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ABSTRACT

In this study, high-energy x-ray nanotomography (nano-computed tomography, nano-CT) based on full-field x-ray microscopy was devel-
oped. Fine two-dimensional and three-dimensional (3D) structures with linewidths of 75 nm—100 nm were successfully resolved in the x-ray
energy range of 15 keVV-37.7 keV. The effective field of view was pm, and the typical measurement time for one tomographic scan was
30 min—60 min. The optical system was established at the 250-m-long beamline 20XU of SPring-8 to realize greater than 100x magnification
images. An apodization Fresnel zone plate (A-FZP), specifically developed for high-energy x-ray imaging, was used as the objective lens. The
design of the A-FZP for high-energy imaging is discussed, and its diffraction efficiency distribution is evaluated. The spatial resolutions of
this system at energies of 15 keV, 20 keV, 30 keV, and 37.7 keV were examined using a test object, and the measured values are shown to
be in good agreement with theoretical values. High-energy x-ray nano-CT in combination with x-ray micro-CT is applied for 3D multiscale
imaging. The entire bodies of bulky samples, [Tinm in diameter, were measured with the micro-CT, and the nano-CT was used for nonde-
structive observation of regions of interest. Examples of multiscale CT measurements involving carbon steel, mouse bones, and a meteorite
are discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020293

I. INTRODUCTION

High-spatial-resolution x-ray computed tomography (CT)
based on a full-field x-ray microscope, known as x-ray nanotomog-
raphy (nano-computed tomography, nano-CT), is widely used for
realizing nanometer-scale three-dimensional (3D) nondestructive
observation of the inner structures of objects. Most variants, includ-
ing those based on synchrotron-radiation (SR) sources and labora-
tory sources, are designed to be used at an x-ray energy range of
less than 15 keV,"** which is sufficient for many types of mate-
rials with sample dimensions less than several tens of microme-
ters [the typical field of view (FOV) for nano-CT systems]. How-
ever, for 3D imaging of high-Z materials, x rays must possess

higher energy (several tens of keV). For various types of materi-
als, including metals, minerals, and ceramics, the high penetrating
power of high-energy x rays relaxes the requirements for the sam-
ple size to the millimeter order and enables multiscale CT imag-
ing through the use of nano-CT and micro-CT to obtain wide
FOVs. Because no subdivision of the bulky sample is required,
in situ, ex situ, and operando measurements are easily achieved. In
some domains, such as electrical devices and batteries, it is impor-
tant to be able to observe the internal structures at the nanome-
ter scale while maintaining the bulk state of the sample. However,
the high penetrating power of high-energy x rays causes low sen-
sitivity because of its low interaction with matter. This problem
can be solved by employing phase-contrast imaging, which can
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improve sensitivity by one to three orders of magnitude compared to
conventional absorption contrast.’* Low radiation damage, another
advantage of high-energy x rays, enables high-resolution observa-
tions of biological specimens and soft materials. Thus, the demand
for high-energy x-ray nano-CT is significant in many domains. Nev-
ertheless, only a few nano-CT systems support this high-energy
x-ray application. Only nano-holotomography at the European
Synchrotron Radiation Facility, which uses Kirkpatrick—Baez (KB)
mirrors, has been practically used in the x-ray region over 30
keV."> " Nano-CT, which uses compound refractive lenses (CRLS)
for energies up to 50 keV, is equipped at the P05 imaging beamline
of PETRA 111,520 although any results involving high-energy x-ray
nano-CT are yet to be reported. Even if the conditions are lowered
to 20 keV, only the nano-CT that uses a Fresnel zone plate (FZP) at
the Swiss Light Source can be considered a high-energy-compatible
system.”

There are two main challenges in realizing high-energy x-ray
nano-CT. The first is the difficulty in fabricating optical devices with
sufficient precision and efficiency. Second, a particularly long opti-
cal tube is required to achieve high magnification, as the focal length
of an optical device increases as the x-ray energy requirements
increase.

