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= Introduction to OASYS: basic features
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= Ray-tracing and Wavefront propagation of refractive elements

= Ray-tracing of a real cylindrical mirror as generate by a bending device
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Introduction to OASYS

Computer simulation of light sources and optical components is a
mandatory step in the design and optimization of synchrotron and
FEL radiation beamlines

different codes for numerical simulations are available,
implementing different physical approaches
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OASYS: an advanced tool for the optical design of beamlines

University of Ljubljana
Faculty of Computer and
Information Science
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v OASYS = OrAnge SYnchrotron Suite

v A common platform to build synchrotron-oriented User Interfaces that
communicate

v The upper layer of the application presented to the user

https://www.aps.anl.gov/Science/Scientific-Software/ OASY S
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https://www.aps.anl.gov/Science/Scientific-Software/OASYS

OASYS: an advanced tool for the optical design of beamlines
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OASYS: an advanced tool for the optical design of

beamlines

OASYS (OrAnge SYnchrotron Suite) Multiple tools in the same environment
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L. Rebuffi & M. Sanchez del Rio, Proc. SPIE 10388, 103880S (2017)

X. Shi et al., J. Synchrotron Rad. 21, 669 (2014)
L. Rebuffi & M. Sanchez del Rio, J. Synchrotron Rad. 23, 1357 (2016)

https://www.aps.anl.qov/Science/Scientific-Software/ OASY S

M. Sanchez del Rio et al., J. Synchrotron Rad. 23, 665 (2016)
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OASYS: an advanced tool for the optical design == %

of beamlines
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OASYS: an advanced tool for the optical design of beamlines
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OASYS: an advanced tool for the optical design of beamlines

SRW multi-electron Simulations
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SRW Native Code: ME
‘ 3 Part ‘Tavg
. / Wu.wmnmm
| e 1 part_bean.partStatMoml.y
Degree of Coher, 1ce ﬂs | Velt>0) Part“bosn. partstathoal £
Totsl Nr. of Electrons (Wavefronts) 500000 pazt_bean. e
\ part be thom1
por tatwonl .
Part be !
.

SRW Python Script (ME)

ene
General Options
¢ Automatic Execution

[Pnansert | syseem 0

from srwlib import *
from uti plot import *

import numpy

#5f not axwl_uti_proc_is_master(): exit()

Refresh Script Reset Fields
# LIGHE SOURCE

SRMLPartDeas()

8709478

0600000000020-12

Nr. of Electrons (Wavedronts) 10 average o
41006000
839333599999935e-12
0

Hor MPI calodations)
Saving periodicity (in terms of Electrons) 2
for the Resulting Intensity tMom2
1 part_beas tatMom2 [ 00000903e-12
part_beans.arStatMea2(10) 1.8225000000000001e-06

SR calculstion method (1 - undulstor)

SR calculation relative sccuracy
output_sew_script_me.dat
Totsl Intensity

0.01
magnetic_fields = []
Output File Name magaetic_fields. appesd(SRNLKAGT 1A (1
, _nPer=104.0)

Calculstion

Save Script to File

Run Script
T

Qutnt Boa_a‘nL(Faf §21w - n =
« Automatic generation of SRW python scripts

Accessible to super-computing
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Optical simulation tools in the OASYS suite and their
applications to x-ray optics design

- Introduction to OASYS: basic features

- Ray-tracing and Wavefront propagation of refractive elements
- Ray-tracing of a real cylindrical mirror as generate by a bending device
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Basic Loops
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Loops: Optics Misalignment

~
Z il
Study of displ t (ShadowOui + Hybrid, SRW )
udy of displacement (ShadowOui + Hybrid, ) .
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e R O.E- Rotation X (Bich) K. om— . -0.00003 —-0.00002 -0.00001 0.00000  0.00001  0.00002  0.00003
.M. conversion active es : =
Kind of Loop From Range + 0.E. Rotation X (Pitch) [deg]
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Value to 3e-05
Number of Steps 30
Step Value 2e-06 =

r Mirror misalignment specification:

P— : For mirrors with fixed shape and angle (prealign)

e The misalighment error needs to keep the focal size broadening and the peak
intensity drop by less than 10%.

