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1. Short Biography

Bachelor in Engineering Physics (UFSCar, Brazil) \\ o ¥

Master in Physics w/ emphasis in Scientific

Instrumentation (CBPF, Brazil)

PhD in Mechatronics (TU/e, The Netherlands)

14 years at the LNLS (UVX and Sirius)

* Head of the Precision Engineering and
Mechatronics group (MEP)

The SAPOTI
¥.. nanoprobe

Cryogenic X-ray
Mirror Systems

The TARUMA
nanoprobe



2. The CNPEM and the LNLS
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2. 4th Generation Storage Rings Worldwide =

MAX IV
APS-U Energy 3.0 GeV
Energy 6.0 GeV Circumference 528 m
Circumference 1103 m Natural emittance 330 pm.rad

Natural emittance 42 pm.rad Current (top-up) 500 mA
Current (top-up) 200 mA . ——

SIRIUS
Energy 3.0 GeV
Circumference 518 m

Natural emittance 250 pm.rad

Current (top-up) 350 mA HEPS

Energy 6.0 GeV
Circumference 1360 m

Current (top-up) 200 mA

-

Sirius Project goals

(@]
(@]

Optimized for coherence in tender X-rays
High-brilliance hard X-rays for
Spectroscopy and Imaging

Maintaining the IR and UV science

programs /

'N' CNPEM
(S 2

Natural emittance < 60 pm.rad




2. Sirius Beamlines - Phase 1

https://www.Inls.cnpem.br/beamlines/

SAPUCAIA
CEDRO (SAXS)
. (SRCD)
JATOBA
(PDF)
PAINEIRA IMBUIA
(XPD) (nano & W FTIR)
QUATI
(XAFS)
SAPE
(ARPES)
IPE .
CARNAUBA
(S (ueT) . (nanoprobe)
CATERETE
SABIA MANACA EMA (CDI/XPCS)

(XMCD/PEEM)  (MX & SCXRD - fast track) (Extreme Cond.)



2. Sirius Beamlines - Phase 1

https://www.Inls.cnpem.br/beamlines/

OPERATION
COMMISSIONING

JATOBA INSTALLATION

(PDF)
PAINEIRA CONSTRUCTION

(XPD)

QUATI
(XAFS)

SAPE
(ARPES)

CARNAUBA
(nanoprobe)




2. Sirius Beamlines - Phase 2 and Orion

PHASE Il

SUSSUARANA

QUIRIQUIRI

HIBISCO

SIBIPIRUNA

Organelles

Tissue Animal

TIMBO
(Tender X-Ray Imaging)

SIBIPIRUNA HIBISCO
(Sof X-Ray Imaging) (Hard X-Ray In-vivi

X S T N N

10 nm 100 nm 1um 10 um 100 um
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1. New-generation light sources

1025

Increased brilliance/flux

* Smaller sources = Higher stability
» Higher flux > Faster processes
Increased coherence fractions

e Coherence-based methods (ptycho)

* Higher stability requirements

Sirius

2nd Generation UVX to 4th Generation Sirius at the LNLS

Brilliance [ph/s/mm?/mrad?/0.1%bw]
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LNLS

X-ray Tubes

1st Generation

., y?;’,b ; il 10{:
Synchrotrons ," 4 |

L e Tt
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4th Generation {

Synchrotrons ‘-=_____>’,/.
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Synchrotrons s 110"
y T . 4
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Synchrotrons \ ot ‘
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’
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| 1 1 1

|
10°
1940 1960 1980 2000 2020 2040
Year

Max. Intensity = 1.7e+09 ph/s/0.1%/mm?

Window: 6.0 x 0.4 mm?

Max. Intensity = 6.6e+16 ph/s/0.1%/mm?

Window: 6.0 x 0.4 mm?
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2. Beam Delivery

2.1. Mirrors
2.2. Double-Crystal Monochromators
2.3. Plane-Grating Monochromators

2.4. KB Mirrors

@ u CNPEM
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2.1. Mirrors -

For stability levels of 10% of o:
0.5 um o2l
Disturbed source €g = 50m ~ 10 nrad
(xy-plane) e

e S
e =TT

.

Mirror

Mirror stability
may be as critical
as figure errors!

“llllllllllllll
c~
v

~ tens of meters
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7 ) enpPem
P

LNLS

2.2. Double-Crystal Monochromators

Monochromatic beam

Disturbed virtual source
(xy-plane)

~

2" crystal

T T

—

i ) |
1t crystal Again, €9 = 10 nrad!

S
v

L = tens of meters »




2.3. Plane-Grating Monochromators

Veritas @ Max IV

Y

Figure 1

Schematic picture of the geometry of the collimated plane grating
monochromator. M2 denotes the mirror and PG the plane grating. The
light comes in from the left and exits towards the slit to the right. The
incoming and outgoing beams are parallel to each other.

