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Cover micrograph
The high angle annular dark field (HAADF) image, electric
¿HOGDQGFKDUJHGHQVLW\FDOFXODWHGIURPDWRPLFUHVROXWLRQIRXU
dimensional scanning transmission electron microscopy (4D
STEM) data showing the polarization gradient across a BiFeO3SrTiO 3 (ferroelectric-insulator) interface. The corresponding
atomic structure model from density functional theory is shown at
the top (see page 2 to 8).
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The redistribution of electrons when atoms are bound together in a lattice determines many of the properties
of bulk crystalline materials and nanostructured materials. Therefore, the measurement of electron charge density
is an important step in building structure-property relationships. With the sub-Å spatial resolution possible in an
aberration-corrected scanning transmission electron microscope (AC-STEM), they are the ideal instrument to probe
the electron interaction with local charges in materials. Recording a full diffraction pattern for every position of the
scanning probe can capture the details of how the electron beam is inﬂuenced by local electric ﬁeld. However, this
has only recently become possible due to the developments in fast pixelated electron detectors. In this article, we
will describe a method for extracting the real-space charge density from four-dimensional scanning diffraction data,
utilizing the JEOL JEM-ARM300F aberration-corrected S/TEM equipped with a Gatan OneView camera and STEMx
system at the University of California, Irvine Materials Research Institute (IMRI). By analyzing the high-quality images
of the real-space charge density, we studied the dipole in ferroelectric BiFeO3 and the charge redistribution at a
BiFeO3-SrTiO3 (ferroelectric-insulator) interface.

Introduction
The development of aberration corrected transmission electron
microscopes and fast pixelated electron detectors has led to the
emergence of four-dimensional STEM (4D STEM) imaging,
where a diffraction pattern is captured for every scanning
position, as a prominent new method for studying materials
down to atomic resolution. Diffraction patterns carry a great
wealth of information about the electron beam’s interaction
with the sample, much of which is discarded by conventional
STEM detectors when the signal is integrated to generate only
a single pixel value per position of the probe. Some angular
dependence can be extracted from the varying collection
angles of conventional detectors, but most information is still
lost. Initial efforts to capture additional information from
conventional STEM detectors resulted in the development of
segmented detectors [1] and differential phase contrast (DPC)
imaging, which splits a monolithic detector into several sections
and estimates the momentum shift of the probe by measuring
the intensity difference between opposing segments; this is
shown schematically in Fig. 1 a, b. Imaging with this method
was first demonstrated at atomic resolution by Shibata, et al
[2]. Subsequent work used DPC to image the electric field
surrounding single gold atoms [3] and in GaN [4]. Integrated
DPC (iDPC) imaging has also proven to be an effective method

for simultaneously imaging both light and heavy elements [5].
For example, recent work has used iDPC to measure the shift of
oxygen octahedra in PbTiO3-SrTiO3 superlattices and accurately
quantify the polarization [6].
As high-speed pixelated electron detectors and cameras
have proliferated in the electron microscopy community, 4D
STEM has garnered significant interest due to its versatility.
With a 4D diffraction dataset, any type of STEM image
EULJKW¿HOGDQQXODUEULJKW¿HOGRUDQQXODUGDUN¿HOG FDQEH
generated [7]. Virtual apertures with arbitrary shape applied
in post processing can also be used to generate images that
would be impossible with a physical aperture plate [8]. But
arbitrary image reconstruction is only the beginning of what
is possible. If diffraction disks are separated, their spacing can
be analyzed to map strain [9] or the symmetry can be analyzed
to determine crystallographic orientation [10]. Nanocrystalline
ordering in materials that are typically too disordered for high
resolution imaging, such as organic semiconductors, can also
be studied with this method [11]. If the diffraction disks are
slightly overlapped, ptychography can be used to reconstruct
the full exit wave function of the probe [12]. This enables image
reconstruction with ultra-high resolution [13] and also retrieval
of the projected atomic potential [14, 15]. In this condition,
techniques for quantitively mapping the sample’s thickness and
orientation have also been developed [16, 17].

〉〉Irvine, CA 92697, USA | E-mail: xiaoqing.pan@uci.edu

2

Fig. 1 Experimental setup and the electric field in SrTiO 3 .

a, A schematic of the electron probe interacting
with an electric ﬁeld in the sample. An electric
field pointing left shifts the beam to the right.
b, A DPC detector with the center disk of the
CBED pattern overlaid. The dotted circles show
the undeﬂected position of the center disk and
the solid circle shows the deﬂected position that
results from interaction with an electric ﬁeld. c, d,
The projected potential map of a simulated GaN
lattice from DFT projected along [1120] (c). The
white curve shows a line proﬁle of a simulated
electron probe. The markers 1 and 2 indicate
the position of the probe associated with the
CBED patterns in d. The × in each CBED pattern
indicates the shift in the momentum from the
origin. The scale bar in c is 1 Å. The scale bar in
d is 10 mrad. a-d are reproduced from Muller et
al., Nat. Comm., 2014 [18]. e, On top, a HAADF
image of STO with the atomic structure overlaid.
On bottom, the electric field measured from
DPC. The left image shows the direction and
magnitude of the electric ﬁeld based on the inset
color wheel. The right image shows only the
magnitude of the electric ﬁeld. e is reproduced
from Shibata et al., Nat. Comm., 2017 [3]. f, Raw
4D STEM data from 1 unit cell of STO; the inset
shows a zoomed in image of one CBED pattern.
g, the electric ﬁeld calculated from 4D STEM.

