Ray tracing .

[1 A powerful tool which allows “optics experiment” with the
computer.This technique allows the accurate simulation of the optical
components of the BL in the design phase.

[1 There are many commercial programs to perform ray tracing in
the visible region, suitable for camera objective, microscopes etc.

[1 For x-ray applications, specially with synchrotron radiation
the choice is SHADOW. It can raytrace any x-ray optical system and
predict image shapes, intensities and resolving powers with great

accuracy

SHADOW proved to be an essential computer tool for:

[1 Simulate beamline optics (Mirror and Crystal Optics)

[1 Understand properties of Optical Elements (i.e. Laue crystals)

[1 Check if operation performances are as expected
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Ray tracing in Optics can be easily done with computers. ot

Two aspects:

[ Rays emerging from the source
[source generation]

source
[J Rays through Optical Elements
[Geometrical and Physical models]

mirror
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What CAN be calculated with SHADOW? 5%

[1 Beam Cross sections (focal spot, etc). Effects of:

[J source characteristics (dimensions, depth, emittances...)

[1 vignetting (finite optical elements, slits, etc.)
[1 aberrations

[] thermal deformations

[1 waviness and roughness errors of mirrors

[ Energy resolution

[ Flux & Power (number of photons at sample, absorbed/transmitted power, etc.)

[ Other parameters (i.e polarization transfer)
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What CANNOT be calculated with SHADOW’_.@-‘-‘-..:-;;.

(Ideas for future developments...)

1) Physical models:

[J Sources: [1X-ray tubes. [1Elliptical undulators. [l Tapered undulators. [JGeneral wig-
glers. [JWiggler exact calculation.

[ Optics: [1Extended energy range (E> 100 keV). [I]Compton absorption cross section.
[1Coherence (holography, phase contrast, speckle patterns...).

[1 Gratings: []Efficiency model.

[J Crystals: [JAny crystal. [1External Rocking Curve. [ Transmitted beam (phase shift-
ers, diamond monochromators). [JImproved mosaic model (transition Perfect ->
Mosaic). [1Bent crystal reflectivity. [1Beam penetration in the crystal.

[J New devices: [1Bragg Fresnel Lenses. []CRL. [1Non-sequential systems (i.e. Multiple
mirror arrays).

2) Program structure:

[IMigration Fortran -> C ?. [1 Dynamic arrays (any number of rays). [1Test set. [J [JUser
program macros. [1Global optimization. [JImprove user-friendly interface
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Source Models in SHADOW

1- Simplest case: The spherical source.

[J 1st Solution. Grid Generation of Rays:

x = (0,0,0)
v = (0, cos 2(i/N), sin 2ri/N) )

i=0,...N

[J 2nd Solution. Random Generation of Rays:
x =(0,0,0)
v = (0, cos (2n,), sin (2m,) )

n, = random number in [0,1] with flat probability
distribution function given by the computer random
generator.
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2- General case: The Gaussian [or any kind of distrib@ii@generator.

[1 1st Solution. Deterministic generator:

i

gl

X
i

LM EE R

i'IIIII

x =(0,0,0)
v = (0, cos; , sing;)
|=1(8)

i
1=0

6; = B, K| (i/N) Omax - Bmin)

[1 2nd Solution. Stochastic generator:

)
o

e

................
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x =(0,0,0)
v = (0, cos; , sing;)

6, are numbers generated randomly but following

the gaussian [di distribution.

How to get them?
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The inversion method

_

f(@)

cdi(@)

Manuel Sanchez del Rio

[J Given the probability distribution, i.e.