200,03 IVerltas Noise In One Week

| — Veritas Energy closed loop

400.02

400.01

PGM Energy [eV]
B
o
o
o
o

399.99

399.98

399.97

Mo Tu Wed Th Fr Sa Su Mo

Figure 22

Veritas PGM in closed loop was standing still for one week while the
energy was sampled. Mid-week, the cooling water was turned on
increasing the noise from 3 meV to 7 meV.

Sample
PGM ;

Apple Il ¢ N position \

Undulator eylindrical \

M1 Bxit M4 \

/ oroidal ~ | slits =\ ellipsoidal ﬁ \
L 0 B 2

s 0 15 £ 5 0 5 © s 0 55 @ (m)

. &
Collimator & £
rabolic &

L &

r' CNPEMm
(S 2

LNLS

(d0i:10.1107/51600577520000843)

400.12 Veritas PGM stepscan, (offset 0.015 eV per set)

400.10

400.08

400.06

Energy [eV]

400.04

400.02

400.00

0 500 T000 1500 2000
Samples
Figure 7
The sampled angular noise in encoder position converted to energy for
small energy steps for different ¢;; values at Veritas. Each step is 5 meV
and 10 s at 400 eV giving a resolution of 80000. The system behaviour is
better at higher ¢ values. The cooling water is turned off.

Angular stability, affecting
energy resolution!
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Focus displacement/aberration [m)

2.4. KB (Kirkpatrick-Baez) Systems :

TAR-VFM Tolerance Budget: [p,th,L,WD] = [134.215,0.0039,0.2,0.685]
T T T T 3 T

10 m

Longit. focus displ. {FL}
Transv. focus displ. '[F‘r}

=5

=2
o
I

Coma aberration (Cs)
Effective Focus size [aelf}

10% E FL from Shadow sim.
F.; from Shadow sim.
105F] * e from Shadow (2.35"rms)

Stability

Tolerance
i

Alignmnt Target

Misalignment
Limit
1

Astigmatism

Carrection range

—— = ——

100% DF

Table 1. KB set specifications fgeAflrst [Sirius Nanoprobe
KB set_|Focus size[Depth of Focus|Max.mir. Length|Working gssfnce/Grazing aljgle[Pitch stab. tolera error tol.[#stripes
TARUMA|120 nm 80 pm 210 mm mm 3.9 mr: <10 nrad <1 nm 1
MOGNO|100 nm| 20 pm 450 175 mm 3.8 mrgd <8 nrad <1 nm 2
SAPOTI | 35 nm 5 pm mm 55 mm 3.9 mrdd <4 nrad <1 nm 1
>

109

10°° 108 107"

10°8 10°®

th pitch error [rad]
(doi: 10.1088/1742-6596/2380/1/012074)

[Credit: Gabriel Moreno]

Sirius Nanoprobes I

llgle Pitch stab. tolerancelSu
ad <10 nrad
hd <8 nrad
hd <4 nrad

CARNAUBA
Optical Layout
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3. Experimental Methods

Scanning Microscopes
« 2D images (STXM, Ptychography, Fluorescence)
« 3D Tomography

@ u CNPEM

17



3. Experimental Methods: A7) cneem
Ptycho-Tomography

Velociprobe @ APS

Zone Plate Sample
(on-the-fly) (step scan)

o= (R
"
P s
t'/ i !
|
I|

Detector

m

— FRC ‘

- =+ 1 bit threshold

8.83 nm

0.0 02 04 06 08 10
Spatial frequency/Nyquist

(doi: 10.1063/1.5103173) 18




3. Experimental Methods:
Ptycho-Fluoro-Tomography

Bionanoprobe @ APS

Pixel array
detector

Coherent
X-rays

2 ym

Fluorescence detector

(doi: 10.1126/sciadv.aau4548 )

(doi: 10.1073/pnas.1413003112) 19
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1. Commercial Systems

1.1. Positioning Systems
1.2. Complete Instruments

@ u CNPEM

21



and many others... @ Q CNPEM

1.1. Positioning Systems

HUBER

Diffraction and Positioning Equipment

Y Y 5 <
o . ﬁ_—ﬂ .
i

MOTION SYSTEMS

22



ML-D

o
e

SSmarAct & @

A
4

f %ﬁfé)
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~
1.2. Complete Instruments and many others... [ 1) eneem

N

BESTEC

Pioneering New Horizons in S

[ Conceptual design of gratings and mirror holders and sweeping mech |

2




2. Standards and Procedures

2.1. Linear Positioning Systems: ASME B5.64
2.2. Rotary Systems: Spindle Metrology

*Comparing complete instruments being very

challenging.

