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Characterization of
nanometric multimaterials
by x-ray spectroscopy and x-ray optics

Development of
spectroscopic and optical devices
for materials characterization



Periodic multilayers
for EUV and X-ray ranges

Extreme UV : 20 —-200 eV 0.6 — 6 nm
Soft x-ray: 200-5000eV ~ 0.25-0.6 nm

| () ; Heavy material (metal, ...)
E Light material (S1, B, C, ...)
stack of N bi-layers — Substrate (S1, S102, ...)

thickness light + thickness heavy = period d of a few nm
L can diffract EUV and x-rays

Bragg law : pA = 2d sin0




Intensity (arbitrary units)

Applications of multilayers

* Solar images from spatial telescopes
* Photolithography @ 13.5 nm
e Optical components for synchrotron beamlines

* Optical components for new x-ray sources (x-ray laser,
high harmonic generation, ...)

e Optics for diffraction apparatus

LiF + Fe203
F Ka
Fe La

O Ko

400 500 600 TO0 8O0
Photon energy (eV)

X-ray emission spectroscopy Imaging at a given wavelength Photolithography

@ 13.5 nm, 6.x nm



Motivation and challenges

A

d

] perteet

Nnpallana
interdiffusion

roughne“

Visible EUV
A=500nm A=30.4nm
d ~125nm Co_2.6nm/Mg_13.6nm
o ~10 nm ~0.5-0.8nm

SS I

== interfacial compound

R multiplied by DW factor
exp(-2[27 o sinB / A]?)
exp(-2[r o / d]?)

Interface is the largest challenge for EUV multilayer!
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Reflectivity (a.u
m m =

X-ray reflectivity

o) (1)

i

Géoméetrie

R_0=1.(A)/ I,(A)
R_\=1(0)/ 1,(0)

2d sin@=p A
Bragg law

Determination of parameters
of the stack

-+ thickness
* roughness
« density / optical index

of the various layers



X-ray emission spectroscopy
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Observation of the energy distribution of the emitted radiation
Information about the chemical state of the emitting element

Incoming beam
e Electrons
Particles

e X-rays

Detection / dispersion
 WDS : crystal spectrometer
e EDS : Si(Li), SDD, bolometer



NMR spectroscopy

~1/2
L Photon -
HF: hyperfine field

+1/2 H(w)

In ferromagnets, the magnetic field H, is the field inside the
material on the nuclei sites (20 T for Co nuclei in bulk Co)

The HF strength depends on the local symmetry and local
chemical environment of the probed nuclei: nearest
neighbour local structure and/or local chemical environment.



Reflectance

Mg/Co multilayers (1)

* Design
| Si/[Co (2.67 nm)/Mg (13.61 nm)]x30

0.5

i * Fabrication

| Deposition by DC-MS

| Ultra-smooth Si substrates (6~0.3nm)
1 High purity sputtering targets

High purity sputtering gas

| High precision deposition rates

26 I 2I7 l 2I8 l 2I9 I 3I0 I 3I1 I 32
wavelength, A(nm) * Measurement
High reflectiviy: 40.3%

Narrow band-width: 1.32 nm

Co/Mg is a promising multilayer for EUV applications



Intensity (a.u.)

Mg/Co results (2)

Design
Si substrate / [Co (2.55 nm)/Mg (14.45 nm)]x30/ B,C (3.5 nm)
B,C: capping layer to prevent oxidation

10°
ﬁ __ghelment) R sim = 56.5% @ 25.2 nm (49.2 eV)
10 45° s-pol
10° for perfect multilayer: without
roughness or interdiffusion
10°
. X-ray Reflectivity
10’ 4.+ High structural quality
. —. * Thickness close to the design

00 05 10 T8 ead 25 30 Interfacial roughness 0.6 nm

Grazing angle



Reflectance
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Mg/Co results (3)

R=42.6% @ 49.6 eV (25.0 nm)

Mg L edge

0 | | | | | | |
46 47 48 49 50 51 52 53 54

Photon energy (eV)

EUV reflectivity

!

High reflectance
75% of the value
simulated for perfect
multilayer
Assymetrical peak
owing to Mg L edge



Intensity (a.u.)

Mg/Co results (4)

X-ray Emission Spectroscopy

— Mg bulk
* Co/Mg multilayer

1290 1295 1300 1305
Emitted photon energy (eV)

!

