltx flor prc!>j. eml!t. 0.29

 Fo25)
T

100%

95% 1

F 020

"]

E< 0150/

e £ T E 010— - o B B |
i i i 0.05 i i i j
15 -10 -5 0 5 10 =15 -10 -5 0 5 10
No lin., quad. corr. 35 Slice zetax
T T T T . T T T T
Sy WA | R — 100% :

95%

t-t0 (ps)

Horizontal beam size (mm), emittance (um)

pz-pz0 (MeV/c)

N

N w o A,
:

APEX Phase II: 15 MeV

\°]

_O —
o O 4

T T T
Horizontal rms beam size ——
Horizontal rms emittance ——

= beam size
— emittance

J e =026 um

o

1 (A)

1 2 3 4 5 6 7 8 9
Distance (m)

Current for run 0

0_3§I|ce erpltx f?r pl’OJ!. emli!.: 0.263

100%
4 95% -- vvvvvvvv
F 0.20f ] Y o~/ LN F

5 0.25 |
V]

3 0.15 o] /i .......... N R
£ 0.10].... R AAAAAAAAA .......
i ] | ] 0.05 i i i i
15 -10 -5 0 5 10 =15 -10 -5 0 5 10
No lin., quad. corr. Slice zetax
; ; ! ! 1.9 — T ;
1.8H —

100% |
L7+ g959% [}
1.6} i B I
15fofid i
14F- -\ e :
1.3k AN
v2f

zeta x

t-t0 (ps)



Using optimization to compare layout options and

operation modes (examples for 300 pC)

Short drift length after SOL2 preferred L e e R a—
1.48| %i. ¢ Layout 1 +
1. Baseline layout with APEX solenoids (as of 6/17/2015) 148! . *t L ay ou t 2 +
(] ' B _  increased21cm | 144l 2 * f‘; Layout 3 +
_ 142t XX
E ¥ A
2. Short layout with LBNL large-bore solenoids (as of 7/2/2015) g 1.4} ¥k %
B B 371 .38 o %
46 cm shorter 7] K 5
' I m m than baseline. 1.36 ;*( F
O] O] 1.34} % i
X %
3. Revised layout with LBNL large-bore solenoids (as of 7/31/2015) 1.32} Z& Short i‘hﬁﬁ | on g i
N N S 1.3} . M ]
cm shorter
” m than baseline. | | | | | | | | | |
1.28
. . 056 058 06 062 064 066 068 0.7 0.72 0.74

emitx (mm-mrad)

Operation with CAV2-3 powered off preferred

Field in CAV1 set by emittance compensation

12 ‘ — ‘ ‘ ‘ 20 ‘ ‘ ‘ ‘
1ol Field in CAV3 selected b Field in CAV1 selected b
=10 0 < -
S | optimization £'® optimization
=3 sl =
2 :16
3 <
£ ° + g )w #HMM—HH+++T—T%W$SKWH+HH+W++WHWH++% e
% A N i <5MV/m 5147+ AR R e R " i TR R
il i - : > Ferrario working point 12
I i - % 2 [Lklg) ]
o 2 L * O 12 / — — P
Wwﬁﬁ »* x ™ I " o U:L’ y 0, Ua:,y — _/ = =
b . X:&i hfi S Hex X, ><XJr 4y bR X m;\e:*mi . 2 X ’ ’Y B’YIA
0 F wop TR X R R e A R K e X et ‘
60 80 100 10

Lo : 40 60 80
Index of individual run Office of Index of individual run
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An Example of Sensitivity to Constraints: Minimum

Allowed Beam Energy at the Injector Exit

To avoid exceeding laser power constraints for the laser heater system, a lower bound is applied
for the beam kinetic energy at the injector exit (exit of the first cryomodule): W > W ,;,

N
This implies: AW > Wiin,  AW; < AWpax
P ; ’ ’ * Optimization of LCLS-Il 100 pC performance
for several values of energy constraint
Cavity gradient and phase settings must satisfy: 2.2

£ T T
5 .3 W, =90 MeV +
anchacc COS ¢ Z Wmin - (N — 1)AWmax i % Winin = 95 MeV
oy ¥ W, =100 MeV +
1.8+ . % . , ,
+ 2 i
All cavities must be run with E, . > 11.75 MV/m, severely ~ 1.6 %; * gﬁ
limiting emittance compensation. E 3 %
—1.4r tox “%‘
6 T T T T 15 N % X A
- 2 ¥ ox ‘ %
w12l % e Wox
N 50 412
% o 1 * % ™ X% % * : *
c *ox
E 44 49 % #¢+#ﬁ+#ﬂjﬁi§%§im§<x>« BOBC 30X X o A < xlx
_(L) 3 08 +++++++H++++++4+ ++ i b+ 44 o + 4
E 3r 16~
8 B 06 I I I I I I I I I
o 02 025 03 035 04 045 05 055 06 065 0.7
2r 18 emix (mm-mrad)
1 0

All cavities must be run < 10 ° off-crest, severely
limiting velocity compression.

~

ENT OF - —
C. Mitchell et al, IPAC 2016, TUPOR019 (2016). T¢3% gg'gsc‘: ACCELERATOR TECHNOLOGY & A TA ID)D
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* Additional developments
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Differential Evolution: a rapidly-converging algorithm

for global optimization

N

Child Objective
Production Evaluation

Initialization

Selection Output

Differential Evolution Algorithm (single-objective optimization)

* A population of control parameter vectors is randomly generated from the control parameter space.
A new perturbed vector v.1s generated for each parent X, using one of several mutation strategies.