@ u CNPEM

25



ASME B5.64

' CNPEM

E

2.1. Linear Positioning Systems: ASME B5.64 -*:

Greg Vog| is an Engineer in Production Systems Group @ NIST

Steve Ludwick is Director of
Sustaining Engineering @ Aerotech

Characterization Guide

Performance Tests Axel Grabowski is Head of R&D of

Sensor Technologies Department
@ Physik Instrumente (PI)

Unified Terminology

Jimmie Miller is

Chief Engineer of
Center for Precision
Metrology @ UNCC

« Statistics and Correction Methods

DISPLACEMENT SENSOR -
(Y COMPONENT)

DISPLACEMENT SENSOR —._
(Z COMPONENT) :

f “(‘ — SENSOR FIXTURE
offset J ] \

Positioning Error Motion

DISPLACEMENT SENSOR —,

Measurement Point (MP)
Vs
Functional Point (FP)

ASPE 2022

Metrology Corrections

,e
(X COMPONENT) —
Nomenclature ~ i 5
TEST TARGET — erferometert T
+Z MOVING —_ (for example) o
CARRIAGE ~— FUNCTIONAL

e POINT \

T — Iz Working

[» — 'I/T \ " point

> STATIONARY -
s BASE
Point Repeatability

26



2.1. Linear Positioning Systems: ASME B5.64 R ) ereem

Move and Settle

* In-position remarks +
* Travel distance

» Settling Criteria

In-Position “Jitter”

» Setup/assembly

* Sensor type

« Acquisition (period, filters, etc.)
* Uncertainty Analysis

* Data presentation

Filtered Data Plots [Plot of Data

£ |
;z, 1+ ——— Pastion Error
8 sesssass Moving Average Ermor |
3
; Ak - 06

0 1 z 3 4 6 3 B

Time (s) g oA i

- . . “
B — _—— 02 :
v 0.3 / ’
'i 02 / 0 pose L B av
20— 1
B I 02
5 | 0 100 200 0 400 0

{ - - I
0 200 400 600 600 1000 1200 1400 1600 fime /ms

Frequency (Hz) [Move and Settle Test Results
[n-Position Jitter Test Results Settle Metric Move-and-Settle Time (ms)

In-Position Jitter Metric Metric Value (nm) Moving Average Error 115+52(k=2)
Standard Deviation 0.34 4+ 0.10 (k = 2) Moving Standard Deviation Error 147 +49(k=2)
Peak-to-Peak Value 268119 (k=2) Moving Peak Error 189+ 9.2 (k =2)

27

[Credits: Greg Vogl, Steve Ludwick, Axel Grabowski, Jimmie Miller]



Incremental and Minimum Step Motion Test

In-position remarks +
Step size
Uni/bidirectional
Number of steps

Step reversal error

Minimum incremental motion

Plots of Filtered Data

Time [5]

“Time [s]

[Credits: Greg Vogl, Steve Ludwick, Axel Grabowski, Jimmie Miller]

Incremental Step Test Results

Direction of Motion

Forward | Reverse | Combined
Sample Mean, X;,,. (nm) 2.51 2.53 2.52
Sample Standard Deviation, sj, (nm) 0.051 0.074 0.065

2.1. Linear Positioning Systems: ASME B5.64 R ) ereem

Corrections

o
[S]

deviation / um
o o ©
L2} E=3 =] Q

&
@

1

Thermal drift

Abbé errors (angle meas. and compensation)
Uni/bidirectional deviation

System reversal error

Linearity correction methods

L4 : .

| e L
! '; ’ s E\ i- L ] . ] ‘! = :
. ~ B
b/ ”"_/\l * e ":‘_"o" .
/ . . - ¢

N A

- —~—

R
I
l\ .

-5,000 0,000 5,000 10,000 15,000 20,000 25,000 30,000

target position / mm

28



2.2. Rotary Systems: Spindle Metrology

Precision Spindle Metrology 3
(by Erik Marsh) [,H{f;[[i}\
METROLOGY .

* Metrology concepts
* Test Instrumentation
* Data acquisition

« Data analysis

Erik Marsh

https://www.ibspe.com/machine-

qualification/spindle-analyzer-systems

*Tests using capacitive probes 29
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1. Systems Engineering

) cnPeEm
e

Requirements engineering (Problem Domain vs Solution Domain)
Modularization (Product Breakdown)

Functional Breakdown

[ Credit: Prof. Jan van Eijk]

