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SULEIL

~ "SYNCHROTRON

How to perform a (SR) x-ray diffraction experiment?

__— Optics

Source

Detection
Non ambient

diti
fonitions \ Technics and
usual methods
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SULEIL

Large Facilities X-ray sources: synchrotrons




|\

SOLEIL .

SYNCHROTRON

Lab. source 0.3 m

PhotonJetMax-S
(Rigaku)

Synchrotron

~ Linac Coherent Light

§°“"¢.¢' (USA

X-FEL
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SULEIL How to compare X-ray sources?

SYNCHROTRON

r Intensity
Energy (keV) or Wavelength (A)
Divergence s',, s’y (mrad) (1 mrad ~ 0.06°)

Source size s,, s, (mMm)

S Homogeneity

~ Shape

Brightness:
Photon flux based on the source divergence per AE/E = 0.1% bandwidth

ph/s/mrad?/0.1%BW

Brillance:

Photon flux based on the source size and divergence per AE/E = 0.1% bandwidth

ph/s/mrad?/mm?2/0.1%BW

05/11/2024 CLF2024 — SR Instrumentation



SULEIL Average Brillance

SYNCHROTRON
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SULEIL Synchrotron Radiation

"SYNCHROTRON

Principle: generation of electromagnetic radiation through the acceleration of a charged particle

cos wt
non relativistic electrons relativistic electrons
= v/c << 1 = v/c ~ — !
p B vic~1 VY J1-p?
synchrotron
radiation
centripetal
acceleration
electrons
trajectory
]E4
accelerate e for light radiation: curved trajectory synchroton— p . __—__
radiation Y m4 p2
relativistic regim (v ~ c) : collimation —3 ) _»o,. ot
AL 1 mc

~N —_ = —
05/11/2024 CLF2024 — SR Instrumentation




SULEIL Synchrotron Radiation

SYNCHROTRON
electrons ] » photons
B @®

Bending magnet (dipole source) Undulator/Wiggler (insertion device)

05/11/2024 CLF2024 — SR Instrumentation 8
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SULEIL Synchrotron Radiation: the Machine

SYNCHROTRON

Beam line

05/11/2024 CLF2024 — SR Instrumentation 9



SOLEIL Synchrotron Radiation

SYNCHROTRON

relativistic electrons

Int.
B=vlic~1
o 1
N

Vert. Div. S —
Lab Source '5' mrad ( — frequency camponents up to 1/At

10" .
white beam

Bending Magnet 0.2 mrad

1012 |
Insertion Device 0.01 mrad

Spectral photon flux density
(ph/s/mrad2/0 1 % bw)

—_

o
—
=

(1 mrad ~ 0.06°)

10 20 30 40 50
Photon energy (keV)

o

10

| 05/11/2024 CLF2024 — SR Instrumentation



SULEIL Insertion device: Wiggler and Undulator

SYNCHROTRON

N = number of magnetic periods

amplitude of oscillations
P K~ [cm] By [T]
> gap V==

- o= Esoiei= 2.75GeV
r v(Soleil) ~ 5400

In the wiggler regime, the observer sees a train of distinct light
pulses, each of them similar to that observable from a bending
magnet with the same magnetic field: the pulses add incoherently

k/ .,.,.,,..r}% | ~ 2N I(wiggle)

\

Undulator Regimé a <% K ~ 1

In the undulator regime the angle and the transverse displacement of
the electron are so small that the observer can see the electron
during the full length of the ID and therefore a much longer time
interval — much thinner spectrum around privileged photon energies
= undulator harmonics: the pulses add coherently

05/11/2024 CLF2024 — SR Instrumentation I ~ N2 I(ngg Ie) 1




SULEIL

SYNCHROTRON

bunches of
electrons

Phot/s/0.1%bw/mm?/mr?

HUB0
HUG40

BM brillance ~ N

1014 L1 vl Lo el L1 eyl

LR L L AR L L L LR Y| N o LR
Brilliance @2.75 GeV ”\
— 20 9‘?\

1eV 10 eV 100 eV 1 keV
Photon Energy

10 keV

Spectral Flux [a.u.]