Our research at UCI has focused on using the highly
overlapped convergent beam electron diffraction (CBED)
SDWWHUQVIRUUHFRQVWUXFWLQJWKHHOHFWULF¿HOGDQGFKDUJHGHQVLW\
at atomic resolution as originally proposed by Muller et al [18].
In this technique, the CBED pattern is used as momentum space
image of the electron probe. Just as in DPC imaging, a probe
placed near to a nucleus will experience a strong shift in its
PRPHQWXPGXHWRWKHHOHFWULF¿HOGRIWKHQXFOHXVWKLVLVVKRZQ
for a simulated GaN lattice in Fig. 1 c, d from Muller et al. [18]
However, in 4D STEM, the full diffraction pattern is analyzed
to determine the momentum shift instead of integrating different
segments. In thin samples, the change in momentum of the probe
(also called the momentum transfer) is negatively proportional
to the average electric field in the interaction volume [18,
19]. This linear relationship relies on several assumptions,
such as the probe experiencing minimal broadening during
SURSDJDWLRQDQGWKHHOHFWULF¿HOGEHLQJDSSUR[LPDWHO\FRQVWDQW
over the interaction volume. However, for samples below ~6
nm thickness, these conditions can generally be met and this
technique can quantitatively map the electric field at atomic
resolution. The local charge density can then be calculated from
the electric field through the differential form of Gauss’ law
from basic electrodynamics.
Various other techniques using X-ray diffraction [20] and
transmission electron microscopy (TEM) have been developed
to study real-space charge density in the past, but they required
significant simulation and analysis of diffraction data from
the material under study. Quantitative convergent beam
electron diffraction is one such example where experimental
&%('SDWWHUQVPXVWEH¿WWRVLPXODWHG&%('SDWWHUQVEHIRUH
determining the charge density [21]. This methodology of
¿WWLQJH[SHULPHQWDOGDWDWRVLPXODWLRQPDNHVLWGLI¿FXOWWRVWXG\
irregular structures like defects and interfaces because of the
increasing complexity of the necessary simulations. But atomic
resolution 4D STEM allows us to overcome this barrier because
each diffraction pattern in the 4D dataset is acquired from an
area defined by the size of the electron probe and the highly
3
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localized charge distribution can be calculated without the need
for simulation [18, 19]. To image the charge density surrounding
a defect or interface, we need only to position our scanning
probe over the desired region; this opens the door to imaging the
charge density in all kinds of nanostructured materials.
In our work, we applied this method to a bulk SrTiO3 (STO),
bulk ferroelectric BiFeO3 (BFO), and a BFO-STO interface.
Ferroelectrics are an ideal system for applying this technique
because they have an intrinsic polarization and electric field;
in particular, BFO has a large spontaneous polarization that is
caused by the deformation of the Bi 6s lone pair which induces
a rotation of the FeO octahedra [22, 23]. It has been shown
previously that DPC is sensitive to the change in polarization
across ferroelectric domain walls in BaTiO3[2], but not in atomic
resolution images. In this review article, we will show how 4D
67(0FDQEHXVHGWRVWXG\WKHHOHFWULF¿HOGDQGFKDUJHGHQVLW\
at atomic resolution and briefly describe some of our related
simulation studies [24, 25].

Experimental Results and Discussion
Electric ﬁeld measurement in bulk SrTiO3

4D STEM data was collected on a JEOL JEM-ARM300F
aberration-corrected S/TEM. Using a convergence angle of 33
mrad, the achievable FWHM of the probe intensity is about
0.6 Å. Diffraction patterns were recorded at 300 fps on a Gatan
OneView camera synchronized using the Gatan STEMx system.
The fast framerate enables us to capture data from large regions
of interest at a small step size while maintaining minimal sample
drift. Similar to other studies, we used STO as a model system
for examining the electric field. A representative HAADF
image of STO is shown on top in Fig. 1e and, for comparison,
the associated electric field image from DPC is shown on the
bottom, both from Shibata et al [3]. We collected 4D STEM data
from STO with a 0.2 Å step size; raw 4D STEM data from one
unit cell of STO is shown in Fig. 1f.
Each diffraction pattern was analyzed to determine the
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momentum transfer (
) of the probe by calculating the shift of
the center of mass (侏
) of the image; the shift in the center
of mass is directly proportional to the momentum transfer
= 侏
is the momentum of the electron
(
), where
probe along the beam direction. The momentum transfer is then
UHODWHGWRWKHHOHFWULF¿HOGE\

=−

侏

where is the elementary charge,
is the velocity of electrons
along the beam direction, and 侏 is the sample thickness along
the beam direction [18, 19]. Since
and
are determined by
WKHDFFHOHUDWLQJYROWDJHWKHHOHFWULF¿HOGDWHYHU\SRLQWLQWKH
scan can be quantitively determined from
and the sample
thickness. We measured the thickness of our sample to be 5.6
± 1 nm using position averaged CBED [16]. The resulting
electric field is shown in Fig. 1g. The electric field points
radially outward from each nucleus, as would be expected from
the Coulomb potential surrounding a positive point charge
(the nucleus in this case) and in agreement with previous DPC
measurements. Since STO is not a ferroelectric and the structure
is symmetric, there is no intrinsic polarization and this is
UHÀHFWHGLQIDFWWKDWWKHHOHFWULF¿HOGVXUURXQGLQJHDFKDWRPLV
URWDWLRQDOO\V\PPHWULF7KHUHODWLYHPDJQLWXGHRIWKH¿HOGDOVR
reflects the atomic number of the nucleus, with the heavier Sr
DWRPLFFROXPQVVKRZLQJDVOLJKWO\VWURQJHU¿HOGWKDQWKH7L2
columns, which is stronger than the O columns.
Electric ﬁeld quantiﬁcation