Competence Management
Error Budgeting
Modeling

Meant to increase efficiency
and reduce redeSIgn/rework! https://hightechsystems.nl/artikel/kijk-buiten-

de-grenzen-van-je-eigen-koninkrijkje/ 31




@ u CNPEM

2. Design Principles

2.1. References

2.2. The 11 Design Principles of High-Precision Machines
2.3. Mechanical

2.4. Dynamics
2.5. Thermal

32



2.1. References

Design Principles

for precision mechanisms

Qutput

Input
—

Herman Soemers

¥ ) cnPem
Do

LNLS

Fiern entrioN

FINDAMENTLLS KNS

Heat and
Mass Transfer

Frank P. Incropera
David P. DeWitt

Copyrighled Mater il

The Design of

High Performance
Mechatronics
High-Tech Functionality by

Multidisciplinary
System Integration

2™ revised edition

Robert Munnig Schmidt
Georg Schitter

Adrian Rankers

Jan van Eijk

Copprighted atesial

33



2.2. The 11 Design Principles A 1) eneem

Design of High Precision Machines:

1. Structure (symmetry, stiffness, dynamics, damping)

2. Kinematic/Semi-kinematic design (isostatic)

3. Abbé Principle (metrology)

4. Direct measurement

5. Metrology frames (isolated from force frames)

6. Bearings

7. Transmission drives

8. Thermal effects

9. Control *From Cranfield
10.Error Budgeting (static, dynamic, thermal) Precision Engineering

11.Error Compensation Short Course (2014)

34



2.3. Mechanical: Design for Stiffness

Parallel Arrangement

N
kq

{keff — k1 + kz }

L

k 2 F Dominated by the

strongest element

(keff > max(kl,kz))

- W

ey >k,

@ u CNPEMm

Series Arrangement
N

= )
l

k 2 Dominated by the

weakest element

¢F (kerr < min(ky, ky))

35



2.3. Mechanical: Control of Degrees A ) eneem
of Freedom (DoF) :

Overconstraining

Z =
C‘/t)RZ Restriction of Degrees of Freedom deformation

| by single-point contact:

* Hertz contact theory

%/ —-%y « Friction/preload based

R y * Limited stiffness

( A 2D Case \




2.3. Mechanical: Bearings and many others... [ (J exeem

Linear Air Bushings Critical aspects

Ball Bearings === Flat Air Bushings i
» Stiffness
- N Needle Bearings _ .
_

Motion errors

[Newway]

e Lubrication

[SKF] e Friction
Air Bearing * Preload
Spindles * Noise levels

 Non-linearities

Roller Bearings
Needle Linear Guides * Vacuum compatibility

* Temperature compatibility

[THK]

Ball Linear Guides [SKF] Linear Ball Bush 37




-
and many others... @ ._' CNPEM

LNLS

2.3. Mechanical: Transmissions

Critical aspects

Ball Bearings Screw Transmissions Rack-Pinion . Stiffness

Sets

*

[Rollvis] - Efficiency

e Lubrication

* Friction

Square/Trapezoidal * Preload

Lead Screw * Noise levels

* Non-linearities
* Vacuum compatibility

* Temperature compatibility

Cams

[Autodesk] =



2.3. Mechanical: Flexural Mechanisms

PROs 5 T

* Predictable behavior/modeling /

* Less dependent of friction

« Higher repeatability and resolution (reduced friction effects)
* Free of lubrication

« Lower (or negligible) level of maintenance

CONs Images by:
« Limited motion range ( JPE
® Limited |Oad CapaCity Driven by innovation

https://www.jpe-innovations.com/precision-point/

 Non-linear behavior
39



2.3. Mechanical: Material Properties

| [ee————— T EeTPTETEE—————

[..Spe::ifin: modulus - Specific strengthE -
- Technical

£ S .
o 4C SMe - caramics
AZ04 .-f

Melals and palyrmrs. yield sirgngth
Ceramics and glasses: MaR

Elasiomars: tpnsile iear sinength #
| Compositas: tensile tailune 1 Climposites
o | B , J L
10°% — P W s
= | Vieldbeore | Non-technical For .o '
— buckiing =] Soda glass L
E - “ ceramics S Al-MMC
= s Bric = 40 %wol. fiber
E" Hone; reinforcement
— # ’ .
Concrata 2 -
n?? 1024 Castuone— Metals "~
5} '.° Woed . PR
s GFRP e J
& I Znt: alloys 4 ',' ’,"
Ll Yeeld sirain . - e 3 o
7] . Liad ; 1 _ A
3 %.— ot TR Polymers ot
= e — L
B 103 e A
Q ¥ -y
= o Tt Dasign
T Wl ! guide fines
= o P .
g Foams e
;% li10?” g g
1011... Rigid pabymer LA
E fnams ?"
] R} s =
q E Buckimg
1 bafora yeld
| bl ik
i 102 Elastomers o
5 e
1074 . e e
10 10 10°

Specific strength, o/p (MPa/(kg/m3))
https://doi.org/10.4028/www.scientific.net/kem.425.217

Al0,
AIN
SiN,
SiC
BC
Zri),

Steel

Steel (N129)}
Steel (N219)
Invar

Super Invar
Al (T633)
Copper

Copper (Bery.)

