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- X-ray absorption spectroscopy (XAS)
- High energy X-ray diffraction (XRD)
- XAS/XRD multi-modal analysis
- Continuous energy scan with sub-minute time scale
- Extended X-ray absorption fine structure (EXAFS)
- X-ray fluorescence (XRF)

- Pair distribution function (PDF) analysis
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ESRF
(ID16B)

&7t

Spring-8
(BL36XU)

\
6GeV, 844.4m 8.0GeV, 1436m
U U
6 ~ 65 keV 45 ~ 35 keV
DWM, HFM, Q-DCM Si(111),
DCM Si(111/311), DCM Si (220),

KB HFM, VFEM
1x 1 m? P
50 x 50 nm? 100 x 100 nm
XAS, time-
XAS, XRD, XRF, resolved
Tomography, XAS/XRD,
X-ray Imaging XAS imaging,
HAXPES
2b-element Ge
3-element SDD, detector,
7-element SDD, | 4-element SDD,
FRelLoN 4M 2D pixel array
detector

Balder BESSY 11 Dlamond
(MAX 1IV) (NSLS—II) (BAMline) (CoreXAS
\

2.9GeV, 170.9m

Superconducting
Wiggler

5 ~ 40 keV

VCM, DCM
Si(111/220)
VEM, KB

05 x 0.1 mm?
4 x 2 um? (KB)

XAS, XRD
,high pressure
XRD

32-element Ge,
4 element Vortex,
Rayonix SX165

3 0GeV, 528m

In-vacuum
Wiggler

4 ~ 40 keV

VCM, DCM
Si(111/311)
VFEM

0.5 x 2 mm?2
50 x 50 um?

XAS, XRD, XES,
PDF, XRF

Ionization
chambers,
7-element SDD,
PIPS, Eiger 1M

\

3.0GeV, 792m

3-pole Wiggler

4.7 ~ 31 keV

VCM, DCM
Si(111)
Toroidal

1.5 x 10 mm?
0.5 x 0.5 mm?

XAS, XRD,
DRIFTS

Ionization
chambers,
SDD, PIPS,
PerkinElmer
1621

1.7GeV, 240m

SCW-7T

45~ 60 keV

DMM

10 x 10 mm?2
1.5x%x 1.5 um?

XAS, XRF,
Tomography,
Radiography

4-element SDD,

pnCCD, sCMQS,

Bruker X-Flash,
e2V Si-Li

DCM Si(111/311),

3.0Gev, 561.6m

BM

2~ 35 keV

VCM, DCM
Si(111/311) DFM

200 x 250 um?

XAS, XRD, XRF

4-element SDD,
MYTHEN

SLS PLS-II
Ad
“ 0 HEXA (:1y3)
~
2 4GeV, 288m 3.0GeV, 281m
Superbend Multipole Wiggler
45~ 60 keV 5 ~ 45 keV
HoM, VM, | i)
Q-DCM, DCM Toroidal, KB
_ < 500 gm?
< 10 um?
XAS, XRD, e RO
saxS PDF | XAS/XRD SEEH,
: DOL{7| BEEN
7-element SDD,
au opo  EIGER2 CdTe 4M,
e e Ionization
chamber
. /

. B2
- 32
focusing

4

> U (undulator), IU (in-vacuum undulator), SCW (super conducting wiggler), MPW (multipole wiggler), Superbend (superbending magnet), BM (bending magnet)
| : DWM(double white beam mirror), HFM (horizontal focusing mirror), VFM (vertical focusing mirror), VCM (vertical collimating mirror), DFM (double
mirror), TFM (toroidal focusing mirror), DMM (double-multilayer-monochromator)
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2C HEXA (High Energy X-ray combined Analysis) Bl 2}9l

\ = S T—— o

AUHtE & N 4—-—/ i
(M1-DCM-M2) 'IF |} \ :
|

MPWO08 Slit M1 DCM M2 M3 Sample

(0 m) (16 m) (17 m) (20 m) (23 m) (29.5m) (30 m)
|

=

X O 4. 10| R] X-M
234 ‘ N s SE2A Watel 29 optics
(M1-DCM-M3) ‘.[ ¢ X
Source Multipole wiggler insertion device
Available energy range 5-45 keV (1.5 ~ 0.27A)
Photon flux > 102 ph/s

Si(111)/Si(311) DCM for continuous energy scan (sub-minute time scale)

Opti
PHCS Vertical collimating mirror (M1), Toroidal focusing mirror (M2), KB mirror (M3)

Energy resolution (AE/E) 104 (@ 5-25 keV) / 107> (@ 20-45 keV)
Beam size (@sample position) Focused : 150 x 70 um? / Microfocused : 8 x 2 um?