= .L _ﬁD
f (o) KJETexpE |2K2D

[] Calculate the Cumulative Distribution Function (cd

¢
cdf(g) = If(tp)d¢
0

[1 Calculate the inverse function

®(n) = cdf1(n)

If now nsamples an interval [0,1] with flat
probability distribution®(n) samples an interval
(-00, +00) with probability distributiorf.
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O If n 0[nq,ny] then theg interval is [py,@,] with
n,=cdf(g,) and p=cdf(@,)
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The synchrotron sources i

" Dipoles \( Wigglers [ Undulators

Undulator Divergences

--------- o [w¥]

) Eending Magnet and Wiggler Radiatij k Undulator Radiation )

k Source Divergences

Manuel Sanchez del Rio Computer simulations for X-ray optics (8 of 20) Luso, May1998



Tracing an Optical Element.e. MIRRORS)

1) Geometrical Model

source = {ray i=1...N }

trajectory: X =Xggrt +tV
Surface equatiorf(x,y,z) =0

n = grad(f)

Vout

v

Optical Element

imag

=> |ntercept point

Ray tracing equation. Here (Mirrors) the specular reflectivity is applied:
Bin = Bout Vin, N @andvg,; coplanar. In vectorial notationvg; = Vi, - 2 Vi,

2) Physical Model |

L e s e e e

Reflectivity ~ probability of observation or intensity after reflect |

We must include a new variable in the rayty,: = lin R(ES,...)
In fact, R is polarization-dependent, so it is better to store the

Electric field: | = | E exp(ip) + E, exp(ip,) i ]
ray = (x, v, I, flag, § By, @5, @, @y, 217A) B
rargy [ = ]
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FOcus IS not perfect because of : e e
[] aberrations

[] source dimensions and depth [emittances]
[1 waviness and roughness errors of mirrors

All these effects can be studied by ray-tracing. Example:

circular source (diameter: 10um)
divergences: 10Qurad

Toroidal Mirror
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Ellipsoidal Mirror
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The model is not sufficient: The ray may not exist after the mirror [it is absorbed] '.'-':2..0,0..’.;'._"-
We must extend the model Tt

Reflectivity ~ probability of observation
or intensity after reflection.
Reflactlvity, Tatal
8,,,=89.9deg - We must include a new variable in the ray: |
| lout = lin R(E.S,...)

In fact, R is polarization-dependent, so it is
better to store the Electric field:

T, | = | Esexp(iqy) + E, exp(ip,) 2

R T M- P . PR T
Fholan smecgy ¥ |

ray; = (x, v, I, flag, Eg, Ep, @, @, @g, 210A)

This permits also to work with polarized light, analyze the polarization degree
and polarization properties through the beamline.
[Ed=IEy|
Esout= Esin* Rs = Qs+ T2
Epout= Epin* Rp circular pol. light

A_I_I'IIC)V:| NOI_LVICIVH NOHLOHHONAS NVEIdO&IﬂH

Rs Ry and phase changere given by a physical model of reflectivity. For mirrors
the Fresnel equations are coded in the program.
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Other O.E.s can be easily modeled:

[ Multilayers: Mirror + “New” Reflectivity curve.

Geometry:

Bgraz = 0.42 deg

\/

n pairs (100)

Light element S
Heavy element

Substrate (Si)

[0 CRYSTALS: Symmetric Bragg Case=Mirror + “New” Reflectivity curve given by the DTD.

W

Reflectivity:

41.4 AX\ |
(10.3 A) )

Geometry:
Jin Vout

Vout = Vin - 2VinQO

Manuel Sanchez del Rio

Reflectivity:

-15-
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Other O.E.s can be easily modeled:

[J LENSES: interface between two mediaof refractive indeceand 3

N1(Kijn X Up) = M(Kgyt X Up) [Hetch, Optics]

[0 CRYSTALS: Symmetric Bragg Case= Mirror + “New” Reflectivity curve given by the DTD.

Geometry: Reflectivity:

Vin Vout
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Vout = Vin - 2 Vin
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Gratings: Geometrical Model

mA =d (sinBj, + sinBy ) XX XY XXX
or

Kout = Kin + G|

oS 000000
slit
[K1.k3] /
k2
Manuel Sanchez del Rio -11-
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T aadi:.
Gratings: Monochromators O
R Ty Al

. . . . « ° 0000,

[1 They combine the dispersive effect of the grating + focusing effect of curvature -~ ::*"
[ Can be analyzed by ray-tracing _ _ _ M
[1 Focusing equations: Generalized case of mirror’'s focusing equations -
Py,
<

cosB, + cosd
1,177 2 >
P q Rg =
\ g<n
2 2
(cosh,) +(cosez) _ cosf, + cosh, 5
Y q )
R O
_|
pY)
)
Z
041 I ' ' i T
>
)
S : . >
S, (Not considered in SHADOW) -
3 2
b}
S Al
= addd 0
—
_|
.<
0.0}
0 100 200
Energy [eV]
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Mirror optics SR
Surface errors and their implementation in SHADOW TR

L1 Figure:(macroscopic ondulations of the surface, giving the surface shape (plane, spheri-
cal...), and deformations produced by the manufacturing errors, thermal loads and mechanical
stress.