Granite
Zerodure

Silica

L 1

0 o0z 04 06 08 1 12

1.4

1.6

1.8

Specific Stiffness £/p [10° Nm/kg]

T. Ruijl (2001)

Parameters of interest:

Elastic modulus
Yield strength
* Density

* Vacuum compatibility

40



i d thers... @,
2.3. Mechanical: Actuators and many others... [l ) enwem

Voice-coil Actuators Critical aspects
Piezo Stacks -

» Actuation principle
[PI] * Force levels

» Actuation range

[Akribis] [Sensata] + Noise levels
Stepper Motors « Non-linearities
* Vacuum compatibility

* Temperature compatibility

[Faulhaber]

Servo

Linear Motors Motors

By e
\Qil!‘

[Aerotech] = s,

[Aerotech] o



and many others...

2.3. Mechanical: Sensors

Laser Interferometers

Capacitive Probes

A
— | J Target
- Vacuum | |Reference
) ir

[Lion/IBS]

Accelerometers
Optical Encoders N KISTLER

measure. analyze. Innovate.

Type 8395A...

| ok
Type 8703A... |
n
0 .
@ Type 8766A...

=
e wrn w
2 -

[Kistler]

[Renishaw]

_ Type B705A...
1

@ r' CNPEM

LNLS

Critical aspects

« Absolute vs Relative

» Measurement range

¢ Communication protocol
« Measurement bandwidth
* Noise levels

* Non-linearities

* Vacuum compatibility

* Temperature compatibility

Autocollimator

[Moller Wedel] 0



2.3. Mechanical Metrology: Abbé

<€ )|x5=xe+L-0

(L =0)

AL

Interferometer

@ u CNPEM

E.g.:
e L =25mm
e 0 =1urad
€ =25 nm!
Options:

* Reduction of lever-arms
as much as possible;

* Measurement of
additional DoFs;

* Calibration.

43



2.3. Mechanical Metrology: Angular A ) eneem
Measurements :

—— | ——— |
|
Encoder Head Encoder Head Encoder Head
0 =x,/r 0 =x,/r(0) 0 =x,/r(0)
@ =
;l\:ﬁ/f *Options: use of multiple heads, calibration, etc.



107 | | @ u CNPEM

LNLS

2.4. Dynamics

1‘1:

xfT _Ié f [Hz] 102

ma'c’+ca'c+kx=F+ca’cf+kxf

* Shift peaks beyond
disturbance sources

* Work on damping
(when possible)

Mag [m/m or m/N]
=)

—_
e
(o]

—

©
_\\l
(e}

o
—
O_\
RN
o

N

=

E .o
Laplace’s Transform > 10

©

=

ms?x + csx + kx = F+-

10° 10" 102
f [Hz] 45




¥ ) cnPem
Do

LNLS

2.4. Dynamics

xlT— - - - o]
10 X2/xf
— (x1-x2)/xf
C1 kl Co kz 10° 10" 102
Xf T = f [Hz]

PSD Floor Acceleration - Uy
10
4s Data
- 1/3rd Octave - Data
10 | > Model 3
,”// = = = NistA
Pl —-—-=VGE
T 107 7
Nm
E
= 10
E . g
=
og.o 8 10°
=
<
=107
=
. s
« ml:lens (50 Hz) =
o
E 107
« m2: sample (10 Hz -
.
10—14 b
19718
10° 107 102 103 10 46
Frequency [Hz]




¥ ) cnPem
Do

2.4. Dynamics: Control Example:

PSD Floor Acceleration - Uy

Passive approach: o 5 &
—— Disturbances (floor, cooling, etc.)

10 bt

A 4

PSD [(m/s?/2Hz] and 1/31d Octave [(mis?
3
3

Mechanical
Structure
True Outputs (sample/optics position/angle)
. 10° 1a" Frequ;iiy - 10° 10%
Active approach:
DAC Noise Amplifier Noise £ Disturbances
Reference I |
Input I Y y Mechanical |
Controller » DACGCs Amplifiers Actuators > >
NS I + I Structure | True
| I Outputs
I N I
N\ Sensor M b |
I > . N Sensors [«
Measured f Electronics I
Outputs I
L Electromechanical Plant |

Sensor Noise
47



2.5. Thermal: Fundamentals

mz ‘LPZ

92
v

Stead-state approximation:

P=g-AT

Expansion approximation:

AL=1Ly-a-AT

Critical aspects:

* Heat sources: beam, motors,

sensors, environment, people ...

* Heat transfer mechanisms:
conduction, convection and

radiation
« Thermal expansion effects

 Measurements

nnnnnnnnnnnnnnnnnnn

MINISTRY OF
SCIENCE TECHNOLOGY
AND INNOVATION

nnnnnnnnnnnnnnnnnnnn



2.5. Thermal: Fundamentals A ) ereem

E.g.
AL * L=25mm
« AT =0.1K
e a=20um/m.K (Al
AL = 50 nm!

