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Outline

M Packages
MSPECTRA

™ ID source
M SHADOW
M Simple focusing
M High resolution soft x-ray monochromator
M meV resolution hard x-ray monochromator
M SRW- Wave propagation
M Partial coherence
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Design and Optimize a Beamline

MSource MExperiment
M Brightness M Coherent Flux
& Flux /™ Flux )
& 2D Phase space M Polarization
M “Coherent modes” @ Spot Size
@ Polarization @ Angular divergence
M Bandwidth

k@f Resolution Y,

Things to remember:
Cannot have all
Optics are not perfect

Life is a compromise



Source Codes: BM, Undulator, Wiggler

M Spectra: http://radiant.harima.riken.go.jp/spectra/
M SRW: https://github.com/ochubar/SRW
MXOP: https://www1.aps.anl.gov/Science/Scientific-Software/XOP

MWave: http://www.helmholtz-berlin.de/forschung/oe/fg/nanometeroptik/methods/
software en.html#cl57167

M XRT: http://pythonhosted.org//xrt/index.html
MShadow: https://wwwl.aps.anI.gov/Science/Scientiﬁc-Software/)(QP/



http://radiant.harima.riken.go.jp/spectra/
https://github.com/ochubar/SRW
https://www1.aps.anl.gov/Science/Scientific-Software/XOP
http://www.helmholtz-berlin.de/forschung/oe/fg/nanometeroptik/methods/software_en.html#c157167
http://pythonhosted.org//xrt/index.html
https://www1.aps.anl.gov/Science/Scientific-Software/XOP

Ray Tracings: Geometrical

MShadow: https://www1.aps.anl.gov/Science/Scientific-Software/XOP

MRay: http://www.helmholtz-berlin.de/forschung/oe/fg/nanometeroptik/methods/
software_en.html#c157167

M XRT: http://pvthonhosted.org//xrt/index.html
M McXTrace: http://www.mcxtrace.org
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https://www1.aps.anl.gov/Science/Scientific-Software/XOP
http://www.helmholtz-berlin.de/forschung/oe/fg/nanometeroptik/methods/software_en.html#c157167
http://pythonhosted.org//xrt/index.html
http://www.mcxtrace.org
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Wave Propagation: Diffraction

M SRW: https://github.com/ochubar/SRW

MPhase: http://www.helmholtz-berlin.de/forschung/oe/fg /nanometeroptik/methods/
software en.html#cl157167

MXRT: http://pythonhosted.org//xrt/index.html
MShadow + Hybrid: https://www1.aps.anl.gov/Science/Scientific-Software/XOP

- 0.0004

- 0.0003

- 0.0002

- 0.0001

Wmm) ™2 0q 04 riz0


https://github.com/ochubar/SRW
http://www.helmholtz-berlin.de/forschung/oe/fg/nanometeroptik/methods/software_en.html#c157167
http://pythonhosted.org//xrt/index.html
https://www1.aps.anl.gov/Science/Scientific-Software/XOP
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SPECTRA: APS-U ID:3.3 cm, 2.4 m long @10keV
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SPECTRA: APS-U ID:3.3 cm, 2.4 m long @10keV
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SPECTRA: APS-U ID:3.3 cm, 2.4 m long @10keV

Single e emission
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European Synchrotron Radiation Facility

) () V)

Written in the transition from Tantalus to Aladdin
Beginning of the 80s

Scientific motivation:
Grating monochromator design, TGM, ERG,
toridal, spherical mirrors.

Monte Carlo ray tracing program designed to
simulate X-ray optical systems

Requirements

« Accuracy and reliability
- Easy to use

- Flexibility VAX 11/780
- Economy of computer resources THE ORIGINAL UNIT
* VAX-11 Computers OBUNE:

[laiesitiiig JEATIRRILETRERE PRI A l RIS AT Rttt iat T ettt an i TE el A )
Reduced number of rays
- Exact simulation os SR sources l
* Vector calculus

» Modular i[ﬁ"‘ o
+ User-interface i

« Available to users
Two years development
Fortran 77+VAX/VVMS extensions

Effl CI e nt M C a p p roaCh mmmm mv A‘ ST ‘lmlmuullmmmm

= .
a5

Actively expanded by collaborations
Many with Manuel

The turopean Llight Source SRI2012 M. Sanchez del Rio



European Synchrotron Radiation facility

XOP
* quick calculations (synchrotron @xor23
spectra, reflectivities, rocking curves, attenuation coeffs. etc.) e ot e e s

.................. Logo |Tree |PT ICH\d |CD

* generic data visualization and analysis
+ specific applications (“extensions”)

* Freely available to users (>10 years)
« Large user community (>400 users in tens of laboratories)

=101 %

* Wiritten in IDL (using Fortran and C modules). Embedded
license.