We studied the quantification of the electric field from the
momentum transfer of the electron probe in more detail using
bulk STO as a model system. Extensive simulations have been
done to show the range of sample thicknesses for which the
HOHFWULF¿HOGLVHDVLO\TXDQWL¿DEOHLVOLPLWHGWRRQO\QPLQ
JHQHUDO>@+RZHYHUIURPRXUH[SHULPHQWVHOHFWULF¿HOGPDSV
from regions with up to 22 nm thickness appeared qualitatively
VLPLODUWRWKHHOHFWULF¿HOGPDSVIURPUHJLRQVZLWKRQO\QP

thickness. Figure 2a and b show maps of the momentum transfer
of the electron probe from two regions of an STO wedge sample
where the thickness is 5.6 nm and 22.5 nm, respectively. Despite
the qualitative similarity, quantifying the momentum transfer for
each region reveals that the linear relationship between electric
¿HOGDQGPRPHQWXPWUDQVIHUKDVEURNHQGRZQ,ILWKHOGWUXHWKH
measured momentum transfer should increase linearly with sample
thickness. This is not the case for the data shown in Fig. 2; the
magnitude of the momentum transfer measured for both regions
are similar, as shown by the color scale.
To explain this divergence of the qualitative and quantitative
behavior, we performed a series of multi-slice imaging
simulations to examine how the measured momentum transfer is
affected by the sample thickness and the magnitude of the local
HOHFWULF¿HOG6LPXODWLRQVZHUHFRQGXFWHGXVLQJDQPWKLFN
sample, with the probe positioned at three positions of increasing
distance from a Sr column, varying the local field magnitude;
the results are shown in Fig. 2c. We found that the momentum
WUDQVIHUJUHZOLQHDUO\ZLWKLQWKH¿UVWQPIRUDOOSUREHSRVLWLRQV
indicating that the electric field can be quantified accurately
within this thickness range (fitting a linear model to all three
curves in this range results in a reduced-R2 > 0.9). Beyond 6
nm, the behavior at the three positions diverges, with only the
probe placed furthest from the Sr column, in the weakest electric
¿HOGJURZLQJOLQHDUO\+RZHYHUWKHPRPHQWXPWUDQVIHUDWDOO
positions always maintains the correct qualitative ordering, with
the probe closest to the atomic column experiencing the largest
change in momentum. This explains the qualitative appearance
of our experimental momentum transfer maps collected from
thick regions of the sample. Also, surprisingly, it shows that the
weak field between atoms can be quantified even for samples
that are thicker than 6 nm.
Electric ﬁeld measurement in BiFeO3

:HDOVRPHDVXUHGWKHHOHFWULF¿HOGLQEXON%)2XVLQJWKHVDPH
method. The BFO lattice has a rhombohedral structure and is
polarized along the (111) pseudo-cubic (pc) direction (Fig. 3a),

Fig. 2 Thickness effects on measured momentum transfer.

a, b, Momentum transfer maps of STO from a regions 5.6 nm (a) and 22.5 nm (b) in thickness. Insets show experimental and simulated PACBED patterns for comparison. c,
The simulated momentum transfer plotted as a function of sample thickness for the electron probe at three different positions near an Sr column. The dashed lines are the
result of a linear ﬁtting. Scale bar: 2 Å
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which results in a displacement of the Fe atom away from the center
of the four surrounding Bi atoms along the body diagonal, which
can be imaged in the (100)pc projection. This results in a dipole
pointing in the opposite direction. Fig. 3b is a HAADF image along
the (100)pc direction with a vector map of the dipole in each unit
FHOORYHUODLG7KHHOHFWULF¿HOGLQEXON%)2DOVRVKRZVWKLVGLSROH
PRPHQW)LJFVKRZVWKHHOHFWULF¿HOGIURPRQHXQLWFHOORIEXON
%)21RWLFHWKDWWKHURWDWLRQDOV\PPHWU\RIWKHHOHFWULF¿HOGIRXQG
in STO is now broken in BFO; each cation column now shows a
ELDVLQWKHHOHFWULF¿HOGWRZDUGVWKHERWWRPULJKWDVH[SHFWHGIURP
the internal dipole which points in the opposite direction.
Measurement of the charge density in bulk SrTiO3
and BiFeO3

:LWKDKLJKTXDOLW\PDSRIWKHHOHFWULF¿HOGWKHFKDUJHGHQVLW\
can be determined simply by calculating the divergence of the
¿HOG1RWHWKDW67(0LVDSURMHFWLYHPHDVXUHPHQWVRWKH'PDS
of the electric field yields a 2D map of the charge density. The
experimental charge density maps from STO and BFO unit cells are
shown in Fig. 4 a and b, respectively. The charge density contains
contributions from both the positive nuclei and the surrounding
electrons; the positive nuclei appear as broad gaussians due to
shielding from core electrons and the size of the electron probe. Just
as in DPC imaging, oxygen is readily visible in the charge density
map for both STO and BFO. The tilt of the oxygen octahedra in
polarized BFO causes the oxygen column to split in this projection,
as shown in Fig. 3a; this is visible in the BFO charge density as an
elongation of the oxygen columns that is not present in STO.