——— Y =

Expansion approximation:

AL=1Ly-a-AT

IIIIIIIIII
ccccccccccccccccc
NNNNNNNNNNNNN




2.6. Thermal: Materlal Propertles

) cnPeEm
Do

LNLS

Bending Sensitivity
1000 g ————— — ety
| -conductivity - T-diffusivity " ffé}:"""s, > ﬁﬁ
' < 108 SiN,
—_~ i Sic
’é 100 4o Stcon zo fe] o5
= : i Steel o
1i d Invar
(a. allava Technical Super Invar 3 o1
b 10 - S Non-techmcal S!one e 5 ceramlcs S é;g‘ﬁ]) T 3
§ ceramics . Cnf;ﬁjrrsm:)_ . A
3] e A Granite T AT = 2628
.g P . a Zerodure 0.006-0.62 o !
e e Silica W T . . ‘ .
g 1 L 1 | 0 01 02 03 04 05 06 07 08 09 I
O omposites s 3 a/k [fum/W]
© esl’;isctgrnirs " | o7 __"';ﬁz v
£ | : gty T. Ruijl (2001)
?,‘N’eorene - - _—"‘ R
FIRAE ey = | Parameters of interest:
= 1 - - '_ D __ Lowev?hémzm'c L.
- = « Coefficient of thermal
. | . “'%::;;‘;'!m‘: | , expansion (a)
. 4 - s ; s e e . . .
108 10-? 106 105 104 Thermal conductivity (1)
Thermal diffusivity, a (m2/s) » Coefficient of heat capacity (cp)

(doi: 10.1007/510704-020-00487-7)

[A/(p - c,) (temperature wavefront propagation)] °

50

Density (p)



3. Beamline Integration

3.1. Double-Crystal Monochromator
3.2. Scanning Microscopes

@ u CNPEM

51



2.6. Integration: DCM (spectroscopy)

1
: APU ,
1 I
| Disturbances Encoder Noise 1
| funD 1
| Cuno Punp 1
| YunD 1
L e e e e e o = = = _ e — — |
HD-DCM
TRFpgg | l (cRIO)

I

I

I

4| forg (UND, HAR) H SELnp |7:
Disturbances Encoder Noise 1

1

Cgra Pgra !

YBRG 1

I’{ } Disturbances Interf. Noise CCG
i (RLL C(cap 1 Pcap
{PTC} {PTC} :

RLL y(cap
PTC

PTC

{ia™

i

(d0i:10.1107/51600577522010724)

Beckhoff controller - WinEmbCE OS

VM - Debian

| Variables Layer |<—>| EthO Driver |<—>| EPICS IOC |

¢

TwinCAT RT Thread
* Motion Control
* Variables Snap
e UDP Stream

cRIO controller — NI Linux RTOS

LabVIEW FPGA
¢ Upsampling
¢ Motion Control

:

4—>| Eth1 Driver |<—| Eth1 Driver

PVs

V%
Network

Y
PVs

EthO Driver

EPICS IOC

LabVIEW RT Thread
* UDP Acquisition
* Latency and Motion Shift Compensation

¥ ) cnPem
—

LNLS

Critical aspects:

Multiple instruments
Master-follower
architecture
Different dynamic
performances
Different protocols
kHz rates
Synchronization
Matching trajectories

Control complexity
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2.6. Integration: Scanning Microscopes

Detector Triggering
Attocube

Interferometric Sensor
Zone Plate

I -

System Controller jj| Position (dOi: 10.1016/
Output v | Recording
j.elspec.2023.147340) .

-

Sample Stage

O CNPEM

LNLS

Multiple instruments
Multiple protocols
Central orchestrator
kHz rates
Synchronization
Control complexity
Trajectory optimization
Software complexity
Data storage

Data processing
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1. The HD-DCM



1. Standard DCM Designs

Standard high-stiffness
concept:

Metrology
(e.g. stage encoder)

beam

L

Disturbance

Goniometer

lllustrative 1D Pitch Stiffness Model

Backplate

:

Roll stage

:

Pitch stage

:

29 crystal

$

15t crystal

:

Roll stage

:

Backplate
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lllustrative 1D Pitch Stiffness Model

1. Standard DCM Designs

. Backplate
Standard high-stiffness Disturbance :
concept: y Roll stage
Z' :
Pitch stage
Metrology 45 :
(e.g. stage encoder)
nd
beam 2nd crystal
> Disturbance
\) 15t crystal
In general: g
» Limited stiffness chain Roll stage
* Limited metrology assessment
» Limited actuation bandwidth :
Goniometer N—_, Backplate

