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(Small-Angle X-ray Scattering (SAXS))

c¥ :
A X R : v Hg)~ gt (B R)
RELRT B % : : ~4REREEy
ks q=ks-ki & : | E Kq) ~ g6~ 1&[75‘%\75\%75\0
' (d: B 7 7 2 ZILRKT) 9nm~umj__ \\_
ki 1 .

D’ﬁgﬂ; I(g) ~ exp (-g*R&2/3) i 0) z|Z il}] E,‘J @*ﬁ ﬁll‘aﬁi

g =|gl=4msin O /A (Re: RIEEE) E #E (%EE%“ZIJ:Z:E)

Fig. 1 Schematic view of X-ray scattering.
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Fig. 2 Typical information on particulate sample obtained by
Intermediate Filament (IF) SAXS.
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2D imaging (PrOJectlon Radiography)

Discovery of X-rays (Nov 1895 by W. C. Rontgen)

Tk um(m Netn o ’

Fluoroscope
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2D imaging + time
(Projection Radiography)

X-ray radiography | Mosquito sucking blood (from Kikuchi et al.)

Continuous mode pumping Burst mode pumping

All sequences analyzed Representative sequence

Aedes mosquitoes Aedes mosquitoes

X-ray video from Argonne National Laboratory X-ray video from Argonne National Laboratory

us order temporal resolution

K. Kikuchi et al., Sci. Rep. 8 (2018) 4885.



3D imaging (tomography)

X-ray computed tomography (CT) is a computerized method of
calculating the cross-sectional area inside a sample by
irradiating the sample with X-rays from various directions and
capturing all the transmitted images.

X-ray CT has been widely used mainly in the medical field since
it was developed by Hounsfield et al. in 1972. It is also used for
non-destructive testing of products.

Nobel Prize in Physiology or Medicine 1979

X-ray CT
X-ray source 3D structre

Capacitor

Image detector

https://en.wikipedia.org/wiki/Godfrey Hounsfield 54
https://www.nobelprize.org/prizes/medicine/1979/cormack/facts/



Computed Tomography (CT)
— Sinogram —
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High-speed 4D X-ray CT

for repeatable motion

Obtained by Dr. Marco Stampanoni (Swiss Light Source (SLS))

https://www.youtube.com/watch?v=yIKI_JMrYuE



4D X-ray CT for Repeatable Motion
(X-ray Elastography)

Storage modulus

. interpolate storage xy

CT cross-sectional image
(coronal image)

5000

Oscillation frequency: 256 Hz
Measurement time: 0.5 s

Specimen:
porcine lung =

storage[Pa]

A »
<« »

100 150 200 250 300

Displacement maps Loss modulus

Vertical Horizontal interpolate loss xy

3
3

100

150

200

o
displacement [pixel]
o
displacement [pixel]
loss modulus [Pa]

250

o

300

100 150 200 250 300

*Spatial resolution: 20 pm
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Comparison with previously published papers
on High-speed (4D) X-ray tomography

W. Voegeli et al.,
Optica (2020)

10 —
1 —
=
je)
S 01—
(@)
(7]
Qo
S 0.01 -
]
o

\

F. Garcia-Moreno et al.,
Nature Communications
(2019)

0

2016
2017

\, ~ N 2019

(X m 2007y ]

> NS - 7 .2015
Our team

I 1 IIIIIIII LI IIIIIII 1 IIIIIIII LI IIIlIII 1 IIIIIIII 1 IIIIIII|
0001 0.001 0.01 0.1 1 10 100

Temporal resolution [sec]

_______________________________________________________________________________________________

' x: without sample rotation (lab source)

e: with sample rotation (SR) (m: using compressed sensing)

i Blue: our papers

' Red: other papers (line: a tradeoff between spatial & temporal resolutions)
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Experimental setup of
high-speed X-ray tomography
with sample rotation

Absorption High-speed
: grating CMOS camera
BL28B2, SPring-8
BL14C, Photon Factory L
Phase A/7 ens
grating
Sample
_>
') Mirror
White
synchrotron
X-ray beam \
Scintillator
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4D phase tomography of glue

Observation of irradiation effect
(temporal resolution: 0.5 sec)

A. Momose, Yashiro et al.,
Opt. Exp. 19 (2011) 8423-8432.




Sub-10 ms X-ray tomography
@SPring-8 BL28B2 (sample: a piece of wood)