We developed a high-energy x-ray Zernike phase-contrast
full-field microscope at the SR facility, SPring-8, Japan. Our sys-
tem enabled 3D nanotomographic imaging in the x-ray energy
region of 15 keV-37.7 keV. Both the aforementioned challenges
were overcome as follows. To overcome the first challenge, an
apodization FZP (A-FZP), which can be used to obtain high
efficiency in high-energy x-ray regions, was employed as the
objective lens.”” To address the second challenge, the system
was established at the 250-m-long beamline 20XU (BL20XU) of
SPring-8,”° thereby enabling greater than 100x high magnifica-
tion even for x-ray energy regions of several tens of kilo-electron
volt.

In this paper, an A-FZP is first described in terms of its use as
an objective lens for high-energy x-ray nano-CT. Next, we describe
the development of a full-field high-energy x-ray microscope,
after which we present the experimental results of high-energy
x-ray 2D and 3D nano-imaging. Finally, some applications are
presented.

Il. A-FZP FOR HIGH-ENERGY X-RAY OBJECTIVE LENS

In nano-CT measurements, in which the object is rotated
and its transmission images are acquired from all angles, its 3D
FOV is limited by the smaller lateral FOV and the depth of field
(DOF) of the optical system. If the lateral FOV is larger than the
DOF, then the optical system can be considered off-axis-aberration-
free, and the conventional backprojection method for a parallel-
beam projection geometry is applicable for nano-CT reconstruc-
tion, regardless of the illumination.””~*° It has been proven in
FZP optics that the lateral FOV determined by every Seidel’s off-
axis aberration (coma, astigmatism, distortion, and field of curva-
ture) always satisfies this condition in the hard-x-ray region.”’?¢
Therefore, FZPs are promising devices as objective lenses for x-ray
nano-CT.

However, one problem associated with FZP optics is the trade-
off between spatial resolution and efficiency. Furthermore, this
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FIG. 1. A-FZP (a) overview, (b) cross section, and (c) efficiency distribution. A
conventional FZP is included for comparison [(a')—(c’)].

trade-off becomes more severe as the x-ray energy increases. The
spatial resolution of an FZP is determined by the outermost zone
width d, while its diffraction efficiency is determined by the zone
thickness t, which must be high for high-energy x rays. There-
fore, a high aspect ratio, t/d, is required to achieve high resolu-
tion and high efficiency. Although FZP manufacturing techniques
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FIG. 2. Comparison of cross-sectional structures between (a) conventional FZP
with radius r, thickness t, and outermost zone width d; (b) A-FZP for high resolution
with radius ra (>r), thickness t, and outermost zone width dp (<d); (c) A-FZP for
high efficiency with radius r, thickness ta (>t), and outermost zone width d; and
(d) A-FZP for high resolution and high efficiency with radius ra, thickness t,, and
outermost zone width da.
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TABLE |. Typical parameters of the A-FZP used (NTT Advanced Technology, Japan).

Base plate Si 10 mm x 10 mm x 0.625 mm
Membrane Ru 20 nm/SiC 2 um/SiN 0.3 um
Zone material Ta

Diameter 310 ym

Outermost zone width 100 nm

Thickness of inner-half zones 2um

Zone number 775

Focal length at 30 keV 750 mm

have advanced through state-of-the-art electron beam lithography,
it has been technically difficult to realize an aspect ratio higher than
10. Therefore, most FZP optics have been used only in an energy
region of [10 keV or lower. Thus far, various methods and innova-
tions have been proposed to increase the aspect ratio or the interac-
tion zone, for example, stacked FZPs,?°*° double patterning,** zone-
doubled FZPs,*?** double-sided FZPs,* total-reflection FZPs,** and
vertical directionality-controlled metal-assisted chemical etching.*
Multilayer FZPs,*’=*° which make it considerably easier to fabricate
thick zone patterns compared to lithography FZPs, have been devel-
oped and used to realize full-field x-ray microscopy at several tens
of kilo-electron volt;*° however, they have not yet been practically
applied.