In SHADOW we use aapping of the surfadgdgrom FEM, etc.) or include directly the error
parameters (surface radius,...)

L] Slope errorsgenerally considered as sinusoidal-like variations of the surface shape. It
spreads the image in the focal plane due to the deflection of the incident rays at different
angles.

In RT tracing we use a reflection model witlrapping of the surfac@ ~ mm >>A, ie., geo-
metrical optics regime)

[ ] RoughnessRandom irregularities in the micro or sub-microscopic scale, which depends
on the manufacture processes and materials. It increases the scattering of the photon beam,
producing a blur of the image in the focal point.

In RT, as it is impossible to characterize deterministically the surface, a statistical approach
based on the diffraction theory is used.
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Mirror optics: Thermal Analysis (figure error)
ESRF

BL 2 SHADOW!/
ANSYS calculation.

Power density on first crystal Crystal deformation

Source:
Wiggler

Ay =125 mm
N =12

E =6.04 GeV
Oy =69 pm
0, =47 pm

Power {W/(0.4cm x 0.5cm)]|

g, =610 rad.cm

g,=6108 rad cm

Optics:
C,Be,Al attenuators
Flat Mirror

Double-xtal mono-
chromator

First crystal: cryogeni-
cally cooled

Bg = 3.78 degrees
(sagittally focusing
M=1/3)

Cylindrical mirror
(M=174.3)

Power on first crystal:
2.6 KW

! Spot without thermal load 1 Spot with thermal load )
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Mirror optics:

Focal spot simultions for BL1
(Microfocus):

Source

Undulator placed in a low beta
section

Ay =46mm

N =33

E =6.04 GeV

O, =59 um

0, =11 pm

£, =4 10" rad.cm

€,=410-9 rad cm

Il harmonic @ 7144 eV

Ellipsoidal mirror M=1/10
Slope error 0.8”

Manuel Sanchez del Rio

waviness (slope error) anaIyS|s.5:'
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Mirror optics:
Slope/Figure errors with real profiles | R
e ESRE

R. Signorato & M. Sanchez del Rio, SPIE Proceedings 3152 (1997)

(ID12a)

0 R1 = 4809 m (concave)

[0 R2 = 154232 m (convex)

[J Expected focal position ~ 17m

O Theoretical focal FWHM = 37 x 0.2 ~18n

0 Incuding Slope Error =fFad x 8m x 2 mirrors = 8m

Results:

022um FWHM

0 Satellite structures

0 Best focus fount at 7.64 m from M2




—

height [nm

Slope/Figure errors with real profiles |l

Mirror metrology

[ | Slopes measured at the ESRF LTP

|| Standard data reduction (linear detrending, slope error rms, PSD) done with XOP.
L] Profiles used to create a surface mapping (transversal replication) to be included in

SHADOW (by its PRESURFACE tool).
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Slope/Figure errors with real profiles Il e

Ray-tracing/Experiment comparison

0.10 - e ] ' oH (A) FWHM= 22.15 i
I Ul e ] Ho- == - (B) FwHM= 24.37] [ .
CST——>

0.05 o -

0.00

VERTICAL SIZE [mm]
NORMALIZED INTENSITY

S0.05F  so_ s i

_4 -2 0 2
—-100 —50 0 50 100
HORIZONTAL SIZE [mm] FOCUS SIZE

[microns]

A = experimental
B = calculated
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Slope/Figure errors with real profiles IV
Focal images at positions E@7.62m from M2)and T (@17.14 m from M2)

E2 E3 ES E13 E21 E24

M1—Fideal M2 —Fideal
MISE2E o AV MEEEZ S Apr VA —

10 cm

M1+F2

12 T3 13 T13 121 124 Tideal
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