* A trial control parameter vector is generated by:

Ui = (wi1, Wiz, -+ ,UiD) rand; € [0, 1]
.. — J Vi, i rand; SCR or  j=mbr mbr; € {1,2,...,D}
Yo xij, otherwise

« If the trial vector produces a better objective function value than X, , it will be put into the next
generation. Otherwise, the original parent vector is kept in the next generation.
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A Parallel Multi-Objective Differential Evolution Algorithm

with Variable Population Size and External Storage (VPES-PMDE)

1.  Define the minimum size, NPmin and the maximum size, NPmax of the parent population.
Define the maximum size of external storage, NPext.

2. Generate an initial population of NPini parameter vectors randomly to uniformly cover the
entire solution space.

3. Generate an offspring population using the differential evolutionary algorithm. €]
4.  Check the new population against boundary conditions and constraints.

5. - Combine the new population with the existing parent population from external
storage and determine the non-dominated solutions (Ndom).
- Move min(Ndom, NPext) solutions back into external storage. Pruning is used if
Ndom>NPext.
- Select NP parent solutions from this group of solutions for next generation production.

6. If NPmin <= Ndom<=NPmax, NP = Ndom.
Otherwise, NP=NPmin if Ndom<NPmin and NP=NPmax if Ndom > NPmax.

7. If the stopping condition is met, stop. Otherwise, return to Step 3.
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Unified Differential Evolution Shows Faster

Convergence than NSGA-Il for Benchmark Injector Test

cathode

Control Parameters (10):

cavity solenoid cavity

Initial laser transverse size

and pulse length (2)

Gun cavity phase (1)

Solenoid strength and position (2)
RF module starting position (1)
Cavity 1 phase and amplitude (2)

Cavity 2 phase and amplitude (2) _ L 3 o ———

T | %t NSGA-I

E 4 x X A -
Two-level parallelization: L C I % % x
* each population member is a parallel g 3| o X * WK |

execution of IMPACT-T (16 proc.) o ° X o * . "

* population size ~80 % , S, g . X *

) '. (J ® X

. . b * 5

Comparison after 800 evaluations. 5 /‘ oW Bee o
(~ 30 min.) 0

& VPES-PMDE

0
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Application: Multiobjective optimization of cathode-

to-undulator performance for 20 pC charge in LCLS-lI

I I | |

4-GeV CW SCRF Linac

3-15-GeV Culinac — LCLS-1

p-wall
|

LTUS

at the cathode to vary.

s 1
BYPASS E gx. h ./' “\LTUH -
< 750 keV > 750 keV s =
) R | L L | |
. 1500 2000 2500 3000 35
i [ 2(m I
_. \ B 2 Objectives characterize
x 8 cavitie : longitudinal beam quality.
Injector F Apply constraints g quality
at the injector exit.
F All previous studies were done by optimizing the injector
® Allow beam properties and linac separately.

F  Optimizing the linac using the best-performing solution from the

injector does not guarantee the best solution at HXR.

F Global start-to-end modeling is needed to allow all machine
control parameters to vary simultaneously.
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Application: Multiobjective optimization of cathode-

to-undulator performance for 20 pC charge in LCLS-lI

Parallel Multiobjective

Global Optimization Program* *Ji Qiang,
NAPAC 2016,
/ \ WEA3I002
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 Rs4
- 2 solenoid strengths - L2 amplitude + phase
- 18t boosting cavity amplitude + phase -BC2 R4
- 4™ boosting cavity amplitude + phase - L3 amplitude + phase
- final cavity phase

!

energy, peak current, final energy, peak current,
emlttances energy chlrp energy chirp, energy spread
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Application: Multiobjective optimization of cathode-

to-undulator performance for 20 pC charge in LCLS-lI

Injector optimization : L
IJ . p , , 1 linac optimization
...,  Pareto-Optimal Front : -
z ' 20 pC Global Machine Optimization
£ 1,2 “ 10 : : | | |
5 ! * o
S, ) 9} 2 Pareto-Optimal Front
E \ & o
3 °- 20 pC InjeCt performance s 8 ‘ . . 20 pC s2u performance -
£ (both ObfeCt’;W)&Kevaluated at g US")g -2-s-ect|on (both objectives evaluated at
2t jnjector exit) S S \ optimization HXR undulator)
°s 0.05 0.1 0.15 0.2 0.25 0.3 e (injeCtor * Iinac)
) rms emittance (urr;) ’ ) 8 6 \
= . .
© 5 \ using global machine
QL .
. optimization
—22 Co_ntrOI P_arameters' _ch 4 (cathode-to-undulator)
- 12 in the injector pt A
- 10 in the linac <
= 2t
E A window is defined in 5 settings used for
the beam core [-7,9] um. 1t 20 pC cathode-undulator (1 ¥ 1
7,91 ¢ tracking (to follow) “M’M-’ Wi
. o A ry 0 7 o R 05 0 4 0.
F Global machine optimization b9 0.8 fracti £ varticles in the beam cor .-
gives better performance. - fraction ot particies in the beam core
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Conclusions

* Multiobjective optimization tools provide a robust method to search for globally optimum
design settings the high-dimensional parameter space associated with high-brightness
injector design that allows visualization of trade-offs between conflicting goals.

* An improved understanding of general design principles and the relevant beam physics can
in some cases be “reverse-engineered” from the optimized solutions produced by such
brute-force numerical tools.

1 * Care must be taken to apply these tools effectively: results can be sensitive to choice of
- optimization parameters, constraints, and allowed parameter ranges.

* These tools played a critical role in injector beam dynamics studies for both APEX and
LCLS-II, and rapid advances in the efficiency of optimization algorithms™ will make high-
fidelity optimization based on beam dynamics simulation increasingly accessible.

i
)&

Global optimization using start-to-undulator simulation can provide significant gains in FEL
performance over two-stage optimization of injector and linac separately.
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