We used an A-FZP for high-energy x-ray imaging (Fig. 1).%
Its zone thickness gradually decreased from the central to the
outer region [Figs. 1(a) and 1(b)]. Accordingly, the diffraction
efficiency gradually decreased from the inner to the outer region
[Fig. 1(c)], thereby realizing an apodization filter.** An A-FZP
structure in which the zone thickness gradually changes is realized
by utilizing the micro-loading effect, which decreases the etching
depth while simultaneously decreasing the pattern width using dry
etching. 24

Another advantage offered by an A-FZP is that the difference
in zone thickness between the central and outer regions makes it
technically possible to fabricate finer outer zones and/or thicker
inner zones than in conventional FZPs (Fig. 2). The former real-
izes high resolution [Fig. 2(b)], while the latter realizes high effi-
ciency [Fig. 2(c)] and is appropriate for use in high-energy x-ray
regions. Notably, high-resolution and high-efficiency A-FZPs can
be fabricated [Fig. 2(d)]. However, a significant difference in zone
thickness between the central and outer regions decreases the spatial

~

=

~—
o
[ )

o
o —
— s

o
o
wn

Efficiency of 1st diffraction

0

-200-150-100 -50 0O

Position [um]

ARTICLE scitation.org/journal/rsi

0.35 4

® Measured value
---- 1 um thickness

— - 1.5 pm thickness
— 2 um thickness

0.3
0.25 I

=
g
E
=
5 02 -
< 0.15 -
(=]
g o1 - .
A A\ O A B
g o005 1 Vo T ~e
2 [ £ S
0 :
0 5 10 15 20 25 30

Photon energy [keV]

FIG. 3. Measured first-order diffraction efficiency of the A-FZP. Theoretical values
of tantalum FZPs with thicknesses of 1 um, 1.5 ym, and 2 pm are also depicted.

resolution and efficiency. The thickness ratio between the thick-
est and thinnest zones should be less than 2 to satisfy Rayleigh'’s
quarter-wavelength rule, considering that an optimized FZP is a
half-wavelength shifter.

The typical parameters of the A-FZP used in this study are listed
in Table 1. This device was fabricated via electron-beam lithogra-
phy and reactive-ion etching at Nippon Telegraph and Telephone
(NTT) Advanced Technology.**** The inner-half zones were com-
pletely etched (over-etched), whereas the outer-half zones were par-
tially etched to realize a gradually changing zone thickness utilizing
the micro-loading effect. Therefore, the thicknesses of the outer-half
regions gradually decreased from the interior to the exterior.

Figure 3 depicts the relationship between the x-ray energy and
efficiency measured for the first-order diffraction of the A-FZP. In
addition, it shows the theoretical efficiencies of conventional FZPs
with uniform zone thickness, expressed as

Efficiency =1/m*{1 + exp(—4npt/\)
— 2exp(—2npt/N)cos(—2ndt/A)},

where A is the wavelength and 1 — & + if is the complex
refractive index of the zone material.*>“° A diffraction -effi-
ciency of [10% was achieved at 20 keV. Figure 4 depicts a 2D

FIG. 4. (a) 2D distribution of first-order
diffraction efficiency of the A-FZP and
(b) its cross-sectional profile. Theoretical
values of a conventional FZP with 1 pm
thickness are also shown by the broken
line.
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distribution and the cross-sectional profile of the A-FZP for the first-
order diffraction efficiency. The measurement method is described
in the literature.”” The efficiency gradually changes from the inner
to outer region, confirming the realization of apodized apertures.
The theoretical values of the diffraction efficiency distribution of
a conventional FZP, which is assumed to have the same outer-
most zone width as the A-FZP and uniform zone thickness tech-
nically limited by the aspect ratio, are also shown in Fig. 4(h).
The conventional FZP has a uniform distribution of the diffrac-
tion efficiency, whereas the A-FZP has notably higher diffraction
efficiencies in the inner regions. This results in the A-FZP hav-
ing a higher overall diffraction efficiency than the conventional
FZP.