Mg atoms as in pure Mg
No interaction between
Mg and Co layers



Spin echo intensity (a.u.)

Mg/Co results (5)

Nuclear Magnetic Resonance

* Experiment

0.010 | — Simulation

o
o
e)
5]

o
o
o
o)

o
o
o
SN

50

Co hecp

0.002 - .
‘ )
_—J L
0.000 | ‘

100

150 200

Frequency (MHz)

250

Spectroscopy

|

Co atoms as in pure Co
No interaction between
Co and Mg layers

Faint peak due to Co
atoms in contact with
the Mg layer



Mg/Co results (6)

High-resolution images
Co and Mg layers crystallized

EELS

Abrupt interfaces

TEM 100 keV

Sample prepared by focused ion beam
Thinning down to =40 nm



Mg/Co results (annealing)

EUV reflectivity

—Non annealed
—280°C
......... 3050C
—400°C

» Stable upto280° C
* Rdivided by 2 after
305" C

* No more reflectivity

46 47 48 49 50 51 52 53 54

Photon energy (eV) afte r 400 C




sity (Arb. Unit)

Mg/Co results (annealing)

Nuclear Magnetic Resonance

Spectroscopy

|

* Coatoms asin pure Co
* No more interfacial

Co atoms

XES
* Mg atoms as in pure Mg




Mg/Co results (annealing)

Pt layer

Multilayer

Si substrate

I\/Iechamcal def|C|eny due 1 " Co cIustermg



. Generally used
X-ray standing waves: i hardxray range
* In glancing incidence
e With crystal or
* With multilayer (set of bilayers)
To probe
* thin layer on top of the multilayer
* Interfaces of the multilayer itself
By using
* Fluorescence or photoelectrons

standing wave
incident x-rays reflected x-rays

What we do

* In soft x-ray range

* In glancing incidence and exit

e  With multilayer

(set of bilayers or trilayers)

To probe

* Interfaces of the multilayer itself
By using

e X-ray fluorescence

mullilayer mirror

In (or close to) Bragg conditions
* astrong standing wave develops
inside and outside the multilayer
* having the period of the multilayer



Field Intensity

X-ray standing waves
Depth distribution of the electric field

Vacuum B4C Mo2C Co Mo2C Co Rotate sample

3.0

2.5

2.0

1.5

10 7

0.5

0.0

e 11.95° (change the wavelength)
Bragglangle 10.95° Change incident or detection angle

Shift of the nodes and anti-nodes

Analysis by

 XPS

 XRF

 AES

s 10 120fa

i '« Multilayer
 Superficial material

OI 2 IID%:-pth (n?n)




Two XSW modes

Fluorescence Fluorescence q
Photoelectrons
Auger electrons

Incident beam

N \

Glancing incidence mode Glancing exit mode
“Normal” or GI “Kossel” or GE



A bit of history

M. Von Laue

Nobel prize 1914 for his discovery of the x-ray diffraction by crystals

W. Kossel

1935

Diffraction of the fluorescence
produced within the crystal

by the crystal itself

First x-ray diffraction pattern
Hydrated copper sulfate

P1 triclinic

1912: von Laue, Friedrich, Knipping




Mo of counts {amD. w.)

yuieve . Mg/Co XSW - XRF

[Mg (5.1nm) / Co (2.6nm)]x30 / Incident radiation 1500eV; 0.827nm
B4C (3.5nm) capping layer Mg Ko emission 1253.6eV; 0.989nm
60° between incident and detection directions
Emitted photon enengy (V) Glancing detection angle (°)
BO0 BOO 1000 1200 1400 120 100 8 60 40 20 O
1200 100 —]
g Ko
80 0 0
1000 5 simulation
\ s
b
800 5 60
o
Glancing detection angle (°) f= Glancing detection angle (°)
- 3 40 4 12 10 8 6 4 2 0
&0 120 118 116 114 112 MO 60 e
50 | o ;
: E :
; 20 50
oy i Lieth 40
S S
) 3 a 40
200 C o 3
[ l 2 30
20 | ; ; ;
400 500 o S S WU T U W O W ]
o [=] : H : :
= =
" Gl woGE o\ -
X-ray en
O e 0 ]
0 2 4 6 8 10 106 108 110 112 114 116 118 120

Glancing incidence angle (°) Glancing incidence angle (°)



Intensity Co La (Counts / Amp)

