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Thierry EPICIER?!, Thomas GRENIER?, Hussein BANJAK?,

Voichita MAXIM?2, Siddardha KONETI?, Lucian ROIBAN1

LUniv. Lyon, INSA-Lyon, Université C. Bernard Lyon 1,
MATEIS, umr 5510 CNRS, Villeurbanne, France.

2Univ. Lyon, INSA-Lyon, Université C. Bernard Lyon 1,
CREATIS, umr 5220 CNRS, INSERM U1206, Villeurbanne, F.

iy o -~ o e _ S ) o
a& T. Epicier etal. oy bast Acduisiton of Tt seriesin vaies cr=ATIs G2 G INSA inserm @ NaN@peranvo meTsa



http://www.reddit.com/

R

<

®\ Acquiring 2D projections series for ‘tilt’ Electron Tomography (ET) in TEM &i
=

‘step-by-step’ series of 2D BF images Tilt n to n+1.: )
= *70° angular range re-alignment (re-focussing)

classical optimistic step-by-step ‘tilt’

> Bright Field* tomography
: :> Rotation angular amplitude 140°
> Angular step increment 2°
' Re-alignment at each tilt 15 sec

Exposure time of each image* | 0.1 sec
Time to proceed to the next tilt | 0.1 sec
J Total acquisition time @>

Adapted from S. KONETI et al., Mater.
Characterisation, 151 (2019), 495

*STEM:
typically > 5 sec at least for 2K2 images

é@ T. Epicier et al. 2/23




‘Need for speed’ during in situ (environmental) ET of objects in evolution &}
=

e Under gas and temperature in ETEM, morphologies change rapidly

e The longer the experiment, the higher the electron dose (irradiation damages)

. < 5 N ‘_ ; o
Silicalite with Ag NPs: 20°C, irradiation test 4 min
Decrease of the electron dose

Gaseous environmental TEM Soot combustion on 8.0 103 e .A2s1 3.210%e.A2s1 24103 e'.A'ZS'f
Cs-corrected Titan ETEM 80-300 kV YSZ-based catalysts
ETEM 80 kV, 500°C 3mbar 02 L. ROIBAN et al., J. of Microscopy, 269 2 (2018) 117
Total time 2 min (speed x8)
A. SERVE et al., Applied Catal. A 504 (2015), 74
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@ Continuous rotation and ‘video’ recording of 2D projections 3[1

=
Continuous tilt: ¥70° angular
‘step-by-step’ series of range in 5 sec
2D BF images (140° at the fastest speed
= x70° angular range of the FEI-TITAN goniometer)
| 'tilted’ electron tomography by continuous rotation
diffraction M- GEMMiet al., J. Appl. Cryst. 48 (2015) 718
B.L. NANNENGA et al., Nature Methods 11 (2014) 927
BF image V. MIGUNOV et al., Sci. Rep., 5 14516 (2015)
www.esrf.eu (European SRF, Eu)
J. VILLANOVA et al., Mat. Today
20 7 (2017), 354
y OneView camera
100 fps in 2kx2k
(@
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® Continuous rotation and ‘video’ recording of 2D projections
-

Continuous tilt: ¥70° angular
‘step-by-step’ series of range in 5 sec P
2D BF images (140° at the fastest speed TR -
= +70° angular range of the FEI-TITAN goniometer)

OneView camera
100 fps in 2kx2k

@EATAN
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@ Is it a good idea to take time to adjust properly the eucentric?.. 3‘[1

oo gy W
o0 gy

Typical ongoing in situ
(environmental) experiment
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Is it a good idea to take time to adjust properly the eucentric?.. &'1
=
e Eucentric re-adjustment frequently needed during heating experiments

Pd@SiO, on SiN, membrane

After 35’ at 400°C,H, 4 mbar |

After 60’ at 500°C, H, 4 mbar

Deformation of
the membrane

‘&I T. Epicier et al. 7123



Fast acquisition in Practice...

S

e Reproducibility of (X,Y) DRIFTS as a function of tilting parameters

Fastest tilt speed, discontinous tilt

Fastest tilt speed, continous tilt

30 ] . .
Drift along Ox for 3 tilt series
(-50/+50°)
20 — X1
—X2
10 —X3
0
-10
20 0 50 100 150 200 250
10 : . .
Drift along Oy for 3 tilt series
(-50/+50°)
—Y1
—Y2
5 —V3
0
-5
0 50 100 150 200 250

50% of Fastest tilt speed, continous tilt

30 Drift along Ox for 3 tilt series
(-50/+50°9), tilt speed x0.5
—X2
10 —X3
0
-10
20 0 50 100 150 200 250
10 : : :
Drift along Oy for 3 tilt series
(-50/+50°), tilt speed x0.5
—Y1
5 —Y2
—Y3
0
-5
0 50 100 150 200 250

35

25

15

-15

-25

10

Drift along Ox for 3 tilt series
(-50,}-20, +30, +50°)

100 200 300 400 500 600

Drift along Oy for 3 tilt series
(-50, -20, +30, +50°)
—Y1
—Y2
—Y3

100 200 300 400 500 600
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Fast acquisition in Practice...

e Fast measurement of appropriate (86X, 8Y) corrections
Nanocatalyst powder, Wildfire single tilt heating holder (G])DENS, +72 /-72°

solutions ?