57



1. DCM Architecture Comparison A ) eneem

. . . (d0i:10.1088/1742-
Standard high-stiffness HD-DCM mechatronic 6596/2380/1/012050 )

concept: y concept:

Goniometer Goniometer



Automation
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03/2015 line
Kick-off | sic /alidation




1. The HD-DCM Architecture [A 7 ) enpem

Balance, - ,—a—’———-:—"a- ___________
Mass |/’

Module 2

GOF Module Voice Coil

| (section view)

Goniometer
Module

Folded
Lty Leaf-spring

Module 1

(doi: 10.1016/].precisioneng.2022.05.009)
(doi: 10.1016/j.precisioneng.2022.04.009)

Fiber Laser
Interferometer



1. The HD-DCM Dynamic Error Budgeting & ) eveenm

DEB Framework Mode Shapes

CCG BW to Control Variables

10® ;
cFoTTTTTET TS TS TTITEETITIETITIEITITETTST S ( C) | [—e—BRG Error [rad]
| Specifications | | Disturbances | xy o XYz I |-@- CR1_Rx Spec [rad]
e B e G G v | —B— GAP Error [m)]
| |8 C2C_Uy Spec [m]
Conceptual Design ey | —w—=PTG Eror [rad]
107 ¢ §{# C2C_Rx Spec [rad] | {
t b 1 RLL Error [rad]
I C2C_Rz Spec [rad]
1

o
&

€nMS (1Hz - 2.5kHz) [m or rad]

Disturbance
Models
_______________________________ ‘ 107
Requirements 100 150 200 250 300

fulfilled? CCG Bandwidth Frequency [Hz]

— - ——

0.GND
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3. VES . o q . .
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6. GOF RT:]?jtr;ce : Il 1
7.AF1 y Y Mechanical | !
Controller =»{ T, [+ DACs Amplifiers Actuators —
8. MF1 _1’—0_’ Y + P + Structure
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10. CMF
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12. SHS T
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A Fixed sup.
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ensor Noise
ChFLs Decoupled Plant
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¥ Metrology

' Cooling Feedback control loop schematic 61
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1. The HD-DCM Beamline Integration [ ) envem
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2. Mirror Systems
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Assembly
and
thermal expansion

(doi: 10.1364/sxray.1991.the3)
(doi: 10.18429/JACoW-MEDSI2018-WEPH31)
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2. Mirror Manufacturing and Fixation Effects **: -

V-' CNPEMm

N

Beam Profile Simulations

Fizeau Measurements 4000 :
—— |deal Beam Profile
4 3500 1" —— Distorted Beam Profile 31.4 um FWHM
, 3000 - 31.7 um FWHM
E, | 3 2500 1
= | | ©
21 > 2000
: - £
S 0 S 1500 -
a 2
1 < 10001
-2 500 -
-80 -60 -40 -20 0 20 40 60 80
Position (mm) 0 -
Measured Simulated Polinomial (Measured) —40 —20 0 20 40
X [um]
*  Gravity Mirror polishing
(doi: 10.1364/sxray.1991.the3) e Thermal Manufacturing

(doi: 10.18429/JACoW-MEDSI2018-WEPH31) *  Bolttightning

limitations 65



2. Mirror Isostatic Compliant Mechanism A ) ereem

Piezo walker Mirror Frame

actuator Horizontally-oriented

FLS (x2)

Encoder

Vertically-orien "
FLS (x3) ¥i|I 28





3. Nanoprobes

3.1. TARUMA
3.2. SAPOTI

@ U CNPEM
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3. The CARNAUBA Beamline SO L

SIRIUS: 3GeV, 4th-generation
Brazilian Synchrotron

Fluorescence KB

TARUMA: 135 m
(0 =500 to 120 nm?)
(WD =440 mm)

Transmitted

Luminescence

cattered ~ SAPOTI: 143 m

(o0 =140to 35 nm?)
(WD =55 mm)



Sample setup;
XYZ piezo stage;
Rotary stage;
Fluorescence detectors;

Transmission area detector; 9.  Crystal analyzer;

Diffraction area detector; 10. Pick-and place gripper;

Optical microscopes; 11. KB vessel exit port.
XEOL optics;

Techniques:

XRD (Diffraction)

XAS (Absorption)
XRF (Fluorescence)
XEOL (Luminescence)
Ptycho-CDI
(Ptycho-)Bragg-CDI
Tomography

U 000000
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3.1. TARUMA: Overview £

beam “\ < VFM

\ o~ e ~
o : HFM
v & : _— /// Sample \\
S-S \4 / l XYZ Piezo Setup Ry Rotary
beam 2% / 7 |
N = // | Metrology Ry Auxiliary
KB vessel : @ : / e —— i Rotary Stage
: @,/ Stage I
: : \ | Metrology |
N \ Frame |
KB L, v =
Granite nat ,::::\_’ 4 = ] |
e\ g |
=
Top : S |
y Granite N ~ |
7 P ~ \ XZ Planar
Bottom ~
V4 Granite