Fluorescence of Mg/Co multilayer
Si substrate / [Mg (5.1nm) / Co (2.6nm)]x30 / B4C (3.5nm)

"Classic" - GIF mode "Kossel" - GEF mode

——Co La 810eVv excitation ——Co La 810eV

—---Co La 1000eV excitation | fe Co La 1000eV
4.0 10" ‘ ‘ ‘ ‘ 1 10" 1.5 10" 1.6 10*

detection angle €
3.510"
13 8 1013 g
3.010 Z
s @ 1.010" -
2,510 6 103 %
O
13 <
2.010 o
13
1.510% 410 3 o
>5010"
13 ‘D
1.0 10 ) 10 5
[
5.0 10™
0.0 | | | | | 0 0.0 | | | | | 0
0 2 4 6 8 10 12 108 110 112 114 116 118 120
Incident glancing angle (°) Incident glancing angle (°)
Features appear at Bragg angle Features appear at Bragg angle
of incident radiation of emitted radiation
Move with energy Do not move with energy

of incident radiation of incident radiation



GE experiment-simulations Mg/Co

Co La intensity (arb. units)

2

[EEN
I

14

Detection angle (°)
12 10 8 6 4 2 0

Co Lo emission 776 eV
Co L3 edge 778 eV

cobalt

\ \ ‘
108 112 116 120
Glancing incidence angle (°)

Mg Ka intensity (arb. units)

=
I

Detection angle (°)

10 8

Mg Ko emission 1253 eV
Mg K edge 1305 eV

magnesium

0 ! ! ! !
110 112 114 116 118 120

Glancing incidence angle (°)

* abrupt interfaces
* Effect of the refractive indices



Introduction of Zr into Mg/Co stack

* Makes the stack stable upon annealing

* Improves the reflectivity (optimization on the
optical path within the stack)

Si substrate / [Mg (5.45nm) / Co (2.55nm) / Zr (1.5nm)]x30 / B4C (3.5nm)
Si substrate / [Mg (5.45nm) ) / Zr (1.5nm) / Co (2.55nm)]x30 / B4C (3.5nm)

Two different orders of the layers



NMR spectroscopy (1)

Probe of the nearest neighbour local structure around the Co atoms

I I I
bulk hcp Co
Co atoms surrounded
= by other Co atoms
rg; Multilayers
N2 — Co/Mg (2009}
&
5
E
2 Co/Mg
p _interface
) Co atoms with Mg atoms
nearest neighbours
L M | | | . | | | |
20 40 il an 1aa 120 140 140 130 200 220 240

Frequency (MHz)

Mg/Co
well-defined layers and interfaces



NMR spectroscopy (2)

Probe of the nearest neighbour local structure around the Co atoms

I I I I
bulk hcp Co
Co atoms surrounded
= by other Co atoms
vg; Multilayers
E — Co/Mg (2009}
p= o Mg/CofZ;
: ol Colzr
E interface
5 Co/Mg
5 .
= ~Interface
2) Co atoms with Mg atoms
@ . hearest neighbours
DD W .-_'P ?:“:‘ T P Wk AW ST D —
o | o ot | | 7
| o | | | | | | |

20 41 fill a0 100 120 140 160 120 200 220 40
Frequency (MHz)

Mg/Co and Mg/Co/Zr
well-defined layers and interfaces



NMR spectroscopy (3)

Probe of the nearest neighbour local structure around the Co atoms

bulk hcp Co
Co atoms surrounded Ff'

by other Co atoms

Multilayers

—Coilg

o MgiColZr

+ Mg/ZrCo
— Mg ZeColZr

ColZr
interface

Co/Mg

~interface
Co atoms with Mg atoms

. nearest neighbours

Spin Echo Intensity (arh. u.)

= =] )
| = | | | | | | | | | |
20 40 ]l &l 100 120 140 160 180 200 220 240

Frequency (MHz)

Mg/Co and Mg/Co/Zr
well-defined layers and interfaces

Mg/Zr/Co and Mg/Zr/ColZr
strong intermixing between Co and Zr

[Mg/Co and Mg/Col/Zr

0]

nly geometrical roughness ]

Mg/Zr/Co and Mg/Zr/Col/Zr reaction between Co and Zr

XES : Mg does not react



GE measurements — Mg-Co-Zr

Different contrasts of the features for Co L emission
depending on the sample

2510
100 CO Lo Mg Ko
B 2010
< <
$1.210" )
: <
3 31.510"
k) , L]
2 B Mg/Zr/Co >
% 8.0 10° . @ , .
3 $1.010™ i 7
k= <«+——— Mg/Co/Zr £ I A Mg/Zr/Co
S . ¥ ) 4———Mg/Co/Zr
24.010 o 6
o ='5.0 10