ShadowVUI: interface that uses the standard SHADOW
calculation engine
“Easy” to use
High performance graphics
Macro language —
Tutorials = S SEsln

The European Llight Source  SRI2012 M. Sanchez del Rio
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European Synchrotron Radiation facility

XOP
» quick calculations (synchrotron

* generic data visualization and analysis
+ specific applications (“extensions”)

* Freely available to users (>10 years)
« Large user community (>400 users in tens of laboratories)

* Wiritten in IDL (using Fortran and C modules). Embedded
license.

ShadowVUI: interface that uses the standard SHADOW
calculation engine

“Easy” to use

High performance graphics But look awful

Macro language

Tutorials

The European Llight Source  SRI2012 M. Sanchez del Rio

@xor23 =101 x|

Xop Source Optics Tools Hep
logo |Tree |PT |Cmd |CD |

Slide: 20



European Synchrotron Radiation Facility

What SHADOW can do?

Beam cross sections (focal spot, PSF, etc)

source characteristics (dimensions, depth, emittances)
vignetting (apertures, dimension of oe’s)
effect of mirror shape: aberrations, errors...
effect of mirror imperfections (slope errors, roughness?)

Energy resolution

Flux and power (number of photons at a given position,
absorbed/transmitted power, etc)

Other aspects? (polarization, coherence effects, etc.)

The turopean Llight Source  SRI2012 M. Sanchez del Rio



European Synchrotron Radiation Facility

What SHADOW can do?

Beam cross sections (focal spot, PSF, etc)

source characteristics (dimensions, depth, emittances)
vignetting (apertures, dimension of oe’s)
effect of mirror shape: aberrations, errors...
effect of mirror imperfections (slope errors, roughness?)

Energy resolution

Flux and power (number of photons at a given position,
absorbed/transmitted power, etc)

Other aspects? (polarization, coherence effects, etc.)

SHADOWS3: a new version of the synchrotron X-ray

OptICS mOdeulng paCkage J. Synchrotron Rad. (2011). 18, 708-716

Manuel Sanchez del Rio,** Niccolo Canestrari,”? Fan Jiang® and Franco Cerrina“t

API: Scripts, macros: C, Fortran, Python

The turopean light Source  SRI2012 M. Sanchez del Rio



Object:

Namelist
(starting)

Namelist
(ending)

data
(binary)

SHADOW Optical system

Continuation Continuation
plane OE 1 plane OE 2

.
.
.
.
.

source distance image distance
OE 1 OE 1 Ky

image distance

]
L]
L]
L]
N
N
]
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L]
N
N
]
N
L]
N
N
]
L ]
L}
N
N
N
]
L ]

OE 2
% source distance
*OE 2
Source OE 1 OE 2
START.00 START.0O1 START.02
END.QOO END.O1 END.O2
BEGIN.DAT MIRR.O1 STAR.O1 MIRR.02 STAR.02

Figure 1.1: Sample layout with source and optical system.



Principle of Ray Tracing

Trace (the beamline)

¥ =(v,v,,~1) L

Energy, Intensity Yy

N =i
<
v
\
<

The turopean light Source  SRI2012 M. Sanchez del Rio Slide:



Principle of Ray Tracing

. Ray:
Tra Ce (th e b ea m I I n e ) X Y Z Spatial coordinate
X’ Y’ 7 Direction
y4 Asx Asy Asz EM vector (s-)

FF q kk  Flag, wavenumber, ray index
opd Fs Fp optical path length, phases
) Apx Apy Apz EM vector (p-)

%, = (X, ,0) | — _2(];, 7

v =(vx,v)_,z 1) A

Energy, Intensity Yy

L0
X

N I

The European light Source SRI2012 M. Sanchez del Rio



O O X XOP 2.4

#op Source Optics Tools Help

Tree | PT| cud| cD)

Start SHADOW



Start SHADOW

| NON X XOP 2.4 | X XOP 2.4
#op Source Optics Tools Help Kop | Source Optics Tools Help
Tree] PT] Cn d] CII] Load extension,,.