The STO structure is symmetric, so there is little deformation in
the shape of the atomic columns. In addition, the bonding in STO
is primarily ionic, so the valence charge between atoms appears
uniformly distributed with only weak negative concentrations,
indicating mostly isotropic bonding. In contrast, the Bi and Fe/
O columns appear deformed. Deformation of the Fe/O columns
is caused by both the tilting of the oxygen octahedra, which shifts
the oxygen atoms out of line with the Fe atom, and anisotropic
bonding between Fe d-orbital electrons and O atoms. The covalent
nature of bonding of Bi-O and Fe-O is also demonstrated by the
strong accumulation of negative charge into distinctive pockets in
interatomic regions.
Previous simulation studies have pointed out that current STEM
probe sizes are still large compared to atomic nuclei and that,
in this regime, the interaction between probe tails and the deep
potential well of the nucleus may dominate the signal even when
the probe is placed between atoms, making it difficult to detect
the interatomic electron distribution [26]. To better understand the
effect of charge redistribution on imaging charge density with 4D
STEM, we initiated multi-slice 4D STEM simulations using STO
as a model system. Multi-slice simulations were performed using
the atomic potentials constructed by two different methods. In one
case, delta functions were used to represent atomic nuclei in the
potential and no screening from core electrons was introduced.
In the other case, the Individual Atomic Model [27-29] (IAM)
was used to calculate the potential landscape; this model includes
contributions from core electrons which shield the nuclear charge
[30], but not valence electrons that participate in bonding and

Fig. 3 Atomic structure and electric-field dipole of BiFeO 3 .

a, Structure model of BFO projected along (100)pc; the Fe atoms are displaced towards bottom right, so the dipole points towards top left in this projection. b, HAADF image
of BFO with a polarization map overlaid showing the orientation of the dipole in each unit cell. Scale bar: 4 Å. c, Electric ﬁeld map from a BFO unit cell. The electric ﬁeld
surrounding each atom is biased towards bottom right, opposite the dipole, as expected. Scale bar: 2 Å.

Fig. 4 Real-space charge density mapping in SrTiO 3 and BiFeO 3 .

a, Charge density map of bulk STO from scanning
diffraction experiments. b, Charge density map of bulk
BFO. Scale bar: 2 Å.
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might appear in the interatomic regions. IAM is the method used
in most conventional STEM imaging simulations. By simulating
4D data with probe conditions identical to experiment and then
following the same procedure to calculate the charge density, we
can identify the effects of the probe size and the nuclear cores.
Our results from ideal STO structures with only 0.4 nm
thickness (1 unit cell) and 5.6 nm thickness (matching with
experiment) are shown in Fig. 5. Since there is no negative
charge modeled in the delta function simulations and no
valence electrons in the IAM simulations, we will refer to
these as divergence maps to distinguish them. With the delta
function potentials, for a 0.4 nm thickness model (Fig. 5a),
clear +/– oscillations are visible surrounding each nucleus for
the 1 unit cell structure. These oscillations are caused by the
interactions of the probe tails with the nuclear core. However,
the oscillations do not appear in divergence maps using IAM
(Fig. 5c), indicating shielding from core electrons weakens the
LQWHUDFWLRQZLWKWKHSUREHWDLOVVLJQL¿FDQWO\WRWKHSRLQWZKHUH
the positive nucleus is not dominating the signal when the probe
is placed in interatomic regions. When a 5.6 nm thickness is
used (Fig. 5 b, d), the differences between the delta function
model and IAM are even more stark; it is clear from the contrast
UHYHUVDOVWKDWWKHGHOWDIXQFWLRQPRGHOLVLQVXI¿FLHQWWRUHSUHVHQW
the atomic potentials. In addition, the divergence maps from
IAM simulations show a marked difference from the real charge
density maps captured in experiment; in particular, there is a
strong negative ring surrounding each atom which is not present
in experimental charge density maps. This indicates that valence
electrons also can make a significant contribution. Although
this has not been shown definitively for 4D STEM, several
publications combining experiment and simulation have shown
that valence electrons can impact HRTEM and STEM image
contrast [27, 28, 31]. Since HRTEM and STEM are connected
via reciprocity, this supports the idea that valence electrons can
affect 4D STEM data as well; but additional work is needed to
thoroughly explore these effects.
Electric ﬁeld and Charge density at a BiFeO3-SrTiO3
Interface

Finally, we applied atomic resolution 4D STEM to a BFOSTO interface. A structure model based on DFT calculations
and HAADF image of the interface are shown in Fig. 6 a and b,