I1l. FULL-FIELD HIGH-ENERGY X-RAY MICROSCOPY
A. Overview of the system

Figure 5(a) depicts the high-energy x-ray nano-CT system
based on full-field x-ray microscopy at BL20XU. Radiation pro-
duced using a 173-pole planar undulator, which was installed in
the SPring-8 8 GeV electron storage ring, was monochromatized
by passing it through a liquid-nitrogen-cooled Si (111) double-
crystal monochromator. The high harmonics were suppressed by

Object ~Objective gy focal

ARTICLE scitation.org/journal/rsi

detuning the monochromator. Hollow-cone illumination was pro-
duced using a rotating sector condenser zone plate (CZP), com-
prised of eight concentrically arranged linear diffraction gratings
with a half-pitch of 200 nm.*”“¢ A tantalum center beam stop (diam-
eter: 250 ym and thickness: 1000 ym) and tantalum four-jaw slit
with an opening size of 70 pm x 70 ym were used for diffrac-
tion order sorting. This illuminating system provided a photon flux
density of 20-keV, delivering CID x 10** photons/s/fmm? at the
sample location. The sample was mounted on a high-precision,
slide-guide rotation stage for tomographic scanning (CRAOQ70-
002, Kohzu Precision Co. Ltd., Japan). The wobble of the rota-
tion stage was estimated to be less than 100nm."* The A-FZP
was used as the objective lens. Zernike phase plates (ZPPs, NTT
Advanced Technology, Japan) optimized for imaging at x-ray ener-
gies of 20 keV, 30 keV, and 37.7 keV were installed on the back
focal plane of the objective lens. The illuminating system, sam-
ple stage, objective A-FZP, and ZPP were installed in the first
experimental hutch, located in the SPring-8 Storage Ring Build-
ing. A beam stop and x-ray image detector were installed in the
second experimental hutch, located in the Medium-Length Beam-
line Facility built outside of the Storage Ring Building. The x-ray
image detector was composed of a visible-light conversion unit
(M11427, Hamamatsu Photonics, Japan) and a scientific comple-
mentary metal-oxide—semiconductor (SCMQOS) camera (C13440-
20CU, Hamamatsu Photonics, Japan). The effective pixel size could

Image
plane

—— plane Dla
\ ‘
P ~165 m R

Image
Detector

FIG. 5. (a) High-energy x-ray nano-CT

and (b) micro-CT.
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TABLE II. Parameters of high-energy x-ray nano-CT and micro-CT.

Mode FOV (um) Res.(um) Voxel (um) Pixel format
Nano-CT 60-80 0.15-0.2 0.03-0.04 2048 x 2048
Micro-CT 1000 21 05 2048 x 2048

be varied from 6.5 um to 19 um by using a two-lens-coupled sys-
tem inside M11427. A single crystal of LugAlsO1,:Ce* (LUAG:Ce)
or GdsAl,Gag01,:Ce* (GAGG:Ce), or a coating of powder-type P43
(Gd,0,5:Tb*) phosphor, was used as a visible-light converter. The
tomography scan was performed in the on-the-fly scan mode. The
transmission x-ray images of the sample at different rotation angles
were typically acquired with a 0.1° interval in each tomography scan.
The convolution backprojection method was used for tomographic
reconstruction. The typical parameters of the nano-CT are listed in
Table I1.

B. Design of high-magnification optical system
for high-energy x-ray region

The positions of the sample at the object plane, the objec-
tive lens, and the image detector at the image plane are strictly
determined by using the Gaussian lens formula,

f= l/Zl + 1/22, (1)

FIG. 6. Zernike-phase-contrast (above) and absorption-contrast (below) x-ray
images of the tantalum test chart (XRESO-50HC, NTT Advanced Technology,
Japan) and their magnified central regions (right). The x-ray energy was 15 keV.
The magnification was 440%. A 200-um-thick LUAG:Ce single-crystal plate (Hama-
matsu Photonics, Japan) was used as the scintillator for the x-ray image detector.
The effective pixel size was 31.4 nm, and the exposure time was 105s.

ARTICLE scitation.org/journal/rsi

where f, z1, and z, denote the focal length of the objective lens, the
sample-to-objective distance, and the objective-to-detector distance,
respectively. Furthermore, z; and z, can be expressed as L = z; + z»
and M = z,/z;, where L and M are the optical tube length of the
full-field microscope and the magnification of the optical system,
respectively. Therefore, the relationship between L and M is derived
using the Gaussian lens formula,

(M+1)?
L=>——=f. 2
v @
For large values of M, L can be approximated as
L CMmf. ©))