End station Ionization chambers, multi-element SDDs, Large-area 2D X-ray detector
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Science & Application

% Operando XAS/XRD multi-modal analysis
- Rechargeable batteries, (electro)catalysis, photovoltaic materials
- Quasi-simultaneous measurement of a single sample in the same environment

: Bulk structure analysis from XRD at fixed energy + Local structure analysis from XAS with continuous scan

H.,CO
Operando XRD Operando XAS o | z
{ A { { a £ Ti K-edge B ‘g Z"-edse e}fjﬁp e E
§ ' @ E \ 20 bar . 5 _;
___________ B g : A lo df 3 ) g
§ 2 = E
— Menochromators | o o — % e 2 . . ‘
g 100 reactor 27930 27360 21330
...... E 150 Energy (aV)
* b = GasOuﬂatI
O 250
g Fovico
B MeOH
s S Il £
Q/mah-g” E
r ~1018 s 080 08 0 @  1W WS 1w § 1 11 12 13--- u % %
B switching timezs - Time (min) 28(% Radal distance (A)
24s 11s s 1 - 1
‘ ) rando XRD and D I XAS studi - ) i
on:el\ ie?:—est?'ai(:\c)mater?ald LiOUtZ)ne e?ls_;ie T? . u]cci) s 13 6. A schematic illustration of the combined operando XAS-
oy for Lision batteries Inorg' C?m]esm 0525’ 1231872 (1256320)4' XRD experiment: In K-edge XANES under CO, hydrogenation
,,,,,,,,,,,, ’ ' s ' and XRD patterns (0.506 A), J. Am. Chem. Soc. 141, 13497 (2019).
0 200 400 600 800 1000
TIME /s
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Science & Application

*» High X-ray energy application (>30 keV)
- High flux / High penetration / Low absorption
- XRD of real battery cells (pouch type, large volume, etc.)
- Samples in extreme environments (high temperature, high pressure, etc.)

- Total scattering (PDF analysis) of nano-crystals/amorphous materials

Anode

=

Ambient 0.20(10) GPa 2.31(10) GPa, 182°C

—
LR - S
Q
o, b AL
=, o @ @ @ @ b,;.gmgv’ H@__.«o
b . - -
B Na, OW1 ) =7 A = o= g\ .ﬁ?‘“&? \
2 R ° @ P& [M10A SR N
S Na, OW1 --{4’\3 I !u‘_.\.-'@
e —— - © @ 2 @ @ =T\ C"-‘g“\
=~ NMCS532 1 ij
LiC6 ] 9 2
LiC12 [ o SR
U z z
%2 S
J PR
Birnessite (C1) Buserite (1) Manganite (P2,/c) Hausmannite (14,/amd) Pyrochroite (P3m1)
Rietveld Nag osMn;0,-1.5(1)H,0 Na, .:Mn,0,-5.6(1}H,0 MnQ, Mn,0,

1= 7. In situ grid mapping and operando probing of of a Li-ion pouch 1= 8. Phase transformations of super-hydrated birnessite along the simulated
cell (graphite/NMC532) @ 27.3 keV, J. Power Sources 507, 230253 (2021).| cold subduction geotherm conditions @ 28.6 keV, Nat. Commun. 13:1942 (2022).
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Beamline ray tracing (28 < D E @ 8keV)

M1 DCM M2 M3 Sample
[17M] [20M] [23M] [29.5] [30M]

Source
[0]
o -
S oxeizt [N
T o oo
(Horizontal)
37| H3}
E
3 e
N

—750 =500 -250 O 250 500 750

X [um]

v' Source size : 865 x 61.6 um
v" Divergency : 3.47 x 0.26 mrad
v" Flux: 6.152 x 101* ph/s (8 keV)

Beam size[mm] 25.5 30 34.5

Footprint enerty 400
LF;% 5 200
.l-__ %ll . gt . 'g' A

T - =
?"'_:‘-i £ o N 200

S 3
1::-'{"_- E om
s FRY -400
7400 7200 0 200 400 J‘gW.D TH92.5 TH95.0 J‘BDJ.:"E?W.DV!IJDZ.) B005.0 BOOT.S _400 _200 0
e —400 —-200 o] 200 400
Y [mm] . Y [mm] X [um]
v Energy resolution : 1.0 eV H

v' Source size : 140 x 60 um?