respectively. Based on the A-site contrast in the HAADF image,
WKHLQWHUIDFHLVDWRPLFDOO\VKDUS4XDOLWDWLYHO\WKHHOHFWULF¿HOG
map (Fig. 6c) shows that the bias in the BFO electric field is
reduced approaching the interface, but still penetrates the STO;
this is also reflected in reduced atomic displacement in the
HAADF image. In addition, the charge density (Fig. 6d) shows
reduced elongation of the oxygen columns, indicating a smaller
octahedral tilt, and reduced separation of negative charge pockets.
With 4D STEM, we can quantify changes in the atomic
structure, charge distribution in the unit cell, and nuclear charge
state all with the same data set. The atomic structure is fully
characterized by combining the heavy element positions from
the HAADF image and the light elements visible in the charge
density image. In Fig. 6e, we plot the A-site atom’s (Bi or Sr)
displacement and the oxygen octahedral tilt across the interface.
The octahedral tilt is determined by the peak intensity of the
oxygen columns in the charge density image, which decreases
as the octahedral tilt increases. The same quantities from DFT
calculations are also shown in Fig. 6e. Note that changes in the
DWRPLFVWUXFWXUHEHJLQRQO\LQOD\HURIWKH%)2¿OP
Given that the charge density image shows us the distribution
of both positive and negative charges, we can quantify the charge
separation in each unit cell based on the weighted centers of the
positive and negative charge in isolation. The distance between
the positive and negative charge centers across the interface is
shown in Fig. 6f. The charge separation shows three distinct
UHJLRQVLWVWDUWVRXWODUJHLQOD\HUVDQGRIWKH%)2¿OPEXW
then is reduced in layer 3, plateaus from BFO layer 2 through
STO layer 1, where it is then reduced even further in STO layer
2. These changes in the charge distribution are not synchronized
with the atomic structure, indicating that the electron distribution
does not change as rigidly as the atomic structure. This shows
WKDWWKHHOHFWURQVDUHPRUHVWURQJO\DIIHFWHGE\WKHHOHFWULF¿HOG
in the BFO layer, building up at the interface layer where the
atomic structure does not fully compensate the charge.
To confirm the build-up of negative charge at the interface,
we also studied the nuclear charge state of each atomic species
present by integrating the charge density surrounding each
atomic column. In this projection, Fe and Ti are overlapped with
O atoms, so the measured charge state of each B-site atom is
summed with the charge state of O atoms. In addition, O sites in
BFO are omitted since the column is split in the (100) projection.

Fig. 5 Simulation studies of atomic
potential models in SrTiO 3 .

a, b, the divergence maps calculated from simulated 4D STEM data when
atomic potentials are modeled with delta functions for 0.4 nm (a) and 5.6nm
(b) samples. c, d, the divergence map when atomic potentials use the
independent atomic model for 0.4 nm (c) and 5.6nm (d) samples. Scale bar: 2 Å.

6

Fig.6 Charge density map, O octahedron
rotation and valence charge state at the
interface between SrTiO3 and BiFeO3.

The integration radius was determined based on Bader charge
DQDO\VLV>@ZKLFKGH¿QHVWKHERXQGDU\EHWZHHQDWRPVDV
the saddle point in calculated charge density. This is a method
commonly used in DFT, where the full 3D charge density is
available, but we have adapted the method to work with our
SURMHFWHG'H[SHULPHQWDOGDWD,Q'ZHGH¿QHWKHERXQGDU\DV
the radius where the minimum charge density occurs surrounding
the central nuclear peak. By performing the integration of the
charge density image, and then comparing with DFT calculations,
we can determine the partial charge state of each atomic column.
The charge state of the Fe/O and Ti/O columns are plotted across
the interface in Fig. 6g, showing a dip in the Ti/O and Fe/O charge
states in the layers adjacent to the interface. This drop in the
QXFOHDUFKDUJHLVDOVRFRQ¿UPHGE\PHDVXUHPHQWVRIWKHYDOHQFH
state of Ti and Fe from EELS (Fig. 6h) [34-36]. In particular,
the Ti valence drops from 4+ to 3.7+ approaching the interface,
indicating a mix of 4+ and 3+ states. These two together further
FRQ¿UPWKHEXLOGXSRIHOHFWURQVDWWKHLQWHUIDFH

Summary
In summary, 4D STEM is a powerful paradigm for studying
materials properties using TEM. Recent advancements in fast
electron detection cameras have enabled electron microscopists
to collect full diffraction patterns while scanning the electron
probe, which can then be analyzed to calculate a wide variety
of structural and electrical properties. We combine the highresolution capabilities of AC-STEM with the new momentumspace information that is available in 4D STEM data to measure
the electric field and charge density in perovskite materials with
sub-atomic resolution. Using this method, we have shown that an
interface between a ferroelectric and a non-ferroelectric insulator
KRVWVDQHOHFWURQULFKUHJLRQFRQ¿QHGWRRQO\DIHZXQLWFHOOV+LJK
resolution charge density imaging enabled by 4D STEM provides a
new method for studying the charge distribution in nanostructured
materials where the most interesting phenomena often emerge.
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a, Atomic structure of a BFO-STO interface obtained from DFT calculations. b, Atomicresolution HAADF-STEM image of BFO-STO. Scale bar: 4 Å. Arrows show the direction
and relative magnitude of Bi/Sr displacement. c, The corresponding electric-ﬁeld map
derived from the 4D STEM dataset. d, Charge density map for BFO-STO. e, Changes in
A-site displacement across the interface (that is, changes in the displacement of the Bi
or Sr atom from the geometric center of the four nearest Fe or Ti atoms), determined
experimentally and by DFT calculation (in ångströms; error bars denote standard
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degrees; error bars denote the detection limit) and from DFT calculations (scattered
points). f, Charge separation between weighted centers of positive and negative charge
within unit cells across the interface. Error bars denote the detection limit. g, Total
charge of Ti + O and Fe + O on the two sides of the interface, measured using the
charge density map. Error bars denote standard deviation. h, Valence states of Ti and
Fe measured using high-energy-resolution EELS. Error bars denote standard deviation.
Reproduced from Gao et al., Nature, 2019 [24]. Copyright 2019 Nature Publishing Group.
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Here we present a recently developed solid-state NMR (SSNMR) sequence which combines a phase-modulate
(PM) saturation pulse and a rotational-echo saturation-pulse double-resonance (RESPDOR) to measure accurate
1

H-14N distances at very fast magic angle spinning (MAS) condition. Besides a deep analysis of the performances of

the sequence by means of numerical simulations, we demonstrated its successful applicability to L-tyrosine·HCl and
N-acetyl-L-alanine, two samples with a small and large quadrupolar constant, respectively, to probe the feasibility
of the sequence to different systems. For the ﬁrst time, multiple 1H-14N heteronuclear dipolar couplings, and thus
quantitative distances, have been simultaneously and reliably extracted by ﬁtting the experimental fraction curves
with the analytical expression.