05/11/2024 CLF2024 — SR Instrumentation
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Synchrotron Radiation

#) pulsed light
At

»
I »

t

Undulator: brillance o N, N2

U-20 Spectra at 9 mm Gap

—&— Experiment (PX1, 24/03/2007)
—— Calculation (SRW)

3rd harmonic

Apcrturc: 0.1 mm x 0.1 mm @ 16.4 m
Nominal E-Beam parameters

Spectral transmission of BL is taken into account (T.Moreno)

L

/2
N

i 5th harmonic 7\/ b

[\

Photon Energy

Wiggler: brillance o N N,

12
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SULEIL Polarized beam

SYNCHROTRON

Undulator with Bz + Bx componentrs
Tunable polarisation

Undulator + « phase plate »

— =\

—00

—> Magnetic diffraction

ex. magnetic domains,
magnetic structures

Q Linear polarisation

in the orbit plane

05/11/2024 CLF2024 — SR Instrumentation 13




SOLEIL Pulsed beam

SYNCHROTRON

Storage ring filling modes: (e.g. SOLEIL):

Uniform: 416 bunches Hybrid: 312 + 1 bunches
000000000 L 0000o

(9 oO — * — O 2 — * *4 % —_—

S 3 ling =416 =500 mA B ling =312 1*5 = 450 mA

3 8 3

%, S 1 pulse (~40 ps) every ~ 3 ns %, 1 pulse ~ 60 ps every ~ 1.2 us
000000000 00000

8 bunches 1 bunch

Q |ring = 8* =100 mA Iring =1*

Yo FripEetn=line \_ / ~100ps~12ps

— > Time resolved experiments

{ 05/11/2024 CLF2024 — SR Instrumentation Cf |eCture Of C LaU|he on Frlday 14
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SOLEIL Coherent beam

SYNCHROTRON

non coherent beam

transverse longitudinal
(spatial) (temporal)
coherence coherence

o

coherent beam

ii ;.;t,

— > Coherent Diffraction'Imaging

cf. lecture of V. Jacques on Friday
05/11/2024 CLF2024 — SR Instrumentation + talk V. Chamard on WedneSday evening I

Robinson et al. PRL87, 195505 (2001)

(cf. P Willmott in Springer Proceedings in Physics 262)



SULEIL

CHROTRON

Firee electron laser e ()

4t generation —s=— O

3 generation = (3

Brilliance
(photons/s/mradzlmmz,’o. 1%bandwith)

7
2'“’ generation = O

synchratmn

generatmn — 0

™ .

Fixedtube _ _ _ = = d Rotating anode
e

1900 1950 2000
Year

—_—
=3
=]

Large Facilities X-ray sources: X-FELs




SULEIL X-ray Free Electron Laser

SYNCHROTRON

after a certain distance in an undulator, the e- are
sensitive to the electric field created by other e-

(e.9. SASE1@European XFEL: 175 m)
| >

spatial modulation of the e- distribution

Self Amplified Stimulated Emission

(free e- laser)

« about 1072 ph/pulse
* short x-ray pulses (a few fs)
 coherent beam N,

incoherent bunch
[ X n,

coherent bunch

——> Ultra fast time resolved experiments I x ng
cf. lecture of C. Laulhé on Friday

05/11/2024 CLF2024 — SR Instrumentation 17
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SULEIL

CHROTRON

Brilliance
(photons/s/mradzlmmz,’o. 1%bandwith)
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4th generation of synchrotron rings




SOLEIL 4th generation of synchrotron rings

MAX IV (Sweden)
SIRIUS (Brazil)
SOLEIL II» SuLEILII ESRF-EBS (Grenoble)

SYNCHROTRON SYNCHROTRON
06 electron source
0.4 M ——— 0.4
02 0.2
3 , ‘ 3
FEE e £ o o
N N ‘
0.2 02
m— oal 17 x 17 pm? (fwhm)
Pl N ‘
0.6 < > 08 1
06 04 ‘o.al 0 ( 0.2 0.4} 06 06 04 02 0 02 04 06
X (mm) X (mm)

e «round » beam

. Flph/s/(0.1%AE /E
» brillance p = F1ph/s/(01%AE/E)]
0,0,0 ,0
« coherence N
size divergence

05/11/2024 CLF2024 — SR Instrumentation 19



SULEIL Brillance @ SOLEIL ||
AT N

2

T Al HU640 3333 ~ |Dashed: 4nm.rad| 3 |
1016 'q’ | | l}ill i | |I|Hl f 1 1 ||Hl bl \\I 1 |I1LH
10 eV 100 eV 1 keV 10 keV

—
£ ‘ |
6 A EREREL N i 3:“11“ Y :
U NN R R el e .
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N Lo A v : :
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Photon Energy Ex = 0x0
Flph/s/(01%AE /E)]
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/

taille divergence
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SOLEIL Coherent flux @ SOLEIL I

SYNCHROTRON

100 _-:. l ]iU300 T—TTTT ji: HHI | = l—HIt -—T-- llll-l—
e SIUSO HUG0 | Wials
oL LHUL64*0,J,4-: I 1U36: 7
e, 3 3 { B4 o 3

il | PRl S

sl s
107 [ T

<) B ER I AR RN AR N 0
1o e
: Lattlce i : BEtE 3 P i W

i Plain: 72 pm.rad

Dashed: 4 nm. rad

Transverse coherence fraction

10'5 —irffif—if—lflfol—f— BT II FENmEEEI . .