Incident angle 2mrad
i g v Flux:3.023 x 103 ph/s

Z=X| gtk QX H 3} -
(Vertical)
7| Hst

25[mm]
t I 37[mm]
6.0[mm] z-axis (vertical beam)
Incident angle 2mrad I ,
y-axis
Beam size[mm] 2 2 2 (beam direction)

x-axis (horizontal beam)
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Beamline ray tracing (1%l B E @ 35keV)

M1 DCM M2 M3
[17M] [20M] [23M] [29.5]

_ Incident angle 2mrad

Source
[0]
NP EEE
SH et
Horizontal o
( ) A7|Hs}
—_— 200
e
3 o B =————— %
N 00

—750 =500 -250 O

X [um]

250 500 750

v Source size : 865 x 61.6 um
v Divergency : 3.47 x 0.26 mrad
v Flux: 2.226 x 102 ph/s (35 keV)

Sample
[30M]

—

1 [mm]

Beam size[mm] 25.5 30 34.5

Footprint Footprint

10.0

1.5

5.0

2.5

0.0

-10

X [um]

Source size : 6.6 x 2.2 um?
Flux : 6.771 x 100 ph/s

o P K| H 2} nn
e i
(Vertical)
A7 83}

€ E
% 500 - n§- g
— -25
: 600 >< N
E 400 -5.0
5w -75
400 —200 0 200 400 340593.03495.smsss.nysmss::rngiu[.g:?ooz5350050350::75 —150 -100 -50 0 50 100 150 -10.0
Y [mm] _ Y [mm]
v Energy resolution : 1.2 eV
Incident angle 2mrad
E——
25[mm]
t 50[mm]
6.0[mm]
Incident angle 2mrad
Beam size[mm] 2 2 2.3 2.3

z-axis (vertical beam)

)_, y-axis
(beam direction)

x-axis (horizontal beam)
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- DEES S AYSHO10| CHOFSH O| 827} B Z0|H, 0| 82 4.2 71 B2 7|9 3 5t
- PLS-II 8 U3|Y 8 Y2l 9B HRPD7F St

O - d
Tk ed 2 Jteet 14 =22 2E (HRPD-I) B8
PLS-1l HRPD 2 20l

HRPD Gen. |
Multi-detector system with analyzer crystals
: Extremely high angular resolution but slow
- Angular resolution < 0.015° (9B)
- Long measurement time

= 2h for Rietveld Refinement Analysis

- Bragg-Brentano geometry
- Large amount of samples required

2018 2019 2020 2021 2022

= AED S TR 4 s HEYS - HEAS

0

J_E‘ 10. PLS-II HRPD &l2}Ql

Al Z ol HHA 3}
HRPD Gen. Il M IR L i A

1D Micro-strip detectors (MYTHEN)
: High angular resolution and fast

« Angular resolution = 0.02~0.03°
+ Fast data acquisition < 5 min.

—> High throughput by using robotic arms
+ Transmission geometry
« Tiny samples (in a capillary tube)

with high S/N ratio
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% 32| PD 2l 6&%
- o[|2] PD HI2fQ12] G2 12~16keVH & = A& &, LY A| 7%7] B 2fQI0| A 30keV O] A&
- 71 =2 MAC (Multi-Analyzer Crystals, 21 9B #FAl) 7|HF extreme high resolutionOf| A