Measurement time:
Projection images Tomograms 8.90 msec
Transmittance
images

Absorption

(defocus)
tomogram

Differential phase
images

Phase
tomogram

Spatial resolution:
38 um

W. Yashiro et al., Appl. Phys. Express 10 (2017) 052501 (Spotlights).



Image acquisition sequence

3-step fringe scan (2.5 turns = 4.43 ms)
Visibility of moiré fringes: 31 %

Millisecond-order X-ray tomography 7
% 1080
. . . . S
with fringe scanning@SPring-8 BL28B2 =
C T T T T T ‘ 2 720
I Sample:a piece of wood : @
i Rotation speed: 0.886 msec (113 projs)/half turn : I5
' Frame rate: 127,500 fps : ©
! Scintillator: 40 pm-thickGAGG (Gd3Al,GasO; (Ce)) : S 360
. Effective pixel size@sample:9.9 ym (spatial resolution: 21 pm) : a L~ B 2
\ Projection Image size: 128 pixel x 64 pixel ' § Fproj B
1 [}
| |

Transmittance
images

Absorption
(defocus)
tomogram

Phase
tomogram

Differential phase
images

W. Yashiro et al., Appl. Phys. Express 11 (2018) 122501.



A problem arises

for a higher temporal resolution

__________________________________________________

Sample: 3/32-inch diameter Polypropylene sphere
Record: 37,500 fps

(26.7 usec/frame; exposure time: 6.67 pusec/image)
Rotation speed: 2.0 msec (75 projs)/half turn

Period of moiré fringes: 4.9 pixel (47 um)

Phase
tomogram

Absorption o i

(defocus)
tomogram
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Application of compressed sensing
(Sparse-view CT)

Tomogram without

Total Variation regularization

streak artifacts

minimize ||_'Z — Az”2 + ’g”(p(f)”% Sample: 3/32-inch PP §phere
Projection  Image we want L; NOrm (number of projections: 38)

image to obtain
|||ty (Total Variation norm) was used forg ()

— 2
Iy = Y (BT )" + (5] 2)° 1]

J Difference Difference
in horizontal in vertical
direction direction

Edges are conserved, but image is smoothed _
2 2 Measurement time: 2 ms

W. Yashiro et al., Jon. J. Appl. Phys. 56 (2017) 112503. 68
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R. Mashita et al., J. Synchrotron Rad. 28 (2021) 322-326.

R THMEL-EE (ERT LI E KR 1R1H)
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+70° Multi-beam imaging optics (2018~2019)

Small curvature of Si wafer
A large number of wide reflected X-ray beams

Hyperboloid—>No spherical aberration
Narrow energy-band width

Long focus

Fy Diffracted
X-ray beams

AN

Bent 4 =
crystal Sample Iv| 11!

Medium focus

Crystal 1

Crystal 2
Crystal 3

Short focus b%’ '

R R
= o

i

W. Voegeli et al., Optica (2020).
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Mirror

Lens
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Experimental setup at BL28B2, SPring-8 &
our team members with masks (2020.7)
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Proof-of-concept of 1 ms X-ray tomography with
multi-beam imaging system

ample: 50 ym-diameter tungsten wire
xposure time: 1 ms

CT reconstruction: TV regularization based on
super-compressed sensing
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Top view Sample Published in Optica (2020) (2020IF = 11.1)

W. Voegeli et al., Optica (2020). /3
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Sheet of images from one of
the three Monkeyshines films
(c. 1889-90) produced as tests
of an early version of the
Kinetoscope

*Monkeyshines: mischievous or playful activity



Applications of millisecond multi-beam X-ray tomography

Breakage of soft materials

Breakage of soft materials

Mosquito sucking blood

Peeling process

— Adhesion tape, bond
Movement of crystal grain boundary
Liquid

Collisions of liquid & liquid, solid & liquid

(Microfluid dynamics, Biomimetics)

Continuous mode pumping

All sequences analyzed
Aedes mosquitoes

X-ray video from Argonne National Laboratory

0.5 mm

Evaporation process

Movement of grain boundary

Particle imaging velocimetry (PIV)

(a) t

Insects f ‘f

Mosquito, ant, pill bug etc.

(e) lH

Atomization

(S)0.2 |

0.

Boring with drill
Dynamical change in elastic modulus

Fatigue, Wear

> Difficult to observe by visible light microscope
v" Opaque
v Thick (not within depth of focus)
v With variable brightness

> 3D
> Spatial resolution: a few tens of um
» Temporal resolution: 1 ms
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C. Kamezawa et al., Appl. Phys. Express 13 (2020) 042004.
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J. Svnchrotron Rad. (2011) 18. Nature 528 (2015) 551.

1 GB/IsDEZIAAZEEDISEE:
#3764 GB/min — #44 TB/h
#9100 TB/d
%91 PB/200 h
%94 PB/1000h
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