Load application input file,,,

Show/Edit environment

Change color table

Set default color table

Change Widget Font -

Quit




| NON _
Xop Source Optics Tools Help

X XOP 2.4

Tree | PT| cud| cD)

Start SHADOW

x| XOP 2.4

Hop | Source Optics Tools Help Eog

X XOP 2.4

FATPTRYar (I o 1 R Al A A Mg iy

| ]
Load extension,..

Load application input file,,,

Show/Edit environment

Change color table

Set default color table

Change Widget Font -

(Quit

X/ XOP...

ﬂcceptl Cancel'

Installed extensions:

imd4xop | imddxop

shadowwui
topodxop

xaid




SHADOW VUI Screen
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SHADOW VUI Screen

16



How to include Optical Constants

Run two times in Mac
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Single Optic Focusing
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Geometrical Demag: 240

oXx =90 nm, oy =20 nm
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D
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Source

tot:50000 SDx:21.5 um SDy:4.6 um tot:50000 SDx:4.4846e-06 SDy:3.6798e-06
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Shadow plots using SRCalc (uses lgor), available
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Mirror lllumination

Intensity not included
Only Rays

tot:49903 SDx:0.26961 SDy:44.232
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S S S e e e e e e e e e
Mirror lllumination

Intensity not included o
Intensity included

Only Rays
tot:49903 SDx:0.26961 SDy:44.232 tot:39518 SDx:0.26955 SDy:41.358
/\\ | /\\ |
150 T | T ] 150 T | T ]
100 i, — 100 —
T 50k S — S 50k —
£ £
n N
: g
% _50 B ! '_-_.I. _. ol ] >‘ _50 B ! '_-_.: ) ol N
-100 HiE — -100 iR —
-150 ! I ! 150 ! I !
-1.0 0.0 1.0 -1.0 0.0 1.0

xpos (mm) xpos (mm)
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Mirror lllumination

Intensity not included o
Intensity included
Only Rays

tot:49903 SDx:0.26961 SDy:44.232 tot:39518 SDx:0.26955 SDy:41.358
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Angle of Incidence (mrad)

Reflectivity
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Mirror lllumination Reflectivity
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Different mirrors

From geometry
ox =90 nm, oy =20 nm

Spherical
tot:39138 SDx:270 um SDy:33 ym

I I I ]
. 01 —
£
E
s 001
S
-0.1F —
-0.2 —L
-1.0 0.0 1.0

xpos (mm)

x: Practically no focus
y: Coma



ypos (mm)

Different mirrors

From geometry

ox =90 nm, oy =20 nm

Spherical Toroidal
tot:39138 SDx:270 um SDy:33 ym tot:39491 SDx:19 um SDy:38 um
/\ I I JM B
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ypos (mm)

Different mirrors

From geometry

axisy

Elim?mun/ -
1 -

ox =90 nm, oy =20 nm

- .

4 b

Spherical Toroidal Ellipsoidal
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ypos (mm)

Different mirrors

From geometry

axisy

ox =90 nm, oy =20 nm

Spherical Toroidal Ellipsoidal
tot:39138 SDx:270 um SDy:33 um tot:39491 SDx:19 um SDy:38 um tot:38876 GDX:93 nm SDy:28 na
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Figure errors and/or Diffraction

From geometry
ox =90 nm, oy =20 nm

Ellipsoidal state of the art FE ~ 2 nm RMS Ellipsoidal

tot:38790 SDx160 nm SDy:52 nm tot:38876 SDx:93 nm SDy:28 nm
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State of the Art XUV beamline: IEX @ APS

ARPES f RSXS focus J. L. McChesney et al
.DCUS *] MA4R (Vertical focusing) Nucl. Instrum. Methods PhyS Res. A 746, 98 (2014)
M4A
(vertical focusing) Exit Slits