1D microstrip detector 7|HF2| acceptable high resolution & high-throughput PD El2fQlo = X =t =
=24 u23 BM BM CPMU U14 u20 SCW30 BM CuU15 BM
2S5 K| Transfocator ~ VCM, VFM VCM,VFM VCM,VFM VCM,VFM  VC/FM,KB VCM,VFM  HFM,PM  VFM, Si(111)
(error, DCM) Si(111) Si(111) Si(111) Si(111) Si(111) Si(111) Si(111) DCM Si(111)/(311)
712 o x| 6-80 12-37 1555 5-38 s 8-50 6-21 10-40 6-14 (8, 12)
(main E) [keV] (15, 30) (12, 25, 35) (30) (13) (14) >? (16) > 5-30
8] Ato|= 1x1 3x0.7 1505 043004  045%0.03  0.015x0.015 5x1 0.5%0.5 2x0.7
mm(H) x mm(V) 1x0.1 0.1x0.1 R St 1.5x1.2 5x(0.7-1.5) 0.3x0.3 0.025x0.025 = 1.7x1.1
: MAC, MYTHENx24K
2z OMAC Si(111), IPdetector, ., MA& MAC,CCD,  MAC,CCD  MAC, CCD MAC, IP o0 thost
o - XRD 1611(flat MYTHEN2 ; : IPMYTHEN2  MYTHEN2  MYTHEN2  MYTHEN2
(21801=) | detect 6K+6K ST [ e PGS oK 8K 20K 18K > MACH
panel detector) 6M X X = X Pimega450D
0.015° o 0.016°@ 0.004° @25keV o 0.007° (MAC) o
IaEolls 0.003°@31keV  @25keV for Si 0'30f5 %?gk 15.5keV for (MAC) 0.005°(MAC) Ofgksv 0.015°(MYTHE O'OGBM%SKEV
for LaB, for Si (MAC) (MYTHEN, € JLC' 2 Si(MYTHEN, <0.02° 0.02°(MYTHEN) @MAg N, 0.2mm cap.) 07{, o )
0.2mm cap) LA 03mmecap)  (MYTHEN) Lo 0.08-0.1°(p)  0-07"(Pimega)
Yazo|= - 2017 - 2012, 2017 2019 2021 Y = 2021 2023 (0 8)

v &4 U-Undulator, BM-Bending Magnet, W-Wiggler

v" VCM: Vertical Collimating Mirror, VFEM: Vertical Focusing Mirror

v DCM sagittally bent for horizontal focusing: APS, SLS, SOLEIL, Elettra, LNLS
v MAC: Multi Analyzer Crystals, IP: Image Plate, CCD: Charge-Coupled Device
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4B 1% 3|3 (HRPD-II) %20l

V slit

72 12. HRPD-II beamline layout Si(311) \q\
H/V Slit Screen -\--_-_-_-_-.-_-_-_-_-_-_-_::::-\- L—. i‘“
- ) b — ¢ H/V sii
] i\i| X | Si(111)
Bending Collimating Focusing
Magnet Mirror beM Mirror Detector
Source Bending magnet (PLS-II BL4B port)

Available energy range
Photon flux

Optics

Energy resolution (AE/E)
Beam size (@sample position)

Angular resolution (LaB, @15keV)

End station

8-30 keV (1.55-0.4A)

~10"0 (minimum)

Si(111)/Si(311) DCM, Vertical collimating mirror (M1), Toroidal focusing mirror (M2)
2 x 104

100 um (H) x 100 m (V)

<0.015° (Analyzer Crystal), <0.03" (MYTHEN-II)

High resolution position sensitive detector, MYTHEN2Z2 (26 ~80°, 16K modules)
+ Ge(111) MAC (Multi-Analyzer Crystals) with 3-circle (w, 2x28) diffractometer
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Science and Application

¢ Crystal structure analysis from high resolution powder X-ray diffraction patterns
- Structure determination of new powder samples

- Structure refinement of polycrystalline materials

- Quantitative phase analysis of multiphase materials

- Tracing phase transition process from crystalline lattice changes

Zinc hydroxide chloride tetrahydrate_0000_p12_ns_0000.xye

SAgll

6.5

©
o o

Ln(Counts)

00

(2]

5.5 M e e e

R e e S

5 10 15 20 25 30 35 40 45 50 55 60
2Th Degrees A = 0.77343852 A

J. Solid State Chem. 290, 121483 (2020).

1% 13. Structure determination of Zn hydroxide chloride
samples from SPXRD (0.3mm capillary@16keV, MYTHEN2),

Intensity (a.u.)

I
1 a) GANIO, (224) B—
~YNIO3 |
SmNiO3
SMNIO (-2241224) §
o
YNIO, (-224/224)
i
A
. ™ e ik AN
R —
188 189 190 191 192 193

26 (deg)

19.4

f (deg)

12204

219.2

g
. Metallic Ponm

50 100 150 200 250
T(C)

13 14. Structure changes during metal-insulator transition of RNiO,
perovskites from SPXRD (0.7mm capillary @28keV), Dalton Trans. 50,

7085 (2021). Inorg. Chem. 58, 11828 (2019).
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Science and Application

¢ In situ (Operando) experiments

- Understanding phase transformation mechanism during real-time/environmental experiments

: temperature, gas adsorption/desorption, photo/electrochemical reaction

- Time-resolved synchrotron powder X-ray diffraction studies (sub-minute scale)

Regenerated NOTT-300 after SO, removal
~——NOTT-300-80, at 1.0 bar SO,
—— NOTT-300-50, at 0.5 bar SO,
—— NOTT-300
—— NOTT-300-solvate

]
i —

Intensity

T T
4 6 8 10 12 14 16 18 20 22
20 (deg)

S 2376 A

13 15. SPXRD patterns and crystal structure
of MOF samples depending on SO, adsorption,
Nature Chem. 4, 887 (2012).