The focal distance of the FZP is approximately given from the
Fresnel diffraction formula,

rn? = nAf, O]

where r, denotes the radius of the nth zone and A is the x-ray
wavelength.”’ Using these equations, we can derive the follow-
ing relationship between the optical tube length and the x-ray
wavelength:

N7

W=

/i

N

W,

7,

\\///

N

FIG. 7. Zerike-phase-contrast (above) and absorption-contrast (below) x-ray
images of the tantalum test chart and their magnified central regions (right). The
x-ray energy was 20 keV. The magnification was 330%. A 200-pm-thick LuUAG:Ce
single-crystal plate (Hamamatsu Photonics, Japan) was used as the scintillator for
the x-ray image detector. The effective pixel size was 31.4 nm, and the exposure
time was 10s.

Rev. Sci. Instrum. 92, 023701 (2021); doi: 10.1063/5.0020293
Published under license by AIP Publishing

92, 023701-5


https://scitation.org/journal/rsi

Review of

Scientific Instruments

where E denotes the x-ray energy. Therefore, to realize a high-energy
x-ray full-field microscope without compromising magnification,
one must accordingly increase the optical tube length. In addi-
tion, it becomes difficult for image detectors to achieve both high
spatial resolution and high efficiency as the x-ray energy increases
because a thicker scintillator is required. Therefore, further higher
magnification is required so that the x-ray microscope optics can
compensate for the resolution degradation of the detector. How-
ever, the optical tube length of a typical SR-based full-field x-ray
microscope ranges from approximately several meters to several
tens of meters and is limited by the size of the experimental hutch,
even for an energy of [10 keV. Therefore, it cannot be further
increased for x rays with higher energy. In this study, a signifi-
cantly large optical tube length was realized by installing the sys-
tem in the 250-m-long BL20XU undulator beamline of SPring-8.>
The distance between the first and second experimental hutches is
[185 m, which enables sufficiently high magnification for the high-
energy x-ray region. A preliminary experiment with a magnification
of 100x for an energy of 82 keV was performed using a multilayer
Fzp.*0

IV. EXPERIMENTS
A. Spatial-resolution evaluation for 2D imaging

The performance test for 2D imaging was conducted using
a tantalum test chart (XRESO-50HC, NTT Advanced Technology,

FIG. 8. Zemike-phase-contrast (above) and absorption-contrast (below) x-ray
images of the tantalum test chart and their magnified central regions (right). The
x-ray energy was 30 keV. The magnification was 210x. A 200-um-thick GAGG:Ce
single crystal plate (Hamamatsu Photonics, Japan) was used as the scintillator for
the x-ray image detector. The effective pixel size was 30.9 nm, and the exposure
time was 305s.

ARTICLE scitation.org/journal/rsi

Japan) with a fine structure of up to 50-nm lines and 50-nm spaces
with 500-nm thickness. The absorption-contrast and Zernike-phase-
contrast 2D images for x-ray energies of 15 keV, 20 keV, 30 keV, and
37.7 keV are depicted in Figs. 69, respectively. Pattern linewidths
as fine as [Z0nm (140 nm full pitch) were resolved at 15 keV and
20 keV (see Figs. 6 and 7). In the case of a full-field microscope
using the CZP and FZP, the spatial resolution limit As for the
periodic structure of an object placed at the center of the image
circle is

A

A= ——————————
7 NAczr + NAezp

(6)

where NAcze and NAgzp represent the numerical aperture of the
CZP and FZP, respectively. Equation (6) can be rewritten as

1 1 1
+ 1
2drzp

As  2dczp

6

where dczp and drzp represent the half-pattern pitch of the CZP
and outermost zone width of the FZP objective lens, respectively,
and the relationship between these zone widths and numerical aper-
tures [dczp CAY(2NAczp), drze CWV(2NAgzp)] is used.'%8%8 In the
present case (dczp = 200 nm and drzp = 100 nm), using Eq. (6'), the
spatial resolution can be rewritten as s = 4/3drzp = 133.3nm. The
measured value of 140 nm is in good agreement with the theoretical

FIG. 9. Zernike-phase-contrast (above) and absorption-contrast (below) x-ray
images of the tantalum test chart and their magnified central regions (right). The x-
ray energy was 37.7 keV. The magnification was 175%. A 200-pm-thick GAGG:Ce
single-crystal plate (Hamamatsu Photonics, Japan) was used as the scintillator for
the x-ray image detector. The effective pixel size was 38.9 nm, and the exposure
time was 20s.
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TABLE Ill. Parameters of the artificial, concentric Al/Cu multilayer pattern used as a
test object for 3D CT measurements.