M3A
(horizontal focusing)

M3R (horizontal focusing/deflecting)

VLS-PGM
(horizontal deflecting/

energy filtering)
MO

Clean-up slits

M EM-Variable Polarization Undulator, QuasiPeriodic
MMO and M1 to absorb power at high energies
MVLS-PGM, plane elements to minimize figure errors

MTwo branches
MARPES: High resolution, small spot

MRSXS: High flux, low divergence
M250-2200 eV

Y



State of the Art XUV beamline: IEX @ APS

RSXS focus J. L. McChesney et al

ARPES focus o M4R (vertical focusing) Nucl. Instrum. Methods Phys. Res. A 746, 98 (2014).

(vertical focusing)

M3A
(horizontal focusing)

ExitSlits  Resolution: Separation of E at exit slit, exit slit opening

M3R (horizontal focusing/deflecting)

VLS-PGM
(horizontal deflecting/

energy filtering)
MO

Clean-up slits

M EM-Variable Polarization Undulator, QuasiPeriodic
MMO and M1 to absorb power at high energies
MVLS-PGM, plane elements to minimize figure errors

MTwo branches
MARPES: High resolution, small spot

MRSXS: High flux, low divergence
M250-2200 eV

Y



Source:
7 GeV
0.1A

Power Density: SRCalc (Urgent)

ID: EM, QP
38 periods
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410 eV
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Power Density: SRCalc (Urgent)

e
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Circular: £
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Aperture Length (mm)

Mirror Length (mm)
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Mirror Length (mm)

Mirror Length (mm)

Power Density: SRCalc (Urgent)

MO: Au Coating
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Mirror Length (mm)

Mirror Length (mm)

Power Density: SRCalc (Urgent)
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nkA=Sin[a] + Sin[f]

VLS Grating

~

P

T
s

k = kO (1+2b2w+ 3 b3 w? + ...)
Cos[a]? Cos[B]?
+

£20 = +2b2mk0 A ;
p q
. Cos [a]? . Cos [B]2
£30 = Sin[a] +Sin|[f3] +2b3mkO A
p’ q?



VLS Grating

~

P

T
s

k = kO (1+2b2w+ 3 b3 w? + ...)
Cos[a]? Cos[B]?
+

£20 = +2b2mk0 A ;
p q
. Cos [a]? . Cos [B]2
£30 = Sin[a] +Sin|[f3] +2b3mkO A
nk2=Sin[a] +Sin[}] p* q*

VLS-PGM

Allow to change the focal length



Grating in Shadow

[ NN X| Define grating _ _
= Exit Slit plane
RP 80,000
Ruling type Poly, line density coeff: linear Diffraction order
Polunom | ||§1.5549200 |§—1,ooooooo ox: 0.99 mm oy: 0.0032 mm

1000.000 eV 1000.0125eV

Poly, line density coeff: quadratic

|,¥J.00010?93000

Poly, line density coeff: third power

|§’2.0000000e-05

Poly, line density coeff: fourth power

| 0,0000000
Mount type
Signed/Absolute TGH/Seya
Lines/CH (at origin) Signed |
|;:Lzooo.ooo Auto tuning

No I
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Correction of Heat Load Deformation M2
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R. Reininger, Nucl. Instrum. Methods Phys. Res. A 649, 139 (2011).
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Correction of Heat Load Deformation M2
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Correction of Heat Load Deformation M2
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Correction of Heat Load Deformation M2
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Crystal Diffraction

Bragg's Law

Constructive interference
when

nA =2d sin 6
Bragg’s Law

The asymmetry parameter
b = -(sinQq) / (sinQy)

= + is the angle i i
Q4 = Qg + Quut noe the incoming beam

Q2 = Qg - Qe m‘ﬂ::‘f‘“‘” the outgoing beam




Crystal Monochromator

Six-reflection meV-monochromator for synchrotron
radiation

J. Synchrotron Rad. (2011). 18, 605—-611

T. S. Toellner,* A. Alatas and A. H. Said

L

st nd rd

Element HHLM HRM 1 HRM 2 HRM 3

pair pair pair
Material Diamond Silicon Silicon Silicon
Reflection 1,1,1 3,1,1 15,11,9 2,2,0
Temperatur 0.993 0.970 0.492 0.978
e factor
Asymmetry 52.9 and
angle 0 0.8 -52.9 38