Intensity (a.u.)

Polential versus @
LML (V)

o

(1]

Phase fraction % Phase fraction % Phase fraction % Phase fraction %

o

[¢]

f LFP Start, SOC 0% g I 4Ccharge, SOC 73% h 4Ccharge, SOC 89% | 4C charge, SOC 97%

i End 4C charge,
| —— LFP (020)

I socioms=Fe
— Exp data
| —— Convoluted | [ |f (i, Mg [ b TR o4 01 Lt A ] Liggss

jon
Il 4
| — LFP(211) o 675
. - — —
! o
. : oo
J ) A AN \ losrs
[ e e | [ 5 = ¢ ] e v LigosFP

136 138 140 142 136 138 140 142 136 138 140 142 136 138 140 142 138 138 140 142 — LiwsfP
— FePO,
45 4 T T us|
QOCP, 2C delithiation
4.0 i K 4Cdischarge, SOC 48%
3.5 4 El
L2
3.0 4 =
&
2
25 4 2
100 Fammig E

751

25 El
2
0 areat =
20 4 ; " 3
—a— Lip5sFeP0O, %
—s— Liy;sFePO, =
e Liyg.FePO,
w04 "
*.z«’“ o 7""\"::{\
0 demed® | FEANLL L
LR "
—s— LipsFePO,
—a— Liy5,sFePO,
i
1

59 T O
' bt \ - '
: an i :"—1\': om
0 e az= ¥ L
7 : W i H
100 '“"'ql;:,;':::’ﬂ“**‘aw“wo“}m«#;};‘“'na"‘-nn ko A
IR s S5 T, ;
+— LFPLFP Teakraakas® " L
i i P
50 { —+— TLiFePO, " 2 ;\& Lo
*=[0.125:0.875] g, 11 - +
m{ T e
o ldet™ bl R i Sl " i r——
0 1,000 2,000 3,000 4,000 5,000 5,000 7,000 136 138 140 142

Time (s) 20 (%)

1% 16. Deconvolution of 9 intermediate-phases
of LiFePO, during dis/charging at a rate of 4C,
Nature Commun. 6:8169 (2015).

50 w0 150 =0 ¥
Time, man
B} SINK SMIK SMIK BMIK SR

Extort of crystabrety, @
=

GEOYTE 00028 00028% 00029 OOOODS
Recpeocal mrporatun, 17K

13 17. Time-resolved SPXRD of MOFs
(MIL-53) crystallization, Nature Commun.
13:3762 (2022).

16

JALZ zunanaza




DEII47|HL ZAR S

Science and Application

¢ Structure analysis of radiation-damaged/non-ambient sample

*+ A tiny amount of sample (mg scale) measurement

*+ Materials screening & designed based on high throughput SPXRD data

*» SPXRD data for industrial mass production powders

1% 18. An example of powder samples in a
capillary tube for transmission mode SPXRD

160000

140000

Multicrystal analyzer detector |
120000 |- 2nd 15 min scan 7
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1= 19. SPXRD patterns of radiation-damaged
samples (Bupivacaine hydrochloride form D, Tmm
capillary @12 keV), J. Synchrotron Rad. 16, 849, (2009).
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Beamline ray tracing (@ 15keV)
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Arg

onne

NATIONAL
LABORATORY

Name & Affiliation

Assoufid, Lahsen (XSD-OPT)
Group Leader/Physicist

Conley, Raymond (XSD-OPT)

Huang, XianRong (XSD-OPT)
Physicist
Kasman, Elina (XSD-OPT)

Optics Fabrication Specialist

Macrander, Albert (XSD-OPT)
Senior Physicist

Stone, Brandon (XSD-OPT)
Senior Scientific Associate

Pennell, Christina (XSD-OPT)
Administrative Assistant

Qian, Jun (XSD-OPT)
Metrology specialist

Shi, Bing (XSD-OPT)

Shi, Xianbo (XSD-OPT)

Rebuffi, Luca (XSD-OPT)

Shvydko, Yury (XSD-OPT)

Senior Physicist

Smither, Robert (XSD-OPT)

Wojcik, Michael (XSD-OPT)
Physicist

Crystal Optics

Examples of crystal optics fabricated in OPT

Expertise includes:

1. Designing crystal optics with X-ray dynamical-theory calculations and
modeling to achieve desired resolution, efficiency, acceptance,
etc., In-house dynamical theory software HXRD is available upon
request.