Tilt +70 to -70°
Mag 16K
Image 1Kx1K

Tilt axis direction

éﬁ . Epici .
‘ T. Epicier et al
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Fast acquisition in Practice...

e Fast measurement of appropriate (86X, 8Y) corrections
Nanocatalyst powder, Wildfire single tilt heating holder (G])DENS, +72 /-72°

solutions ?

Tilt +70 to -70°
Mag 16K
Image 1Kx1K
100 fps
actual time 5 sec

Tilt axis direction

éﬁ . Epici .
‘ T. Epicier et al
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Fast acquisition in Practice... 3[1

Post-mortem
FAST re-centering (at the ETEM)

tracking procedure based on the
Normed Cross-Correlation in Fourier Space
(NCCFS)

J.P. LEWIS, Vision Interface, (1995) 120

argmax 2 mn=1 Im1(m,n).Im2(m,n)
. : : 3 B M,N 2
Tilt axis direction dimn=11m2(m,n)

é display speed x0.5
_fg T. Epicier et al. 11/23




Fast acquisition in Practice... 3[1

Forrest Gump (1994)

Robert Zemeckis. With Tom Hanks

Normed Cross-Correlation in Fourier Space
(NCCFS)

J.P. LEWIS, Vision Interface, (1995) 120

"The algorithm described in this paper was developed
for the movie Forest Gump (1994)... Special effects
sequences in that movie included ...the addition of a
contemporary actor into historical film and video
sequences”

Vgﬁ‘é T. Epicier et al. 12/23



Fast acquisition in Practice...

e Reading "GatanDoll" DM4 ‘in situ’ recorded sequences

A,

-

| 300C_5E-05
| Hour_00
| Minute_00

Second_00

Here:
1K images,

50 fps over +73/-70°

Second_01
Second_02
Second_03
Second_04
Second_05

in about 6 sec

300 DM4 files

4.6 Mo each

total 1.37 Go

T. Epicier et al.

,

m

% 300C_5E-05_Hour_00_Minute_00_Second_00_frame_0000.dm4
%] 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0001.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0002.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0003.dm4
a 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0004.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0005.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0006.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0007.dm4
@ 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0008.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0009.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0010.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0011.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_frame_0012.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_frame_0013.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0014.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0015.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_frame_0016.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_frame_0017.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0018.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0019.dm4
@ 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0020.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0021.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0022.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0023.dm4
@ 300C_5E-05_Hour_00_Minute_00_Second_00_frame_0024.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0025.dm4

% 300C_5E-05_Hour_00_Minute_00_Second_00_frame_0026.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0027.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0028.dm4
a 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0029.dm4
a 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0030.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0031.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0032.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0033.dm4
a 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0034.dmé4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0035.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0036.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0037.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_frame_0038.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0039.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0040.dm4
a 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0041.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0042.dm4
%] 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0043.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0044.dm4
%ﬂ 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0045.dm4
@ 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0046.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0047.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0048.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0049.dm4
% 300C_5E-05_Hour_00_Minute_00_Second_00_Frame_0050.dm4
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Fast acquisition in Practice...

o | CA\(share

Home path : C:\Users\tepicier\Desktop

shift file : C:\Users\tepicier\Desktop/res_roi.txt

dm info file : C:\Users\tepicier\Desktop/dm_info.txt

dm path file : C:\Users\tepicier\Desktop/dm_path.txt

Correlation_TrackerFromGATANImage.cfg found. Reading option

Parameters used :
show_graph
write_roi
show_roi

NCCFS-based ||t
write_shifted_image :

traCkIng convert_to_png

accumulate_shift

F)r()(:EBCjLJrGE Please select a bounding b

O =000 —= =000 —

x, and press any key to continue.

display speed

x 0.3,

real full time

4 s (1Kx1K series)

!i'l T. Epicier et al.
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Fast acquisition in Practice.

e Application
of an adequate set of correction drifts (6X,0Y)

800

600

400

200

4 e
and dY drifts in pixels (frame by frame)

0 60 12
0O 180 240 300 360 420 480 540

(L:jsuerlif’s) choice of 28 corrections sent
ng the tomographic acquisition

s T Epicier et al.

Hor_ne-made software suites
(using TEM Scripting © FEI)

ety L) & e

;ﬁ Acquisition and

calibration of fast 1ilt series for electron tom

FASTOMO (MASTER v.1.0)
{c) Thiefry Epicier (MATEIS), Thomas Grener (CREATIS), INSA-Lyon, F {2018)

calibration

@ Calibration: image size 1K1K @ Calibration-
48500, call

"Microscope Mag. =

Magnification and
image size 2Kx2K
bration = 0.0021682 pmipixel

Read curent Mag

Handling angles 
Read cutrent angle _ Get "MIN® {<0) angle... Get 'MAX® (>0) angle...
ase note: the tilting sequence will go from MAX to MIN anglas) Go to angle MAX...