For bendable/tunable mirrors

The motor resolution needs to keep the focal spot position change by less than
10% of the FWHM spot size.
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Loops: Optics Aberration - Mirror Figure Errors
Study of height error profile (ShadowOui + Hybrid, SRW)
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= Mirror figure error specification:

e p— The RMS (PV) height error of the mirror to keep both
the focal size broadening and the peak intensity drop
by less than 10%.

M. Sanchez, et al., DABAM - an open-source database of x-ray mirrors metrology. J. Synchrotron Rad. 23, 665 (2016).
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Loops: Thermal Load Calculations

To evaluate heat load: Accurately calculate Power Density in any point of the beamline

1lel5 Undulator Flux

2.5 4

= The spatial and angular distributions of the emitted SRW
radiation from an Undulator (given K values), as ¥
well as the amount of power is strongly dependent
on the energy

E = harmonic
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= The radiation is not only modified by the geometry SHADOW
of the beamline, but also by phenomena like

reflection, absorption and diffraction, all strongly

dependent on the energy HYBRID

SR

“3)
= The dependence on the energy makes the OASYS LOOPS Shadowsaw
. . . . naulator
calculation iterative (cumulative) by nature
L. Rebuffi, X. Shi, R. Reininger & M. Sanchez del Rio, “A ray-tracing algorithm for ab-initio calculation of P ‘:}

thermal load in undulator-based synchrotron beamlines”, J. Synchrotron Rad. 27 (2020)

A 15 Pin Power Density Loop
Point




Loops: Thermal Load Calculations

Ray-tracing of the Undulator Radiation: (ShadowOui + SRW) *Conceptual idea by H. Padmore (LBNL)
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Total Power: 380.24 W

[

Power, generate energy bins with

constant power or constant energy
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Optical simulation tools in the OASYS suite and their
applications to x-ray optics design

- Introduction to OASYS: basic features
- Basic loops, scanning loops, and thermal load calculations

- Ray-tracing of a real cylindrical mirror as generate by a bending device
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1-BM Beamline Optics characterization Tools
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Thickness Error: analysis of Talbot Images

. . : . : , ) (2n - 1)p2
The differential phases, or field gradients, ®, and ®, (Fig. 3c) are calculated from the phase ¢ of the Fourier dre = —I"

transform with the following formulas

: \ 401 L01 s ) 10 £10 3 a < k7
B OP(zx.y) _ _ Pz(Prens — Orer) - oP(z,y) _ _ Py(Dens — Grer) (5) (@) OO %, (
x P ) y ‘ * ) 7
dr drA dy drA A 0,6 % ;
I s
with the superscripts ' and ! denoting the harmonic peaks “10” and “01” in Fig. 3b, p, and p, are the pattern 1
periods in y and r directions, respectively. :
The two orthogonal differential phases are then integrated using the Frankot-Chellappa method®® to form i i
; . by - Distorted
the phase profile, Wavefront d d
. e . ke I N| wavefront |¢ L N
_1 [Fl®. +i®)( ., £,) & g I€ 2|

(6)

d(z,y)=F omi(fo +if,)

where F and F~! denote the Fourier and inverse Fourier transform, and (f;. f,) are the reciprocal coordinates
of (x,y). Physically ® is the phase shift of the wavefront introduced by passing through the lens.

(a) Talbot images (c) Differential phases
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Reference

X. Shi et al., “High-speed characterization of refractive lenses with single-grating interferometry”, Proc. SPIE 11109, 111090K (2019)
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WavePy 2: analysis of Talbot Image

center profile Vertical | Residual | Residual 2D - Countou

| Thickness Error Profile

Crop Image

Colormap Crop Image
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W. Grizolli et al., “Wavepy - python package for x-ray grating interferometry with applications in imaging and wavefront characterization”, AIP Conference Proceedings 2054, 060017 (2019)
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Thickness Error Profile
OASYS can import WavePYy files