2. Fabricating and refurbishing ultrahigh-quality crystal optics (Si, Ge,
quartz, sapphire, diamond), from precise orienting, cutting/dicing,
grinding, etching, to strain-free polishing

3. X-ray characterization and testing of crystal optics using X-ray
topography and double-crystal rocking curve imaging.

Work requests can be submitted by filling the Optics Group's work
request from.

Mirrors and Multilayer Optics

Objective: Develop and fabricate single and multilayer thin film optics, as
well as experimental samples, primarily for APS beamlines and users.
Staff are available for consultation regarding thin-film deposition materials
selection and general optical component design or simulation. The
deposition laboratories include: 1) Class 10,000 clean room that houses
a large DC sputtering system and a small deposition system; 2) Class
100, 000 clean room that house a rotary deposition system and a
laboratory x-ray reflectrometer for evaluation of single and multilayer thin
film optics; and 3) Class 10,000 class cleanroom that is used for
beamline optical system mounting and for the development of the future
APS mirror/multilayer modular deposition system. These laboratories are
conveniently located near 1-BM Optics and Detector Testing beamline, in
the APS experiment hall floor.

\Work requests can be submitted by filling the Optics Group's work
request from.

(1.5 m) Sputter Deposition System

Our 1.5m deposition system accepts maximum substrate dimensions of
150 cm long, 20 cm wide, and 14 cm thick. Four sources combined with
a broad-beam ion mill provide for a wide variety of mirror and sample
coatings.
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Figure 1: SEM image of a 50 nm zone plate, 180 pm diameter, and 1000 nm

thick Au.
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Optical Metrology X-ray Beam Wavefront Sensors, Characterization 1-BM Optics and Detectors Testing Beamline
and Diagnostic

The Metrology Laboratory role is to . . . o
The optics and detector testing capabilities support the missions of the

. Evalua.te optical qualih.{ of x-ray mirrors and supstrates. for APS The optics group de}felops advanced wavefrt?nt sensing and coherence Optics (OPT) and Detectors (DET) groups to develop new technologies
beamlines and users, in order to ensure compliance with the user's measgrement techrquu.es to SUP_pm AP_S optics developmerjlt a.nd as well as to characterize or calibrate optics and detectors produced at
specifications in terms of figure error and finish. beamline characterization and diagnostic. Examples of applications . . A .
. ; ) o ) . other labs and by industry. The beamline primarily serves the testing
= Characterize x-ray mirror-bender assemblies and specialized optics. include .
NATIONAL « Support in-house optics development by providing accurate needs of the OPT and DET groups, but it also has a General User
metrology data « At-wavelength metrology of X-ray optics (lenses, mirrors, crystals, program. Frequent access to a repeatable testing setup is difficult to
LABORATORY « Carry out joint R&D programs to develop new metrology and windows) accommodate at other beamlines set up to serve specific user
measurement techniques and instrumentation. « Beamline wavefront sensing and coherence measurements communities. The flexibility to accommodate different set-ups at 1-BM
) ) « Real-time beamline diagnostic (wavefront monitor for optics addresses this need. The beamline provides a wide horizontal beam for
The metrology lab houses an array of non-contact profilers customized ) ) . . . . . . .
to evaluate optics and cover the wide range of surface spatial alignment, aberration, and vibration correction) Content not in monochromatic and white-beam topography of samples up to 100 mm in
frequencies that are relevant to x-ray optics. These include a slope container, usually a preliminary description. width. A novel white-beam shutter with millisecond-response allows
measuring system (i.e. a long trace profiler), a laser figure controlled exposures (as short as 50 msec) for topography. Various
interferometer; a microscope interferometer for surface roughness Advanced techniques on wavefront and coherence conditioning crystals have been fabricated to condition the beam after the
measurements with microstitching capability. measurements monochromator, and sample crystals can then be studied in an overall (+
These nst t A i lass 10,000 ¢l ocated - - +) x-ray optical configuration. With this crystal configuration rocking
es5e Instruments are noused 1N a class s cleanroom located on i 1 i i i i . —
e e 1 The optics group is exploring various coherence characterization and curve topography of samples can be done with an optimized narrow
the experiment hall floor, near sector 1. wavefront sensing techniques based on grating interferometry and