32



N e e e e T e e S
Crystal transmissions and Flux

I AE 1, Photons
Fs=F; — — 1000, F; = 4x10 , AE =10eV, E=23725eV
I; E s 0.1 %BW
2.4 m long ID C1,1,1
E=23.725 keV FWHMx:2.4 eV FWHMy:1.09e-05 rad
Sx = 273 um, zy =12 m Flux=3.0e13 ph/s
>’x =11 yurad, 2’y = 4.7 urad I I/\ I 1
[} ) E . p— 7]
T 10+
fad ”-'I'I.
‘o > ‘h
2 oL ‘-a_#i} DuMond diagram
c VT
> T L
2 -0 ]
qell 110

-4 -2 0 2 4
Energy-EO (eV)



Divergence (x1 0°° rad)

F¢g =

C1,1,1

FWHMy:1.09e-05 rad

FWHMx:2.4 eV
Flux=3.0e13 ph/s

F; — — 1000,

Crystal transmissions and Flux

If AE
F; = 4 x 104

photons

I; E

C1,1.1

FWHMx:2.2 eV FWHMy:1.1e-05 rad

Flux=2.4 e13 ph/s

15 I I I u 15 T I I I
10 4 T 10+
..-.l_l E 1';,;:11
5k o F -4 %o 5 ':‘1?:""-.
e ; }1'
of L) s of £
.”'4‘_:- g .'-'i-:'"
S L — oy S+ WAk
'{%':%'_._ o 'L%'?'
10 -~ & -0
15 L1 | | | 15 L1 | | | |

-4 -2 0 2
Energy-EO (eV)

-4 -2 0 2 4
Energy-EO (eV)

High heat load mono

—_

Divergence (x1 0° rad)

s 0.1 %BW

Si 3,1,1

FWHMy:5.51e-06 rad

FWHMx:1.0 eV
Flux=1.1e13 ph/s

, AE =10eV,

-4 -2 0 2
Energy-EO (eV)

Divergence (x1 0° rad)

E = 23725 eV

Si 3,1,1

FWHMx:1.0 eV FWHMy:6.6e-06 rad

Flux: 1.1e13 ph/s

4 -2 0 2

N

Energy-EO (eV)




Divergence (x1 0" rad)

Crystal transmissions and Flux

I AE ., Pbhotons
Fg=F; — — 1000, F; =4x10 ; |AE = 10 meV,| E = 23725 eV

I; E s 0.1 %BW

Si15,11,9 Si15,11,9 Si2,2,0 Si2,2,0

FWHMx:1.2 meV FWHMy:2.1e-07 rad FWHMx:1T meV FWHMy:1.4e-07 rad FWHMx:1 meV FWHMy:9.6e-07 rad FWHMx:0.99 meV FWHMy:6.4e-06 rad
Flux: 1.2e10 ph/s Flux: 7.7e9 ph/s Flux=7.6e9 ph/s Flux=7.5€9 ph/s
| | | 0.82 T T I 71 | | | 0.70 | | | 6
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Divergence (x1 0" rad)

Crystal transmissions and Flux

If AE hotons
Fe=Fi —— — 1000, F; = 4x10% =

I; E s 0.1 %BW

’ (AE =10 meva E =23725 eV

Si15,11,9 Si15,11,9 Si2,2,0 Si2,2,0

FWHMx:1.2 meV FWHMy:2.1e-07 rad FWHMx:1T meV FWHMy:1.4e-07 rad FWHMx:1 meV FWHMy:9.6e-07 rad FWHMx:0.99 meV FWHMy:6.4e-06 rad
Flux: 1.2e10 ph/s Flux: 7.7e9 ph/s Flux=7.6e9 ph/s Flux=7.5€9 ph/s
T A T 0.82 T ]\ I 71 | ]\ | 0.70 | ]\ | .6
1.0H [ B | - 300 1 1 I _ 2H T T T 1 - [ N R B
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Energy-EO (eV) Energy-EO (eV) Energy-EO (eV) Energy-EO (eV)

RP: 23,725,000