[ NON ) Thickness File Reader
| ‘ Read Thickness ‘ Render Thickness
| Input
| \ Select Thickness Error Profile Data Files
. JUsers/Irebuffi/Box Sync/Luca_Xianbo_Share/
| CRL_error_profiles/Be_2D_R50um_D400um/
5 Be_2D_R50um_D400um_2p345um.txt
- %
L I ] \
Thickness File | -
Reader ‘ 5.0
2.5
| Adote
‘ 0.0
Separator Comma ~ £
[ 25 2
Skip Rows 0 l\l | N
Thickness conversion tom 1.0 —5.0
| Coordinates conversion to m 1.0 =7.5
Invert Surface No ~ -10.0
5 0
| 200 0, 100 yqum
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Integration in SRW: Transfocators
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x \.)) 0.5 ;1 0 -
0.0 -2 A
u2.1 (1) . : . ; .
l\~.)) = %‘ . ] T T T T T
Intensity SE  Phase SE  Intensity ME (Convolution) —4 -2 0 2 4
Undulator Aperture Plane Mirror
X s y oTY' @ & ) & . Info
Intensity SE [ph/s/.1%bw/mm?] DULBRS/CULRBWIY 1-278¢+15
1 1] . ml E #4 FWHMX [um]  0.6586
BAL (100 um) () FWHM Y [um] 3.0108
= CRL@00)(1)  \CRL(500) (1) &Ry (1000) (1) PM-2 (1) = 2 o X [um] 1.1455
= = = é 0 oY [um] 1.3615
Thit;l;negs File
eaaer
Trg%lg:j%srs(r)ile Thickness File Rl’;gzg{nﬁs)s(r)il(e” CO h e re n Ce I OS S
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Y [um]

Focal spot size broadening

U.S. DEPARTMENT OF _ Argonne National Laboratory is a

U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.

(1)

Intensity ME [ph/s/.1%bw/mm?]

Phase SE [rad]
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Phase SE [rad]

Intensity SE [ph/s/.1%bw/mm?]

Integration in SRW: (Be) Windows _ it

|Z [um]

Phase SE [rad]

Intensity SE [ph/s/.1%bw/mm?]

-1000
=750
=500_,5q R

X lum) 250 500

70 1000

Polished

Unpolished

| ]

unpolished
4 O]
2(')0

200 -200 0

B-BeW 10m(1)(2)
—200 0

Phase SE [rad]

[ E E | E
AVFM ' E

<) =
Intensity SE [ph/s/.1%bw/mm?]

APSU 14 Aperture AHFM Drift
Effect of polishing a Be window B ome W
. s
polished E —200
10m (1) (1)
-200 0 200 —-200 0 200
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Integration in ShadowOui-Hybrid: Transfocators

) Plot XY
General Options. Plots | Output
v Automatic Execution Plot Result

o = ] Info
2” Refresh Save Current Plot X @®ivld S e X W: »

OPD A ® [ph/s/0.1%BW] |1.133E+15
KT x ’ y ’ PlotSettings | Histogram Settings

2
A(x,y,2) = =S 6(DA(x,) =

Intensity 74223.964
A Screen Position Settings Total Rays 110001
Position of the Image On Image Plane ~ [ECiCoccRav g 101980
Total Lost Rays 8012
T FWHM Z [um] 3.0000
f I FWHM X [um] 1.9000
Variables Settings o Z[um) 1.3195
[ L] HColumn 3:Z v o X [um] 0.8752
Deformation of the wavefront from the thickness errors of the CR—
H min -5.0 | centroid X [um] | -0.0018
Hmax 50 o 2000
AU.
VColumn  1:X =
V Range Set.. -
) 2000
V min -5.0
V max 5.0 5
2 1000 B >
Weight 23: Total Intensity = |Eo|? + |Em|? =
Rays Good Only .2 0
- ) SRV | wn & * Cartesian Axis Yes -
& L i — N A
~l) = N —- L
PM-2 Plot XY
uz2.1 Shadow/SRW FE Mask M1 Transfocator
Undulator
e0e Plot XY (1)
Vs General Options Plots | Output
|\ /l V' Automatic Execution Plot Result
— %
s 7 . Info
Refresh Save Current Plot Xz ®ivld G Be B i
2 © [ph/s/0.1%BW] 1.133E+15
Hybrid Screen PM-2 Plot XY Zx
Plot Settings  Histogram Settings ety 74223.964
L ) Screen Position Settings Total Rays 110001
Position of the Image On Image Plane ~ joicoodRavzgy) 101989
Total Lost Rays 8012
- " = FWHM Z [um] 3.8000
€
Thickness Fil £ |
Variables Settings o Z [um] 1.7119
HColumn 3:Z = o X [um] 1.3307
H Range Set.. - centroid Z [um]  -0.0117
H min -5.0 centroid X [um] |-0.0058
Hmax 50 o 2000
AU.
VColumn  1:X =
V Range Set.. -
V min -5.0 1500
V max 5.0 5 1000
<
Weight | 23: Total Intensity = |Eo]? + [En? - 500
Rays Good Only  ~ o
Cartesian Axis Yes ~
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Optical simulation tools in the OASYS suite and their
applications to x-ray optics design