Introduction
Among the different data aimed at the structural
characterization of materials, internuclear distances play a very
crucial role. In particular, the measurement of H-N distances
is of fundamental importance in different fields of research
such as chemistry and biology and for diverse kind of samples,
from peptides and proteins [1, 2] to co-crystal/salt drugs [3].
For instance, in the pharmaceutical industry when dealing with
multicomponent systems formed by a drug and a second GRAS
(“generally recognized as safe”) molecule, the position of the
hydrogen atom along N···H···O HB interactions, and thus the
N-H distance, plays a key role from many points of view. It
determines not only the character of the system, whether neutral
(co-crystal) or ionic (salt), but also several parameters, such
as solubility, stability, bioavailability, and manufacturability
[4]. This is a very important subject also from the legal and
regulatory point of view, connected to intellectual property
issues. Solid-state NMR (SSNMR) has proved to be a
valuable method for structure refinement, overcoming the
major issues encountered by X-Ray diffraction technique. The
latter is traditionally the most effective method for structural
elucidation, but it does have restrictions of crystal dimension
and poses difficulties in reliably defining proton positions.
The capability of SSNMR in the structure determination relies
upon the dependence of the dipolar coupling D on the inverse
cubed power of the internuclear distance. Being the NMR
parameter with the highest crystallographic content [5], dipolar
coupling is the most exploited interaction to measure distances
and get information about geometric and electronic structure of

〉〉V.P. Giuria 7, 10125, Italy | E-mail: rossi@jeol.it (She now works for JEOL ITALIA.)
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solids. Unfortunately, anisotropic interactions such as dipolar
coupling and chemical shift anisotropy are averaged out by
magic angle spinning (MAS) condition, which is the main
employed technique to achieved high-resolution spectra in the
solid state. To overcome such loss of structural information,
the suppressed interactions can be selectively reintroduced
by means of tailored recoupling sequences. Among those
mainly used, R-symmetry schemes introduced by Levitt are
the most promising and of easier design [6]. Many applications
of such sequences have been presented to measure 1H- 13C
and 1H- 15N distances at moderate and fast spinning speeds
[7-9]. Besides reintroducing the 1H-N heteronuclear dipolar
coupling, a suitable recoupling scheme must also suppress the
strong 1H-1H homonuclear coupling interactions to precisely
determine 1H-N distances. The current advanced technologies
in fast MAS have eased the aforementioned requirements on
recoupling techniques since, under such spinning speeds, the
1
H-1H dipolar couplings are sufficiently averaged out. Such
ultrafast MAS regime (Ȟ RN+] PDGHSRVVLEOH³VROXWLRQ
like” indirect-detection experiments, as for example the crosspolarization with variable contact time (CP-VC) technique
and its variants which provided straightforward and accurate
determination of 1H-15N dipolar couplings and thus quantitative
GLVWDQFHV > @ 7KH DGGLWLRQDO GLIILFXOWLHV UHODWHG WR
the low natural abundance of 151 LVRWRSH    VXFK DV
the low signal intensity, can be overcome by using the 14N
LVRWRSH ZLWK D QDWXUDO DEXQGDQFH RI  +RZHYHU EHLQJ
an integer quadrupolar nucleus (spin number I = 1), it suffers
from quadrupolar interactions making the 1H- 14N distance
measurement more challenging.

JEOL NEWS │ Vol.55 No.1 (2020)

To overcome the difficulty related to large quadrupolar
interaction, the resonance-echo saturation-pulse doubleresonance (RESPDOR) sequence was introduced, enabling
13
C-14N distance measurements [12]. The later development of
RESPDOR with the more robust SR421 recoupling sequence
(S-RESPDOR) [13] instead of R3 has extended its application
to various systems [14-18] and more importantly allowed
multiple distance measurements. Despite being widely used,
the saturation of the different crystallites is not uniform but
does depend on the quadrupolar constant (C Q) and thus on
the nature of the system. To achieve the same extents of
saturation for the whole powder, Goldburg and coworkers
have introduced an interesting phase-modulated (PM) scheme
into RESPDOR sequences, which is not affected by large
quadrupolar interactions [19-23]. This approach allows the
determination of the distances by a simple fitting procedure
between the theoretical and the experimental fraction curves,
matched by adjusting only one parameter, i.e. dipolar coupling
d 1H-14N.
In this work, we present the combination of PM pulse and
the SR4 21 recoupling scheme to determine 1H- 14N distances
XQGHUXOWUDIDVW0$6IUHTXHQF\RIN+]$VWKH30SXOVH
has not been demonstrated at high MAS frequencies, we ran
numerical simulations on a modelled 1H-14N spin system to
investigate its practicability under such spinning condition
combined with the RESPDOR scheme. Then, we examined
the robustness of PM-RESPDOR sequence with respect to 14N
quadrupolar interaction and its application to a wide range of
d 1H-14N. Finally, the method was applied to two different real
VDPSOHV LH /W\URVLQHǜ+&O DQG 1DFHW\O/DODQLQH DQG WKH
distances obtained were compared with those derived from
diffraction techniques [24].