0.0 0.0 7
0 2 4 6 8 10 12 0 1 2 3 4 5 6 7 8
Detection angle (°) Detection angle (°)

Same behavior in Gl mode



Simulations — Mg-Co-Zr
Mg/Zr/Co — Co L emission

2510
*exp
10
1.6 107 | —bilayer
=22.0 10" oy — —trilayer
S £
< < 10
8 © 1210
51.510" 5
L L
2 2 9
@ ‘@ 8.010
§1.010" |5
K= £
3 3
3 - 9
35.0 10" / - exp 3 4010
G I d — bilayer
0.0 | I |o e = —trilayer 0.0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Glancing incidence angle (°) Glancing detection angle (°)

* Mg/Zr/Co described as Mg/Co,Zr
 Mg/Co/Zr trilayer with nominal parameters



Mg-Co-Zr interfaces

From XRR, NMR, XES, XSW-XRF
» Sharp Zr-on-Co interfaces in Mg/Co/Zr
* Mixing at Co-on-Zr interfaces in Mg/Zr/Co

Surface free energy
*Co 2.0Jm™
o 7r 1.6 J.m™2

-

Asymmetric behavior of
Zr-on-Co and Co-on-Zr interfaces



Diffraction de Kossel
Cameéra CCD



Pd/Y based periodic multilayers

100000
B,C(2.5nm)/[Pd(2nm)/Y(2nm)],/Si

® Problem: the original design has bad

optial performance %
® Grazing incident X-ray reflectometry (Cu K radiation 8048 eV) 3™
Low reflection, bad periodicity g 100
® Severe interdiffusion between Pd and Y layers. . o]
1
T 7
@® Solution: Derivative systems Grazing angle (" )
® N, in the sputtering gas [1]. e ompdmnenmi, -
0% 2% 6% —
® B,C barrier layers [2]. E b
* Pd-on-Y interfaces g -
*  Y-on Pd interfaces = r
* all interfaces E | " .

0 2 ' 6
Grazing angle (° )
[1] Xu et al., “Enhancement of soft X-ray reflectivity and interface stability in nitridated Pd/Y multilayer mirrors,” Opt. Express.

23, 33018 (2015).
[2] Prasciolu et al., “Thermal stability studies of short period Sc/Cr and Sc/B4C/Cr multilayers,”Appl. Opt. 53(10), 2126 (2014).



Combine PIXE with Kossel diffraction

B,C(2.50 nm)/[Pd(2.00 nm)/Y(2.00 nm}]e on Si

3

Measurement of X-ray emission
intensity as a function of the

2

0<0 .
Bragg | detection angle.
i
| Proton X-ray
b eam emission
0 2 : - E: b 8 " . Detection

{#m0.322 deg, E= monocm ™

- ;
0 " 3 R '

o

o
2smf@ Q 0=0g,,¢,

Flald Intansity, |
o

De, pl.h [nm
(#=0.941 deg, Em 1omntm o)

0>0

Fleld Intensity, |

Bragg

Depth, T [nm]
(#=0.363 deg, E=10000.000 &V}

8-13 October IBA 2017, Shanghai, China 35



Energy dispersive CCD

® Advantage: spatially resolved. Each pixel
1] givesa

® Measurement of X-ray emission intensity in a I 1| spectrum.
squared area of about 13 x 13 mm.

® Native: 1024 x 1024 sensor array with 13 x 13
Mm pixels.

® Our selection: 256 x 256 of 52 x 52 um.
>>> compromise of angular/energy resolution R
- L
® No need to scan the angle. |
® We place a 200 um beryllium film in front of the , R

camera to filter the scattered protons. Protection sample hds
of the camera. "

o
g ol

® Acquisition time significantly reduced compared to
SDD.

Days to 2 hours >>>potential of in-situ measurements
(annealing test, oxidation test)

Proton heam

[2] Meiyi Wu et al. NIM B 2016, 386 (1), 39 - 43.