angular resolution function. Other optics testing tools and capabilities
include 1) a moveable platform for Talbot diffraction grating-based
interferometry and speckle tracking for optics wavefront characterization,
and 2) a moveable microscope setup for testing zone plates and
multilayer Laue lens optics at low and moderate resolution.

Work requests can be submitted by filling the Optics Group's work speckle tracking. A state-of-the-art wavefront-sensing technigue based

request form on coded-mask technology and deep learning was recently developed
[Z. Qiao, X. Shi, M. J. Wojcik, L. Rebuffi, and L. Assoufid, Appl. Phys.
Lett. 119, 011105 (2021), DQOI: 10.1063/5.0053553]. This fast, high-

Slope Measuring System (Long Trace Profiler - LTP) resolution method is critical for real-time wavefront characterization and

monitoring.
Current optics Testing Capabilities include
Coded mask Detector image - « Monochromatic topography
By, TP - | Wi « White beam topography
: 0T =F-r » JI__I?LE « Talbot grating interferometry
B npinimaee o .,::;;Q « K-B mirrors testing

d o 1, =referenve image 0 g i .
}'—‘-1 (neasured o simulated) ey 400 « Zone plate and multilayer layer Laue (MLL) testing.

Figure 1: (Left) Schematic of the coded-mask-based X-ray wavefront sensing

; : : Experiment proposal requests can be submitted using the APS Users
technique and (right) reconstructed phase of a Be refractive lens.

proposal portal

More Information on 1-BM Optics and Detectors Testing Beamline
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X-ray Optics Lab.
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JTEC Mirror

Figure (Jam)
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® Sample mirror size
: (max) X 100 mm, Y 100 mm, Z 1000 mm

® F[izeau interferometer type stitching interferometer
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Optics Test Beamline

% 11B SURF
(Synchrotron Utilized Optics RnD Facility)

- Beam port: 11B

- Ring energy: 3 GeV

- Ring current: 400 mA

- Bend angle: 0.2618 rad

- Bending radius: 6.875 m

- Central field: 1.4557 T

- Gap at the center: 34 mm

- Size of beam fan: 14H x 0.17V mrad

118 &2}

West
Gate

30
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Optics Test Beamline
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Optics Test Beamline

< 2o AP
- Light source: Bending magnet
- Photon energy: 5 ~ 50 keV
- Energy resolution: AE/E ~ 1 x 1074
- Flux: > 1 x 102 photon/sec
- Main devices
: optics (mirror, monochromator)
beam diagnostic device
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PAUL SCHERRER INSTITUT

OPTICS - Xo5DA and Metrology Laboratory

Beamline Xo5DA

The mission of the Optics Test Beamline at the bending magnet Xo5DA is op-
tics and instrumentation related R & D, in-house research and training. The
main performance parameters of the Si(111) cannel-cut monochromator with
toroidal focusing mirror are summarized in the following table.

Energy range 5.5-22.5 keV

Flux at 10 keV »1x 10! photons fsec /400 mA

Energy resolution 0.03%

Focused spot size 140 pmx 70 pm (h xv)

More information about the heamline in: U. Flechsig et al., "The Optics
Beamline at the Swiss Light Source" &, Nuclear Instruments and Methods

A, 609 (2009), pp. 281-285, doi: 10.1016/j.nima.2009.07.092 &.

Metrology Laboratory

The mission of the Metrology Laboratory in the class 10000 cleanroom

WSLA/022 is quality measurement of X-ray optics. There are three main in-
struments: the Long Trace Profiler (LTP) for 1d figure measurements, the Zygo
Verifire ATZ interferometer for 2d figure measurements and the Zygo
NewView 5o10 for roughness measurements.