10 eV 100 eV 1 keV 10 keV

Photon Energy
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SULEIL

£

Optics




SULEIL Optics

Initial source (N, ph/s)
--------------------------------------------------------------------------------------------- Om

II __________ l __________________ 25-200 m

Larger divergence Smaller divergence Smaller divergence
Smaller beam size Smaller beam size Larger spot
Non < Ng Non < N Non ~ Ng '
X-ray absorption X-ray diffraction
spectroscopy

05/11/2024 CLF2024 — SR Instrumentation 23




SULEIL Optics

Initial source (N, ph/s)

--------------------------------------------------------------------------------------------- Om
~ Wavelength selection:
— diffraction based optics: monochromators
O P T I C S < — reflection based optics: mirrors
Focusing: s B (R R
\_ — reflection/réfraction based optics ™, Ver'f ’“feak refr’a[ition )
« important absorption
emnmnnem e e B 25-200 m
Nph <N, Nph ~ N,
Larger divergence Smaller divergence Smaller divergence
Smaller beam size Smaller beam size Larger spot

05/11/2024 CLF2024 — SR Instrumentation 24




SOLEIL Optics: examples

SYNCHROTRON

Refractive optics

+ Compound Refractive Lenses
* Planarlenses

* Kinoform lenses

Reflective optics
» x-ray mirrors (curved, KB)
* capillaries (monogor poly-) X-ray resonators

* waveguides

Diffractive optics

« crystals, multilayers, gratings
* Fresnel lenses (Bragg, Laue)
* Photon sieves, pin-holes

05/11/2024 CLF2024 — SR Instrumentation 25



SULEIL

Focusing optics

SYNCHROTRON
REFLECTIVE DIFFRACTIVE| REFRACTIVE
Kirkpatrick Baez A . Fresnel Zone Refractive
Capillaries Waveguides
systems plates lenses
mirrors multilayers -
. . Kreger Feng et al. Baez Snigirev
Kirkpatrick Underwood
Baez, 1948 | Barbee, 1986 1948 1993 1952 et al., 1996
_>
= | T = | D oo
E < 30 keV < 80 keV < 20 keV < 20 keV <30 keV (80)] <1 MeV
AE/E wide 102 wide 102-10° | 103-10+4 103 - 104
band band
min. spot <25 nm ~40 nm 50 nm 30 nm 30 nm 50 nm
size
spot-size e +++ +++ +++ +++ +++
flux +++ +++ —- — ++ +
achromatig YES NO YES NO NO NO but f(N,E)
coherence + + +/- +++ ++ +/-
in-line NO NO YES YES YES YES
long-f YES YES NO NO YES YES
easy to use +/- +/- ++ +/- ++ ++
clean-spot +++ ++ +++ + + ++

05/11/2024 CLF2024 — SR Instrumentation
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SULEIL

Detectors
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SOLEIL Detectors

SYNCHROTRON

0D detectors
« Scintillation counters (e.g. Nal:Tl, CsI:Tl, Gd,0,S, YAG:Ce, LaBr;:Ce...)

. . . Phosphor or tical rela oto-detector
- Semi-conductor counters (e.g. Si diodes) RABE  adamiitesios
EL Output
X-ray UV/visible UV /visible signal
—_— — — —
2D detectors .
* Image plate
» Charge Coupled Device, CMOS
* (Hybrid) Pixels
Efficiency

Important parameters : < Dynamic

Resolutions (spatial/energy)

05/11/2024 CLF2024 — SR Instrumentation 28



SOLEIL CCD/CMOQOS Detectors

SYNCHROTRON

Visible
light
X-rays Si based
_—> sensor
— Fiberoptic :
. taper electronics
—_— Bruker Photon Il
Charge Complementary
Coupled CcD photon to electron CMOS Metal-Oxide
Device gt CHIRERIOR S, . Semiconductor
> I NG [ [ [R5 (5
, charge A [ [ [
| il WILLILL
f | CGCIEIE
[ [ [ [y [25
e Bl ol s s

-

05/11/2024 CLF2024 — SR Instrumentation 29



SOLEIL Hybrid Pixel Detectors

SYNCHROTRON

Photon counting detectors Integrating detectors

sensor: direct detection

Xspectrum bbb
lambda2M GaAs Cophed Adaptative Gain Integrating
_ Pixel Detector
. 2
pixel: 55x55 ym e (PSI - DESY)
electronics (CMOS chip) European XFEL

Dectris
Eiger 2 X CdTe 9M

pixel: 75x75 pm? .