S|exid 952




X-ray emission spectrum

100 : 1810°

B,C(2.5 nm)/[Pd(2 nm)/B,C(2nm)/Y(2nm)], ,o/Si Iteresting

JTanee d 1410°|

6
1210°|

Energy resolution is about 150 eV at 5.9 keV
(Mn Ka).

110°L

810° |

Pd La LB, Y La Ka, Si Ka can be observed

-
=N

Intensity (a.u.)
Intensity (a.u.)

Yka | 810° -

pile-up emission

Pile up effect due to multiple photons 1000 | a0 |
detection 2105
100 + -
Energy calibration of the spectrum is carried 0 2 4 6 8 10 12 1 1 2 2w 1 s
out with Pd La peak (2.838 keV) and Y Ka peak Frerey ke sreovie)
(14.958 keV) X-ray spectrum of Pd(2 nm)/B,C(2 nm)/Y(2 nm)
multilayer:

a) overview (log scale)

b) zoomed range of interest (linear scale).
»> Y Ka has too low intensity.

> Y La, Si Ka are in the low efficiency
part of the X-ray camera.

> Pd LB does not bring additional
infomation

> We measure Pd La
emission



Kossel curves

B The original image obtained by X-ray color camera contains |
the intensity of emitted photons of all energies.

B Kossel curve: the angular distribution of the characteristic
X-ray emission.

Integrate
B Too get the Kossel curve of Pd La emission, we need 3 along the
steps: :
1. Selectregion of interest (ROI) on the spectrum. ve.rtlcal
2. “Filter” the original image by applying ROI. pixels

3. Integrate the “filtered” image along the vertical pixels.
[&;&f?‘ R A S AT TR

250

210°

ROI Pd Lat

emission 200

150

Intensity (Count)

100

50

0

140 150 160 170 180 100 200
Channel

0
0 50 100 150 200 250

Distribution of X-ray ROI selection Distribution of Pd La

emission



Calibration of detection angle

B Pixel of the detector - grazing exit

angle

B 4-layer sample:
B,C(2.5 nm)/[B,C(1 nm)/Pd(2 nm)/B,C(1
nmM)/Y (2 nm)],4o/Si

B 1st and 2nd order of Kossel

ocillation

a) experimental curve in channel

(pixel)

b) simulated curvein angle

(degree)

B Precise values obtained from the

derivatives of the curves

3210*

i

30+ Ei

2810' |
t A

2610 +
3

o '
o 2410 L

2210' |
210°

56.4

235.8

-
=
=
=

wéo 1%0 260 250
channel

1000 |

500 |
£

(=)

&n
(=3
=

i

éh%fda

i

" Aarti ot
i "VfiL=J%
L] n’= L]

d{count)/d{channel)

-
=
=
=

l
50

| | |
100 150 200 25l
channel

Intensity (a.u)

s
=
(=]

-
=
=1

d(intensity)/d(angle)

=}

2.25°

1 |
25 3 35

|
4

15 4
Detection angle (°)
v ]
15 4

25 3 35
Detection angle (°)



Non-destructive test

®m B,C(2.5 nm)/[Pd(2 nm)/B,C(2
nm)/Y (2 nm)], ,40/Si

B Exposure under proton beam for
7.5 hours

B Kossel curve maintains its shape

Q

The structure is

not changed after The
7.5 h exposure

measurem
ent
is
Standard measure non-
timeis 2 destructive

4510

410"

3510’

310

Intensity (Count/s/A)

2.510°

210

—2h
——idh
——6h

——T7h 30min

80

20

100



Kossel curves of Pd La emission

2-hour acquisition time. Curve

statistics can be further

improved by increasing the 50— — S0 "
acquisition time. '

——B4C/Pd/Y 122

50 LT B4C/Pd/B4C/Y 1212
Angles are adjusted to the g0y g
Bragg angle, which is in most ;‘::“ ;‘é’ 410"
cases located in the center of 3 2
. . 7 7
the Kossel oscillation. g 40y Qas10
£ £
2] 7]
The periodicity of the g § T
S350+ £

originally designed Pd/Y
multilayer is totally a 2510 |
compromised.

b

31“1—0.4 -I]I.3 -IJI.2 -IJI.1 IZII IZI.‘1 I]I.2 ufa 04 2107—0.4 -IZ;.S -I]I.2 -IZ:.1 [II I]f1 0{2 I].IS 0.4
Nitrogen reduces the Angular variation from Bragg angle (°) Angular variation from Bragg angle (°)
interdiffusion.