Layer Linewidth
Base Al 25 ym diameter
1st—4th Cu/Al 250 nm
5th—-8th Cu/Al 200 nm
9th-12th Cu/Al 150 nm
13th-16th Cu/Al 100 nm
17th-20th Cu/Al 75 nm
21st-24th Cu/AlI'50 nm

25th Culpm

value of 133.3nm. Although the x-ray images obtained at 30 keV
and 37.7 keV contain some uneven background noise due to the
leakage of other diffraction orders from the A-FZP, linewidths of up
to 100 nm (200 nm full pitch) were resolved (see Figs. 8 and 9). For
each energy value, the image of the test chart is visible over an FOV
greater than 60 pm.

ARTICLE scitation.org/journal/rsi

B. Spatial-resolution evaluation for 3D CT imaging

To precisely measure the spatial resolution of 3D tomographic
images, an artificial, concentric pattern Al/Cu multilayer material
was used as a test sample. Al/Cu was deposited onto a rotating
Al wire substrate (diameter: 25 pm) via direct-current magnetron
sputtering.”® The parameters of the concentric pattern are listed in
Table 111, Figures 10 and 11 present the CT images at x-ray ener-
gies of 20 keV and 30 keV, respectively. Figures 10(f) and 11(e)
depict the profiles of the lines in Figs. 10(a) and 11(a), respectively.
In both images, multilayered Al/Cu patterns as fine as 75nm in
linewidth (150 nm full pitch) are visible, indicating good agreement
with the theoretical spatial-resolution value of 133.3 nm described in
Sec. IV A.

V. APPLICATIONS OF MULTISCALE 3D X-RAY
IMAGING

One of the advantages of using high-energy x rays is their
high penetrating power into materials, thereby enabling observa-
tions of thick or high-density objects. Accordingly, a multiscale
CT was developed at BL20XU by combining a micro-CT, based

FIG. 10. X-ray nano-CT images of a
concentric-pattern Al/Cu multilayer sam-
ple with absorption contrast [(a)-(c)] and
with Zernike-phase contrast [(d) and (e)].
(f) Profile of the line in (a). The x-ray
energy was 20 keV, and the magnifi-
cation was 330x. A 10-um-thick P43
powder coating (Hamamatsu Photonics,
Japan) was used as the scintillator for
the x-ray image detector. The effective
pixel size was 43.1nm, the exposure
time was 2s, and 1800 images were
acquired over a 180° rotation.
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on simple projection optics [see Fig. 5(b)], and a high-energy x-
ray nano-CT.°® The typical parameters of the micro-CT are listed
in Table 1. A high-resolution, visible-light conversion-type x-ray
camera unit (M11427-51 and C13440-20CU, Hamamatsu Photon-
ics, Japan) was used with 0.5 um pixel size. A 20-um-thick GAGG:Ce
single crystal was used as the scintillator, which enabled the obser-
vation of a diameter of up to 1 mm with a spatial resolution of
1 pm-2 pm. As depicted in Fig. 5, these two measurement modes
can be easily switched without dismounting the sample from the
holder. Only a few minutes are required for mode switching by slid-
ing the hollow-cone illuminating system and image detector behind
the sample in or out. The entire structure of the sample is mea-
sured in the micro-CT mode, and the region of interest (ROI) is
nondestructively measured in the nano-CT mode. The high pene-
trating power of x rays used to measure large samples, by contrast,
leads to reduced sensitivity. To solve this problem, high-sensitivity

ARTICLE scitation.org/journal/rsi

FIG. 11. X-ray nano-CT images of a
concentric Al/Cu multilayer pattern with
absorption contrast [(@) and (b)] and
Zernike-phase contrast [(c) and (d)]. (e)
Profile of the line in (a). The x-ray energy
was 30 keV. The magnification was
220%. A 200-pm-thick GAGG:Ce single
crystal (Hamamatsu Photonics, Japan)
was used as the scintillator for the x-ray
image detector. The effective pixel size
was 30.9 nm, the exposure time was 1s,
and 1800 images were acquired over a
180° rotation.

phase-contrast x-ray imaging methods such as Zernike's method
(the method selected for this study) or the defocusing method is
actively adopted in nano-CT. Here, three applications of multiscale
CT are introduced.