SOLEIL

SYNCHROTRON

CCD

CMOS

Detectors

Hybrid pixels

charge integrating

dead zones

charge integrating

photon counting
charge integrating

05/11/2024 CLF2024 — SR Instrumentation

(* Xspectrum detector)
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SULEIL

Experimental methods




SULEIL

SYNCHROTRON

Diffraction techniques

Angular dispersive Diffraction 2d sin(0)=A

« Single Crystals (cf. lecture of E.-E. Bendeif on Wednesday)
« Laue method (« white beam »)
* Monochromatic beam

» Powders (cf. lecture of E. Elkaim on Wednesday)

« High resolution powders

Energy dispersive Diffraction d = 6.1999/E[keV] sin(0,)

Energy dispersive + angular dispersive Diffraction
e.g. CAESAR setup (cf visit of the PSICHE beamline)

.4 05/11/2024 CLF2024 — SR Instrumentation 33



SYNCHROTRON

SOLEIL Powder method

o
o*
o

Powder : ensemble of micro-single crystals (<1-10 um) randomly oriented \e

2d sin 0 = A satisfied vd

monochromat
diffraction cones azimuthal
integration

X-rays [/ NS A/ N\ AR <\ e ;

£ 160000 E g"zgg UUUU ] ,E

7 130000 ; %::: . 1<: 1 = é

powder inside a wocen | [ - :

capillary T F 3

- :

2D detector T ;

gll Lanm IIIIIIIIIIIIIIIHIII\IIII\I\IIIIIIIII\-LI.J—‘L“““_ g

E Lk i 1 :

05/11/2024 CLF2024 — SR Instrumentation 34



SOLEIL

SYNCHROTRON

+/- continuous rings

Powder method

12000

C Coupe_1
C — Coupe_2

grain number effect

nesE

textured sample

puN
S



SULEIL High resolution powder diffraction

SYNCHROTRON

ex.: structural phase transition

Resolution Comparison Plot - Powder diffraction scans observing a
structural transition on heating from 120 to 150 K.

Area Detector (dashed lines) vs. 11-BM Si(111) Analyzer Crystals (solid lines)

== Area Detector (mar345) /
— 11-BM, 5 sec @ 1 analyzer |
/

A

}rcles diffractometer @ CRISTAL

-
05/11/2024 CLF2024 - SR Instrumenta%
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SULEIL High resolution powder diffraction

SYNCHROTRON

analyser crystals
(ex. Silll)

ex.: structural phase transition

Resolution Comparison Plot - Powder diffraction scans observing a
structural transition on heating from 120 to 150 K.

Area Detector (dashed lines) vs. 11-BM Si(111) Analyzer Crystals (solid lines)

1 == Area Detector (mar345) /
1 — 11-BM, 5sec @ 1 analyzer |
/

« signal/noise
|ax / NOISE ~ 1000 |

* peak width

FWHMgg ~ 0.004°
(FHWM,,, ~ 0.04°) bl
(FWHMyy e ~ 0.01°) [

2-circles diffractometer @ CRISTAL

05/11/2024 CLF2024 — SR Instrumentation 37



SULEIL Powder method advantages

SYNCHROTRON

* no (« big ») single crystals
« multi scale approach (pair distribution function cf. lecture of P. Bordet on Thursday)
* identification de phase

* (very) fast

BUT 3D info lost!!! « symmetry equivalent Bragg peak superimposed
 overlaps of peaks with close dy; ...

Energy dispersive methods

« constraining sample environment (e.g. studies under Pressure)
* energy resolved detector

| 05/11/2024 CLF2024 — SR Instrumentation 38



SULEIL Single Crystals

SYN CHROTRON

Laue Method: white beam, catch all 6

2dhk| sih = A

hikily

z.