Kossel curves of the series of Kossel curves of the series of
Kossel features can be samples: samples:
distinguished for samples with a) Deposited with nitrogen in b) With B,C barrier layers. The
different B,C barrier layers. the sputtering gas. notation gives multilayer
Structural sensitivity. structure and layer thickness

respectively.



Simulation

B4C/Pd/B4C/Y Pd L alpha emission

® Simulation of the PIXE-Kossel 410" - Experiment |
curve. - 40
® Code for XRF-Kossel curve. 3510
<
@
® Approach. 2 0
. . . . 3
® Uniform ionization. 9
>
. =2510
@® Still not perfect due to £
[}
background. E

7
® Improvement needed. 210

—— Simulation |

1510° L

| | | | | 0
1.6 1.8 2 22 24 26 28

Grazing exit angle (degree)

{("ne) AJIsusaiuj



Multicouches gravées



Multilayer mirror (MM)

d: multilayer period

Bad spectral resolution
Owing to large diffraction pattern

.........................................................................
. .
o e

" 1D periodical structure used
at the 15t (2"9) diffraction order

Bragg law
2d sin@ = nA

0 .
..........................................................................

2d sing = n\

Etched mirror (EM)
A

d: multilayer period D: grating period
I'D: grating line width 1 - I'D: grating line spacing
Calculations: D=1pum I'=0.35

..........................................................................................
.
. ‘e

2D periodical structure used:
« at the O™ order of the grating
« at the 15t (2"9) diffraction order

s Py
........
......

. st

Bragg law grating:law

bl "
-------
----

o
*

. .
...........................................................................................



Reflectivity curves: comparison MM/EM

m C K spectral region
@' 0.020 | E=277eV AN v
MM: |
continuous profile 0.015 |- .
| 2 0010 | 1 Grating period
EM: 5 |
oscillations due to AN O 1 umto 0.2 um
. . +1 )
the coupling with 0005 . =, \
the grating orders ? Ry | %
@,il;tZHJ 0.000 ! .

18 19 20 21 22 23 24 25 26

Grazing angle (°)
t- o e I
MM | EM Mll.\i/léM * rexp =0.20 - 1—‘theo (0-35) :
i » annealing during SiO, deposition
R (%) 22 065 34 ....................................................................................
C K region i e
J I(‘ol’z) 1.4 1034 4.1 ﬁ\ Decrease of L,,, for EM:
R peaK Teffectivity _— strong inthe C Kregion .

L,,: width at half maximum


http://www.elettra.trieste.it/

Etching process

Scanning electronic microscopy images

Aspect ratio:
 aimed 300:1200
* experimental ~ 310:1210

| | '
SUSB000 10.0kV 8.6mm x1.30k SE(U) 3/1/2012

AccV SpotMagn Det WD }——— 2um AccV SpotMagn Det WD ——— 1um
150kVY 2.0 8000x TLD 6.2 ech30 15.0kVY 2.0 25000x TLD 6.7 ech30

] ) i
40.0um




Example of an etched multilayer in a curve-crystal
spectrometer: C Ko emission band of graphite

Grating
| spectrometer

Graphite

10eV

i | | ]

Graphite
MG (2°™ ordre)

— 150

....... 30
—_ 4DD
® 55°

60°

0.5

(yun -qre) Lrsusup

!

e

f
Intenzité norm. (u. arh)

15°

Energy (eV)
K. Termuchi ef al.

%
| o

Jowrnal of Electron Microscopy: 1=11 {2010)
doi:10.1093{jmicro/dfiq010 255 260 265 70 75 280 285 290 95

Energie de photon (g%)

0.0 f=

0 angle entre la direction d’émission
et le plan (0001) du graphite

anisotropic graphite crystal

y

anisotropic emission band



Réseau de diffraction en transmission



Second-order
rainbow

First-order
rainbow

Central
white

l

| 1N U W

First-order
rainbow

Second-order
rainbow

mA.
Theta = incidence angle

dsint,, = mA.

d(sin@; + sinf,, )

Reéseau fente

L 42

Direction incidente\ Q ordre 0
2,84° 115

MM cep

@ ordre 1: Li K

€ >
300 mm




Tracé de rayons
Spectrometre Johann



RAY-Ul: A powerful and extensible user interface for RAY

P. Baumgartel’ , M. Witt, J. Baensch, M. Fabarius, A. Erko, F. Schafers, and H. Schirmacher
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