- Introduction to OASYS: basic features
- Basic loops, scanning loops, and thermal load calculations
- Ray-tracing and Wavefront propagation of refractive elements
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Mirror bender

= Analytical mirror bender calculation
- M. R. Howells, et al., Opt. Eng. 39, 2748 (2000).

* Implementatio
nin OASYS

(> G y Cy ‘7 8&€ Bendable
s ! o x < Elliptical Mirror
1
: L ’ Bender vs Ideal profile
by | > | by + eb
ol T > | Po + eby
H[(C+Dx)l (C + Dx) ] sz+F +G
= ———|In xX)—x|——=—+Fx
Y D 3 2D 3 =
C + C C — C Eh Eh b AD + BC ~150 ~100 50 v[:m] 50 100 150
A= 1 2' =¥;C=_(2bo+eb0),l)= € 0, =—2'
2 L 24 12L D Bender error
G i H (C - DL/Z) l (C DL) + (C + DL/Z) l (C + DL)] + BLZ Correction Profile 1D, r.m.s. = 0.160294 nm, 0.155119 nm (optimized)
= 2 D n 2 D n 2 8D 0.3 1 — bender
DL
H|/C-DL/2 DL C+— DL
A ) PN R Y e 2y (Y P
L D 2 D 2 E
E — Young’s modulus of elasticity

=150 -100 =50 0 50 100 150

U.S. DEPARTMENT OF _ Argonne National Laboratory is a
ENERGY U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.

28

Position aaicsmu | Advanced Setting
o

Surface Shape Dimensions

Surface Setting

Reflectivity

Fit Setting

bins Sagittal
bins Transversal

Bender Setting

Young's Modulus [N/mm~2]

Thickness [mm]

Kind Of Bender Double Momentum
Shape Trapezium
Positon = Basic Setting : Advanced Setting

Surface Shape  Reflectivity Dimensions | Bender

Fit Setting

mirror_bender_v.dat

Bender Setting
Out File Name

Optimized Length [mm] Partial ~

M1 1074.605884
Min 0.0 | Max 2000.0

0.0

0.90606
Min 0.0 | Max 10,0

e 0.67671
Min Max

0.0

100

500

131000

10

-

-

200.0

Fixed

<-Use

Fixed

<-Use

v Fixed

<-Use



11.800 N, D: 13.400 N
11.850 N, D: 13.350 N
11.875 N, D: 13.325 N
D
D

FEA analysis vs Analytical tor

B 27-5004006 FEA (Default<...