(Ple

Tilt (MAX to MIN) without drift correction Tilt {MAX to MIN) WITH drift correction
Goniometer speed, 10 - 100%}-oo-- -

\ist of drift corections gl Total number of measured corrections
Number of drifts corrections to app

Events: m

15/23
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e Application of an adequate set of correction drifts (6X,8Y)

et
e
e

s in pixels (frame by frame)

800
600

(user’s) choice of 28 corrections sent
during the tomographic acquisition

16/23
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Fast acquisition in Practice...

_g T. Epicier et al.



Fast acquisition In Practice... 3‘?1

e Example of an elementary drift correction (over 28)
Performed with the image shifts microscope controls

T. Epicier et al. A o] B A 18/23



What about artefacts?..

e Is Bright Field tomography adequate for crystalline objects?..

Pd nanoparticles on 8-Al,O, BF step-by-step (2°), ! ADF step-by-step (2°),
In situ ETEM: 350°C +73.4° [ -66.6°, ! +75° / -67.8°,

|
1

after 60’°, 2.6 mbar O, 2 m|n 42 sec =~ 90 min

B&M
e ' "Fast"

~ camera;:
Acquisition
0.01sor
less

—>

kBack to 205C

FAST ET, 350°C, STEM 20°C, O,

60 O, 2.6 mbar 2.6 mbar

Dwell Time 5o |

2.5 ps: 171 NPs
Acquisition 40 + Dyean = 2.8 nm 191 NPs
10 s (0‘ = 071) gMEAN =2.8nm
30 - (c=0.77)
20 -
10 -
0

T. EPICIER et al., Catal. Today, 334 15 (2019), 68 00 09 19 28 38 47 57 66

é!l . Epici . Size, nm
‘ T. Epicier et al
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e What about artefacts?..

S

.
Inn

e Images are acquired during the rotation of the object: aren’t they all BLURRED?

Rotation angular amplitude: 2
Total acquisition time: t,,,,,

Angular rotation speed @ = 2alt,
Number of frames per second: Fps
Rotation blur / frame: Ag,=—2%

ttotal . FpS

"NP" size

A histograms
=8 T Epicier et al.

140° 140°
10 sec 5 sec
14°/sec

100 100
0.14° 0.28°

28°/sec

140° 140°

1 sec 0.3 sec
140°/sec  467°/sec
100 100

1.4° 4.7°

SIRT-based (SIRT-FISTA-TV) reconstructions H. BANJAK et al., Ultramicroscopy, 189, (2018), 109
5 sec, 500 projegtio.ns

5 sec, 500 projeqtkws

1.4 sec,440 proLec‘ions

0.3 secg30 projec@ns

50

30
20

Without blur

Rotation blur 0.3°

Rotation blur 1°

Rotation blur 5°

40 -

0 4 9 13 18 22

50

40 -
30
20 -
10 -

R1=15%

0 4 9 13 18 22

50

40 |
30 -
20 -
10 1

R1=13.8%

0 4 9 13 18 22

50

40

lll.

30
20
10

R1=33.9%

0 4 9 13 18 22
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What about artefacts?.. 3[1

simulation

simulation

simulation _
from experiment

S. KONETI et al., Mater. Characterisation, 151 (2019), 495

A The ‘rotation blur’is NOT the most significant blur source
-@ T. Epicier et al. 21/23
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CONCLUSION (summary of the approach)

A,

-

1

Tilt angle a

CALIBRATION
SEQUENCE

~ 05 seconds

2| |

(X,Y) DRIFT
ANALYSIS

~120 seconds

3

FINAL TILT

SEQUENCE
APPLICATION of
DRIFT
CORRECTIONS
TemScripting©FE!
Application

~ 05 seconds

T. Epicier et al.

total time less than
3 minutes

Fast acquisition at a lower
mag than the final mag

50-100 fps
typically 1k x 1k
tilt -0t 0/ 0ax 1N 5-10' S

Omax UPt to 72°, Widlfire
heating holder

Fast acquisition at the final mag

100 fps
2k x 2k
tilt -0t 0/ +0max INDOWN O 5 S

22/23
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Ceria (CeO,) nano powder

L ]
® Mimoun AOUINE, University Lyon I, F . Wildfire heating single-tilt holder @QIENS, +70/-70°
|RC‘E L?UN 7 C:\(shared-dir)_and_(TE_on_O\TEM_Scripting_(shared_mpc-d3305)\CorrelTra.. = = 3% '] EA2918-06-15_newchip_(Ce02-PO\+70_-70... = %
® Anne-Sophie GAY, Amandine CABIAC, c Trackertre
: (' : [ e ;
IFPen, Solaize, F iQfP,f:j:g,;:: - shorod
— ‘3
e Consortium Lyon — St-Etienne de Microscopie ( LYM 1K series, 100 fps, mag 16 500
® Tracking every 25 frames, time of analysis = 8 s
o
e French ANR project ‘3DCLEAN’ n°15-CE09-0009-01, @
LabeX ‘IMUST’ University of Lyon
| €. iMUST
. [@]DENS GATAN
solutions
[ ] L]
e Www.metsa.fr oo::%}} meTsa
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