3.1. TARUMA: Exactly-constrained KB Mirrors SRE L

beam beam
VEM Embedded
> 4
A8 Flexure (x3) ,/
N Embedded Vs
\\ Flexure (x3) HFM Capacitive
N
N Horizontal = Probe
y S Strut (x3) y S B
o I
z = V\t)v S
= X Z & [ g @
X =) o = = >
~ @
@ D )
™ ” =3
Vertical ’¢ © .
Strut o 5 @
(x2) ‘W o e o s
) ok = >
(&5
¥ @u Vertical
@ | b O Strut S o D
D (5 ©
@,
@
= O > @
Capacitive Mounting Horizontal
Probe — Frame Strut (x3) —
20 mm 20 mm

*Pitch modes > 1 kHz (doi: 10.18429/JACoW-MEDSI2020-TUOBO1) 71




3.1. TARUMA: Exactly-constrained KB Mirrors IS O eeem

r ; -
A i b a ._‘._ =3
2 / o

e

*Pitch modes > 1 kHz (doi: 10.18429/JACoW-MEDSI2020-TUOBO1) 72



3.1. TARUMA: Sample Setups SHeLL

Cryogenic Setup

Rhizomicrocosm Perovskite Setup

Heating
Chip

Peltier stage

Full Spectrum

e - LED
X Dome Heatsink PVSK
em Device

Sample Seed Cup

arpin Tllumination
Holder Root Capillary System

hield

Microfluidic Humidity
cell Sensors

Tip/Tilt
Stage

(doi: 10.1016/j.elspec.2023.147340) 73



3.1. TARUMA: Cryogenic Setup [ 1) cneem

e
em

Sample
arpin

23 0§ O |1}
:

(doi: 10.18429/JACoW-MEDSI2020-WEPCO02)
(doi: 10.1088/1742-6596/2380/1/012108)
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*sis

3.1. TARUMA: Image Resolution R 7 enwem

i B Resolution in nm
: Phase ' 40.4 20.2 135 10.1 81
10 - —_— NC
=== 1/2 bit threshold
0.8 1 === 1 bit threshold

Magnitude

-—0.4

0.0 02 0.4 0.6 0.8 1.0
Spatial frequency/Nyquist

Fig. 20. Ptychography reconstruction of the Siemens star. (a) Zoom on the central portion of the image in Fig. 19a, showing the star’s finest structures, (b) FSC
analysis and comparison to the threshold criteria evaluated with PyNX [29].

(doi: 10.1016/j.elspec.2023.147340)
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3.2. SAPOTI: Overview £

Embedded Valve Loading top .

: Gripper ~----&----- -«
Load-Lock PaRRLELH - (y) E i1 PD I 54 iopD beam

Carousel Embedded XEOL

(Ry) Valve and 5 SDD
Microscope
——

.................................. » Main

i0, PD gord00 Hz > 200 HZ: Chamber  poam
; . .,
: Scannifg ) 7
: Stage =(x, y.2) ]
- KB Support ]
Frame
y Py S =i> 300 Hz
> 300 Hz
‘_é Top Granite g 1400
= mm

> 300 Hz
Middle Granite (y, Rx, Rz)

?
Robotic Arm >60Hz (?)

Bottom Granite

>300Hz ¢

76



° L o o @ O CNPEMm
3.2. SAPOTI: Sample Stage Specifications A

Parameter Value

2D mapping acc. (XY)
2D mapping repeat. (XY)
Mapping velocity <50 um/s

Main rotation stab. (Ry)
Main rotation acc. (Ry) 100 prad

Main rotation repeat. (Ry)
[ —
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% ") enPem
S Rt

3.2. SAPOTI: Sample Stage Motion (XYZ)
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Conclusions IR 7) enrem

* Design principles and different technologies must be known
for optimized solutions;

* Holistic and systemic design approaches should be considered
for ultimate performances;

 Predictive design framework and modeling tools can improve
design efficiency and assertiveness;

* New-generation beamlines tend to push toward industry-like
high-end systems and throughput;

* People training and management may prove to be one of the
critical bottlenecks in face of such complex systems.



@ u CNPEM

Perspectives

* High-end mechatronics is still at an early stage within the
beamline environment, but there is room for a quick evolution;

 Full beamline (IDs, slits, mirrors, monochromators, sample,
detectors) coordination and calibration in motion and thermal
aspects may be required for some ultimate high-performance
experiments (e.g. spectroscopy);

* Model-based systems engineering (MBSE) shows great
potential in handling ever more complex systems.



Renan Geraldes

renan.geraldes@lnls.br
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