The European Synchrotron

X-RAY OPTICS

X-RAY OPTICS

Mirror/Metrology laboratory

Crystal Polishing laboratory

X-ray optics are an essential part of all synchrotron beamlines and serve to ensure that the beam quality
delivered to the sample is optimally matched to the requirements of the experiment. The ESRF X-ray Optics
group warks closely with beamline and engineering staff to maximise the performance of our beamlines and
follow evolutions in both the source quality and scientific aims. In the earlier stages of beamline projects the
group assists with the optical design and continues this support throughout the lifetime of the beamline;
accompanying the procurement processes, optical component manufacture, installation and test.

Multilayer laboratory

Crystal Analyser laboratory

The X-ray optics group operates 4 laboratories:

= Mirror and metrology laboratory
= Crystal Polishing laboratory

* Multilayer laboratory,

» (Crystal Analyser laboratory

Tel: +33 (0) 476 B8 +ext

2390
Group Head
The group has access to unique X-ray characterisation facilities at the ESRF beamlines. These laboratories
and analysis tools also provide the means to support a continuous programme of in-house research and
development in X-ray Optics.

Email:

2588
Deputy Group Leader

We are particularly active in the fields of:

+ diffractive crystal optics (silicon, germanium and diamond)
* X-ray multilayer deposition

e high heat-lnad mirrnr and multilaver evstems

diamond

Science | Optics and Metrology

Publications B16

Optics and Metrology ESEl]

The successful exploitation of the intense, brilliant and coherent light from Diameond is strongly dependent on the
quality and performance of beamline optics. The Optics and Metrology group provide expert support to Diamond
beamlines in the design, procurement, acceptance testing and optimisation of all beamline optics.

To extend Diamond's capability and achieve world leading performance, the group is also actively involved in
research and development in the field of X-ray optics and specialised optical systems. B16, Diamond's Test
beamline, is alsa part of the Optics and Metrology group.

The main activities of the group are:

» Optics design and simulation of beamlines

« Specification and procurement of beamline optics

* Optical Metrology of x-ray aptics

* B16 Test beamline

= At-wavelength (i.e. using x-rays) metrology of x-ray optics

« Precision metrology: high precision motion and vibration testing of beamline components

* Support beamline scientists in commissioning and optimisation of beamline optics (bimorph mirrors,
bendable mirrors, monochromators, CRLs ...)

» Development of micro- / nano- focusing optics (refractive, reflective)

* Polarisation characterisation of soft x-ray beamlines

« Development of wavefront propagation codes for partially-coherent synchrotren radiation
+ Research and development in x-ray optics

B16 Test Beamline

This is a flexible and versatile beamline
for testing new developments in optics
and detector technology and for trialling
new experimental techniques. The
beamline provides both white and
monochromatic X-rays in several
operational modes.

More information

Energy: 4 - 45 keV

I X-ray Diffraction

I Imaging I Microscopy ‘

I Topography ‘ I XRR: X-ray Reflectivity |
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Wavefront Improvement of PAL-XFEL
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Types of X-ray Mirrors - Shape

Plane Mirror

ob (Flat mirror)

Cylindrical Mirror Parabolic Mirror Hyperbolic Mirror Elliptical Mirror
1D . .

(Cylinder) (Parabola) (Hyperbola) (Ellipse)

Spherical Mirror Toroidal Mirror Paraboloidal Mirror Hyperboloidal Mirror Ellipsoidal Mirror (Spheroidal)
2D ) . . ..

(Sphere) (Toroid) (Paraboloid) (Hyperboloid) (Ellipsoid)

o Divergent beam
1D ray source i
(tangential cylinder) -7
oD
Plane mirror
X-ray source
1D 2D Parallel beam

(sagittal cylinder)

Parabolic mirror

X-ray source Convergent beam

Elliptical mirror
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Types of X-ray Mirrors - Purpose

Collimating mirror Focusing mirror  (Demagnification optics) Imaging mirror  (magnification optics)

X-ray source

X-ray source

Parallel beam

Parabolic mirror Elliptical mirror

Ellipse

X-ray source Focus
w/ spherical aberration

X-ray source

Hyperbola

Unparallel beam

Ellipse

Wolter mirror
Cylindrical mirror Cylindrical mirror

- KB mirror (KB geometry) - Bendable mirror (bending mirror) - Deformable mirror (bimorph mirror)

Electrode

20mm
I

Platinum coating

&

,\'-\"\ "

: Mirror
il SN '

e \:\ .

Bent surface

</

Vertical focusing mirror (VFM) i b >
- “‘c::::\\ Deformation by applying voltage
-b“&‘ -
llivtical mi ; AL Ok t_l.\_anﬂ A
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