Pulse sequence
The design of the PM-S-RESPDOR sequence is similar to
that of the more known dipolar-heteronuclear multiple quantum
coherence (D -HMQC) sequence, with the difference that
during t 1, a PM pulse for the saturation is used instead of a pair
of single-quantum excitation and reconversion pulses. Both

sequences employ the SR421 recoupling scheme to reintroduce
1
H-14N dipolar couplings. The PM pulse, lasting for N .t R, is
composed by the combination of A-B-A-C-B-A-C-A blocks.
%ORFN $ FRQVLVWV RI  RQH  SXOVH ODVWLQJ IRU āNt R and
a phase of ĳ  = 225. Block B consists of 16 (sixteen) pulses.
(DFKODVWVIRU N .t R with a phase of ĳ i =1-16 ^

23.9, 24.1, 23.8, 92.4, 6.7}. Block C consists of 16 (sixteen)
SXOVHV(DFKRQHODVWVIRUāNt R with a phase of ĳ i =1-16
^
` Fig. 1).
The method based on the PM-S-RESPDOR sequence
requires the acquisition of two sets of data to extract distance
information. Firstly, the experiment is run without irradiation
of the PM pulse on the 14N channel during a delay of N ·t R. The
ʌSXOVHRQWKH1H channel refocuses the 1H-14N dipolar coupling
and the 1H CSA, whereas the incremental SR421 recoupling
periods average the 1H-1H dipolar coupling. In this way, the
decaying of 1H magnetization is only due to higher-order
terms of the effective Hamiltonian and not to the parameter
we want to measure, resulting in the signal S(Ĳ ). Secondly,
the identical experiment is run with the PM irradiation pulse
on the 14N channel. Such pulse prevents the refocusing of
1
H-14N heteronuclear dipolar coupling which thus modulates
the achieved 1H signal, S’(Ĳ ). By plotting ¨6 /S  = (S  (Ĳ )-S' (Ĳ ))/
S  (Ĳ ) as a function of Ĳ , the decaying effects are minimized.
The curve is then matched with the theoretical one and the d 1H14N is extracted to obtain accurate distances, according to the
equation:

where Ȗ X (X = 1H or 14N) represents the gyromagnetic ratio of
the X nucleus.

Numerical simulations
Different numerical simulations were carried out using
the SIMPSON package on an isolated 1H-14N spin system to
analyze the new sequence in terms of applicability. First of all,

Fig. 1

a) 1 H- 14 N D -HMQC sequence. The second dimension is
achieved by incrementing t 1 . b) 1 H- 14 N PM-S-RESPDOR
sequence. The fraction curve is obtained by incrementing
the total mixing time (Ĳ ) of the SR421 blocks in absence and
presence of 14N irradiation. The PM pulse is the combination
of A-B-A-C-B-A-C-A blocks. NtR represents the pulse length of
the PM pulse, N is an integer and tR is the length of the rotor
period. The interval between these two blocks should be kept
rotor-synchronized for both D -HMQC and PM-S-RESPDOR
sequences. Reproduced with permission from ref [26].
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its feasibility at very fast MAS spinning speeds (Ȟ RN+] 
ZDV WHVWHG E\ FKDQJLQJ WKH 0$6 IUHTXHQFLHV IURP  WR 
kHz and keeping unchanged the dipolar coupling value (|b 1H14N ʌ _ N+] IRUWKHPRGHOOHGV\VWHPXQGHULQYHVWLJDWLRQ
The obtained fraction curves are displayed in Fig. 2 together
ZLWKWKHDQDO\WLFDORQH XQ¿OOHGFLUFOHV 
It is possible to observe that all the curves are similar to each
other and that they reach the theoretical maximum of ¨ 6 »S  =
2I /(2I  aDWWKHVDPHPL[LQJWLPH Ĳ = 1.6 ms), meaning
that only the first-order averaged Hamiltonian is involved
in their behavior. These data confirm the possibility of this
sequence to be employed at fast MAS regime. Moreover, by
focusing the attention on the initial part of the curves, it can
be noticed that the ¨ 6 »S  intensities at Ĳ  PVDUHQRWHTXDO
to zero, as it would be expected. This is probably caused by
the reintroduction of 1H-14N dipolar coupling during the PM
pulse ascribed to higher order effects, which become more
significant as the MAS speed decreases. Hence, not only the
VHTXHQFHFDQEHDSSOLHGDWN+]EXWVXFKIUHTXHQF\LVDOVR
preferred, given its ability in minimizing the effects of highorder terms of 1H-14N dipolar interaction.
The high-order contribution described above is also observed
in the second set of numerical simulations which aimed at the
analysis of the effects of 141UDGLRIUHTXHQF\¿HOGV Ȟ 1). In the
3065(63'25VHTXHQFHLQIDFWWKHXQLIRUPDQGHI¿FLHQW
saturation of 14N nucleus is fundamental. The simulations were
performed with |b 1H-14N ʌ _ N+]30SXOVHOHQJWKRIWR
DQGE\¿[LQJDTXDGUXSRODUFRQVWDQW&q of 4 MHz, being it a
common value for most organic molecules. The experimental
fraction curves obtained by varying the Ȟ 1 (141 IURPWR
kHz and the analytical fraction curve are shown in Fig. 3 and,
as in the previous case, they all reach the theoretical maximum
DWWKHVDPHPL[LQJWLPH6WLOOWKHUDGLRIUHTXHQF\¿HOGRI
kHz is the one that shows the best performances in terms of
HI¿FLHQF\RIVDWXUDWLRQDQGPLQLPL]DWLRQRIKLJKWHUPHIIHFWV
ZKLFKZRXOGQHJDWLYHO\DIIHFWWKHDFFXUDF\RIWKH¿WWLQJV