Model name:Z7-500400G FEA

— |
= Study name:Static 1(-Default:) . 1 1 900 . 1 3 300
[ 27-500400G FEA (Default<Display State-108>) A ae: 74519 Plot type: Static displacement Displacement2 | — U: . N, . . N
508 Htory ><,v Z Location: 136+ 005,3-L69e-011 micron - —
& nmasneounumncmn lode: 1451 Node: 174504 M N
+(3) Sensors m, 174 X, ¥, Z Location: [-e+ 004,0,-1.63¢-011 micron. X, Y, Z Location: [1e+ 004 0 1636011 micion. : - — U 1 1 950 N, . 13 250 N
¢ g """‘“‘;.": XY, Z Location: [-1 zuons 0-1.69¢-011 micron [Value: -1.34781685¢+ 001 micron Value: ~1.91625805¢+ 001 micron N
ront =4, H
3 174503
& Top Plane P zlomom e+ 004,0,1.63¢-011 micon | S
4 Right Plane Valu 190035062+ 001 micron o
L, ong T micrpn Node. [zaso2 ]
R Z7-500401-3002) icro X, Y, Z Location: [3e+ 0040, 163¢-011 micron |-
5 27-500403-300:) Value: “1.86492691e+ 001 micron o
2 G 3 icign] / [Node: T7as01 UY micron)
4 R 77-500404- e auo-zzd» (Dduull«DdM> Disploy Stat Ql Moy 124514 Vame. 1.65348804(-001 o : [46+004,0,163¢-011 micron [«P]
X, Y, Z Location: [-3e + 0040 -1.69¢-011 midon 3607655 18¢+ 001 micron 7.43117242¢4000
; g : _Display Stat gﬂ Value: ~1.02691958¢+ 001 micro & 174508 L
5 Z7-500605 FEA<1> (Default<<Default> Display State 175>) Node: 74513 xv,znomlon: “3e+ 00401636011 icr P — SRR N
e = < XX, Z Location: |-8¢< 0040 Te3e0TT faican] |Value: T1.77380347e+ 081 mifron, : [5€+0040,1.65¢-011 micron 32067966500 =
T Value: 71196630008+ 001 mifron ;‘;ﬂtl:lomm_ 127:525‘ —— ‘l”'z;:“"“’““ migon, | 2.98242378e000
Q¢ Static 1 (-Defeutt-) Yalue: 1.84266586¢+001 micron : (6¢+004,0,-1.63¢-011 micron | 7.560509196-001
5 Toae: asee ~1.62137865¢+001 micron i © i
ants. N o
5 G Z7-500401-300:22 FEAL (-[SWIE061-T6 (55)) XY, Z'loauon. BHID 0165 0T mlcon _ -146632195€+000
9 Bt ey 4 1886655436+ 001 micron R m
Ly I 174505 o
@ 27-500403-300:22 FEA (-[SWlinvar36-) . xv zmmmn -6.946-011,0,-169¢-014 micron
5 @ Z7-500404-Invar-300:22-5 (-[SWIE061-T6 (55)-) é Vai, T ST1336715+ 001 mifron -5.91506767¢+000
+ @ 27-500404-Ivar- 300x22-6 (-[SW)6061-T6 (SS)-
P =zv- 53";_’;:("““”"]“ 2SR -8.13944143¢+ 000
++ 8 27-500605 FEA-1 (-{SWISUSHOC-) Y Node: 7445 1
5 (@ 27500605 FEA-4 (-[SWISUSH40C-) i x v z Location: [7e+0040,-1.63-011 micron

' ~150320072¢+001 micron ~1.25881872¢4001
+ 8 77-50060TINV-EXT-00temp-11 (-[SW]Stainess Steel (ferritic)-) |
4 @ 27-500607INV-EXT-00temp-6 (-[SW]Staintess Steel (ferritic)-) | -1.48125610e+001
+ {8 27-S00607INV- EXT-00temp-7 (-{SW/]Stainless Steel (ferritic)-) -1.70363339¢+001
F1 Connections - ot
- Component Contacts ~1.32613068¢+001
= o Fetures
£ Foed-1
= (R External Loads

Mirror length (mm)

I—Y Z Location: Heo 004 0,-1.69¢-011 micron
[ Vall -1.35554353+ 001 micron

4 Force-1 (Per item: 1185 N
4 Force-2 (Per tem: 1335 )

Mesh
X Zlouuon snw 0.-1.63¢-011 micron
!gth Controls Q stuay acisor Value: ~1.18379879¢+ 001 micron 1 0
Control-1 !E
S Apply Material
Control- ammmm . .
N o e somor - U:-0.075 N, D:+0.075 N
R stresst (-vonMises-) 48 extemalLoags A.. » Node: 174435 ) .
Q8 Displacementl (-Res disp:) 91 Connections Ad... ~ |8 X, Y, Z Location: [1.1e+ 00,0, L63&-01L micon. === J:-0.025 N, D:+0.025 N |
‘ Straind (-Equivalent-) Value: -7.65332160¢+000 micron . :
- disp & punmasuey - | Node: 174434 Node: 174453 — Best bendlng
S X, Y, Z Location: [1.2¢+005,0, 169s- 01T micron X, Y, Z Location: [1.3¢+005,0,1.63¢-011 micion
£ Value: -5.17418909¢.+ 000 micron Value: ~3.42803339¢+ 000 micron

— U:+0.025 N, D:-0.025 N
— U:+0.075 N, D:-0.075 N

W

q, =640
g =380

A

o

. .
AEE T S

X
U
O
0p
A\
o

1
wn
|

Height error (nm)
=)

Analytical

_10||||I||||I||||I....
-100 -50 0 50 100

Mirror length(mm) 75
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