Cliché de Laue d'une enzyme (HMBS)
ID 9 ESRF
A 0344 1604

I:> simultaneous recording of a large number of Bragg peaks

05/11/2024 CLF2024 — SR Instrumentation 39




SOLEIL Single Crystals

4-circles diffractometers: monochromatic beam

orient the crystal in any directions
measure Bragg peak intensities

e, (the highest number the best, the most accurate the best)

X PR 7
NE
1 (DK I
ZGK\D sample: dim, ., <50 mm
Eulerian geometry « kappa » geometry

¥ = combinaison of , k and ¢ rotations

shadowing effects reduced
+++ sample environnments
+++ 2D detector

05/11/2024 CLF2024 — SR Instrumentation
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SOLEIL Single Crystals: rotating method

SYNCHROTRON

* (continuous) rotation of the crystal (shutter-less method)
* simultaneous intensity measurements typically during 0.05-0.1°

05/11/2024 CLF2024 — SR Instrumentation 41



SOLEIL Single Crystals: rotating method

SYNCHROTRON

05/11/2024 CLF2024 — SR Instrumentation 42



SULEIL

Non ambient conditions




SULEIL Non ambient conditions: pressure

SYNCHROTRON

Diamond Anvil Cell

« transparent to X-rays/ visible light

¢ P~ 5-300 Gpa*

« small footprint (can be mounted inside a cryostat)
 limited angular aperture

(*1 GPa = 10 kbars)
05/11/2024 CLF2024 — SR Instrumentation
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SULEIL Non ambient conditions: pressure

SYNCHROTRON

In situ adjustement of Pressure P: amb = 70 GPa
(Membrane Diamond Anvil Cell)

P E: 20 - 30 keV =T
R

Y Beam size: 25 x 25 um?
flux: ~ 1019 -10*! ph/s

\ B

; Prve Ruby Iuore‘%
' é easurment bench-—
N R\

Ambiant Temperature High Temperature setup
05/11/2024 CLF2024 — SR Instrumentatio(wconfig- mesure P) 9 700 K 45



SULEIL Non ambient conditions: pressure

SYNCHROTRON

In situ adjustement of Pressure P: amb = 70 GPa
(Membrane Diamond Anvil Cell) T_.

IR € 20 - 30 kev '@
cryostat © Beam size: 25 x 25 um?
/_/Iflux ~101° - 10! ph/s

-
7"
-
-
-
-
-
-
= -
Y P
-
o
-

f”
-

- =

-
-
-
Pl ot
- - g -
’’’’’’’
fffff
7 - -
- -
e =
-~

-
-
R

BHE ¢ change gas

Smgle Crystal XRD Low Temperature setup Powder XRD Low Temperature setup
s o.-A€ONFiG, P measurement) "



SOLEIL Non ambient conditions: low/high temperatures

SYNCHROTRON

1) Blow a cold/hot gaz (N2, He, dry air) on the sample

€

Beam s’ro%ﬁ%ﬂs o
= ‘P /,.'

05/11/2024 CLF2024 — SR Instrumentation 47



SULEIL Non ambient conditions: low/high temperatures

SYNCHROTRON

2) Use a cryostat/oven

samplem&dq;ahnygﬁu‘f'(’o n) e
- E.nﬁ the d e‘ref'

05/11/2024 CLF2024 — SR Instrumentatio 48



SOLEIL Non ambient conditions: low/high temperatures

SYNCHROTRON

Powder diffraction at low temperatures

* rotation a

few t/s

ARV (B -L

49
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SULEIL Ultrafast time resolved experiments

SYNCHROTRON

pump-probe method (stroboscopic method)

reversible processus time relaxation adapted with excitation frequency

Pump \ Probe
\\ \\
\ \
delay .

v
—

Repetition rate

Pump : laser pulse (~ 40 fs)
Probe : X-ray pulse (ESRF 100 ps, afew 10 fs@XFEL)

cf. lecture of C. Laulhé on Friday

05/11/2024 CLF2024 — SR Instrumentation 50



SULEIL Synchrotron Radiation

SYNCHROTRON

Brillance : weak intensities
Complexes structures
(very) small crystals (< 20 um)
Charge density studies (beyong the sphericam model)
Time resolved experiments (operando)
Magnetic diffraction...
Low divergence : accuracy of rthe measurements
Phase identification/separation
Ab initio powder structure determination
Tunability

Optimal wavelength (absorption)
Resonant (anomalous) diffraction

Cohérence

Tunable polarisation (nature and/or direction)

Pulsed light
(ultrafast) time resolved experiment (a few 10 fs, ps)

.4 05/11/2024 CLF2024 — SR Instrumentation 51
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