A. Dual-phase structure of carbon steel

Figure 12 depicts the virtual cross sections of dual-phase car-
bon steel, which is an iron—carbon alloy. It includes horizon-
tal, vertical, and oblique cross sections. The alloy composition
is Fe—0.1C-5Mn-1Si, comprising a ferrite matrix and metastable
retained austenite, which has a volume fraction of [22%. The densi-
ties of the ferrite and austenite phases are 7.71 g/cm® and 7.65 g/cm?,
respectively. Although the density difference between both phases
in the dual-phase carbon steel is only 0.7%, the metastable retained
austenite phase is clearly observed, as shown in Fig. 12. Because of
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FIG. 12. Carbon steel Fe-0.1C-5Mn-1Si imaged via multiscale CT. (a) Virtual
cross section, (c) longitudinal section, and (e) volume-rendering representation
measured in the micro-CT mode. (b), (d), and (f) depict high-magnification nano-
CT images of the ROIs delineated in (a), (c), and (e), respectively. In the micro-CT
mode, the x-ray energy was 37.7 keV, the pixel size was 0.52 pym, the exposure
time was 60 ms, and 1800 images were acquired over a 180° rotation. The nano-
CT mode had an x-ray energy of 30 keV, a Zernike-phase contrast mode was
applied, and magnification was 220x. A 200-pym-thick GAGG:Ce single crystal
(Hamamatsu Photonics, Japan) was used as the scintillator for the x-ray image
detector. The effective pixel size was 61.8 nm, the exposure time was 2's, and
1800 images were acquired over a 180° rotation.

the reasonably low degree of artifacts, image segmentation can be
used to quantitatively analyze the amount and morphologies of the
dispersed austenite phase. It can be observed from Fig. 12 that the
retained austenite phase appears to be particulate in nature and is
almost discontinuously dispersed. Additionally, some austenite par-
ticles are partly interconnected. Generally, the retained austenite
phase gradually transforms into the harder martensite phase upon
loading. The retained austenite phase gradually shrinks and disap-
pears as loading continues, indicating that such time-evolutionary
behavior can be clearly visualized using this imaging technique.

ARTICLE scitation.org/journal/rsi

B. Fine structures of mouse bone

Low radiation damage is one of the motivating factors for using
high-energy x rays. It enables detailed observations of medical and
biological samples. Bones contain abundant cells called osteocytes,

FIG. 13. Mouse fibula imaged via multiscale CT showing the network of osteocyte
lacunae and canaliculi. Virtual cross sections at (a) low and (b) high magnifica-
tion, and longitudinal sections at (c) low and (d) high magnifications through the
volume-rendering representation. A 3D image of the ROI (e) was superimposed
on the pseudo-color image of the lacuno-canalicular system (red). (a) and (c) were
obtained in the micro-CT mode, and (b) and (d)—(f) were obtained in the nano-CT
mode. In the micro-CT mode, the x-ray energy was 20 keV, the pixel size was
0.52 pm, the exposure time was 50 ms, and 1800 images were acquired over a
180° rotation. The nano-CT mode had an x-ray energy of 20 keV, a Zernike-
phase contrast mode was applied, and magnification was 330%. A 200-um-thick
LUAG:Ce single crystal (Hamamatsu Photonics, Japan) was used as the scintilla-
tor for the x-ray image detector. The effective pixel size was 25.7 nm, the exposure
time was 1's, and 1800 images were acquired over a 180° rotation.
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FIG. 14. Murchison meteorite imaged via multiscale CT. (a) Virtual cross section of the entire sample (a pixel size of 3 um). (b) Interior image of the circled ROI in (a)
measured in the micro-CT mode. (c) Interior image of the circled ROl in (b) measured in the nano-CT mode. In the micro-CT mode, the x-ray energy was 37.7 keV, the
pixel size was 0.52 pym, the exposure time was 50 ms, and 1800 images were acquired over a 180° rotation. In the nano-CT mode, the x-ray energy was 37.7 keV, and
magnification was 175x. A 200-pm-thick GAGG:Ce single crystal (Hamamatsu Photonics, Japan) was used as the scintillator for the x-ray image detector. The effective pixel
size was 38.9 nm, the exposure time was 2 s, and 1800 images were acquired over a 180° rotation.

which are found in lacunae. The osteocyte lacuno-canalicular sys-
tem, which is a large network, is critical for maintaining the bone
matrix and has been analyzed via SR.°" Figure 13 depicts an adult
mouse fibula, which is smaller of the two long bones of the lower
leg. CT imaging of the fibula at its smallest diameter (300 um) pro-
vided a full cross-sectional view [Fig. 13(a)]. Additionally, magnifi-
cation of the circled ROI revealed osteocyte lacunae and canaliculi of
[OB pm diameter [Fig. 13(b)]. The long axes of the osteocyte lacu-
nae were parallel to the long axis of the bone [Figs. 13(c) and 13(d)].
A 3D image of the magnified ROI [Fig. 13(e)] was superimposed on
the pseudo-colored void that corresponded to the lacuno-canalicular
system, revealing the extension of numerous canaliculi from individ-
ual osteocyte lacunae [Fig. 13()]. These data demonstrate that the
new optics system enables analysis of the lacuna-canalicular system
and other fine structures in biological samples at a high nano-CT
resolution in a defined ROI, while providing a wide FOV in the
micro-CT.

C. Extraterrestrial materials

A nondestructive multiscale CT measurement of a small par-
ticle of the Murchison meteorite, which is a type of carbonaceous
chondrite, is depicted in Fig. 14. The CT image of the entire sam-
ple is depicted in Fig. 14(a). A spherical polycrystal object called a
chondrule is observed in the circled region that might be comprised
of porphyritic olivine-pyroxene (POP), which maintains original
olivine and pyroxene without aqueous alteration. A bright region
is observed at the center of the chondrule. Figure 14(b) depicts
the interior CT image obtained in the micro-CT mode. Cracks
are observed along the interface of the mineral grain boundary.
Figure 14(c) depicts the interior CT image of the central region
of the chondrule obtained in the nano-CT mode. A fibrous-like
fine-grained crystalline structure (width: [Ium, length: several tens
of micrometers), characteristic of a hydrous mineral, is observed.
Because the conditions under which liquid water enters the anhy-
drous silicate POPs are severely limited, the evolution of these
types of meteorites may be understood by carefully analyzing these
conditions. The carbonaceous chondrite group may have originated

from C- and B-type asteroids, such as “RYUGU” and “BENNU,”
which are the destinations of the ongoing sample-return missions
by Japan and the United States, respectively. The Murchison mete-
orite is considered as an analogous case for analyzing the samples to
be returned by these space missions. Because the subdivision of the
sample and exposure of the ROI to the terrestrial atmosphere may
cause deterioration and/or destruction of minerals in the sample, the
multiscale CT, which enables the nondestructive observation of the
ROI, should prove effective in these observations. However, because
it is difficult to determine the chemical states of these mineral phases
via CT measurements alone, it will first be necessary to select and
apply a suitable measurement method, for example, microbeam x-
ray diffraction analysis, to examine these chemical states in the near
future.

VI. CONCLUSION

In this paper, high-energy x-ray nano-CT, which is based on
full-field x-ray microscopy and can be used in the energy region
of 15 keVV-37.7 keV, was described. An A-FZP developed for high-
energy x-ray imaging was used as the objective lens. Furthermore,
a 165-m-long optical tube enabled a magnification greater than
100x over the x-ray energy range used. Fine 3D structures with
linewidths of 75 nm-100 nm were resolved via CT measurements to
nearly diffraction-limited resolution within measurement times of
30 min-60 min. Multiscale CT imaging through the use of nano-CT
and micro-CT allowed for the nondestructive nanoscale 3D obser-
vation of bulky samples ([Iinm), e.g., metals, biological specimens,
and extraterrestrial materials.
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