Fig. 2

Simulated PM-S-RESPDOR fraction curves (solid lines) with ǻS/S 0 intensities
plotted as a function of Ĳ for a powdered sample. The parameters used for
the isolated 1H-14N spin system are the followings: |b 1H-14N/(2ʌ)| = 2.0 kHz, 14N
CQ of 1.0 MHz, B0 = 14.1 T, MAS frequencies ranging from 20 to 70 kHz.
The analytical curve (unﬁlled circle) is plotted with |b 1H-14N/(2ʌ)| of 2.0 kHz for
comparison. The dash line represents the ǻS/S 0 value of 0.67. Reproduced
with permission from ref [26].
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Lastly, by keeping unchanged all the optimum conditions
found with the previous numerical simulations, the effect of
different quadrupolar constant values was examined. Indeed,
the 14N C q can extensively change in different systems and
large values could hamper the saturation of 14N nuclei and thus
the RESPDOR efficiency. By comparing the experimental
fraction curves obtained with CqIURPWR0+] Fig. 4),
it is possible to note that even if reaching the maximum at the
same mixing time, they slightly deviate from each other and
that the larger the Cq, the larger is the difference with respect
to the analytical curve.

Fig. 3

Simulated PM-S-RESPDOR fraction curves (solid lines) with ǻS/S 0 intensities
plotted as a function of Ĳ for a powdered sample. The parameters used for the
isolated 1H-14N spin system are the followings: |b 1H-14N/(2ʌ)| = 2.0 kHz, 14N CQ of
4.0 MHz, B0 = 14.1 T and Ȟ R = 70 kHz. The PM pulse length is 10tR (0.14 ms)
while Ȟ 1(14N) has been varied from 10 to 100 kHz with steps of 10 kHz. The
dash line represents the ǻS/S 0 value of 0.67. Readapted from Fig. 3 of ref [26].

Fig. 4

Simulated PM-S-RESPDOR fraction curves (solid lines) with ǻS/S 0 intensities
plotted as a function of Ĳ for a powdered sample. The parameters used for the
isolated 1H-14N spin system are the followings: |b 1H-14N/(2ʌ)| = 2.0 kHz, 14N CQ
has been varied from 1.0 to 6.0 MHz, B0 = 14.1 T and Ȟ R = 70 kHz. The PM
pulse length and Ȟ 1 is 10tR (0.14 ms) and 83 kHz, respectively. The analytical
curve (unﬁlled circle) is also included for comparison. The dash line represents
the ǻS/S 0 value of 0.67. Readapted from Fig. 3 of ref [26].
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However, it is important to point out that such deviations are
not significant and the PM-S-RESPDOR sequence could be
devised as robust towards 14N quadrupolar interactions under
0$6RIN+]
The following experiments, which show the application
of the sequence to two model samples, were performed
employing the optimum conditions discussed above, i.e. length
RI30SXOVHRIWR and 141UI¿HOGRIN+]

Experimental results
%\XVLQJD-(2/-10(&=5VSHFWURPHWHUWKHVHTXHQFH
ZDV¿UVWDSSOLHGWRDVLPSOHV\VWHPLH/W\URVLQHā+&O LQVHW
in Fig. 5), in which the highly symmetric NH3+ group shows
DVPDOOTXDGUXSRODUFRQVWDQW DSSUR[LPDWHO\0+] 3ULRU
to the application of PM-S-RESPDOR, D -HMQC experiment
(Fig. 5) was performed to unambiguously assign the 1 H
chemical shift of the three protons at 7.7 ppm.
The results obtained from the application of the sequence
on the 1H signal of NH3+ are shown in Fig. 6 together with the
related errors of ǻ66  intensities displayed as vertical bars.
The fraction curve reaches the maximum intensity at Ĳ ~
PVZKHUHDVDIWHUWKDWWKHFXUYHVKRZVDODUJHÀXFWXDWLRQ
due to low signal-to-noise ratio. Hence, those points are not
reliable and are not taken into account for the extraction of the
dipolar coupling. The obtained |b 1H-14N ʌ _ YDOXH H[WUDFWHG
from the best fitting of the experimental fraction curve with
the analytical expression corresponds to a 1H-14N distance of
 c   c 7KLV YDOXH LV VLJQLILFDQWO\ ORQJHU WKDQ WKH
+1 GLVWDQFH RI  c GHWHUPLQHG E\ QHXWURQ GLIIUDFWLRQ
WHFKQLTXH &'6HQWU\/7<5+& >@6XFKGLVDJUHHPHQW
is due to the dynamic averaging of the distance caused by
the fast rotation of the three protons along the C-N bond. By
correcting the original distance with a modulation factor, we
obtain:
(Original d H-N) = (Averaged d H-N)·|P2 FRV o))1/3|=1.68 Å
·|P2 FRV o))1/3|=1.16 Å

Fig.5

2D 1H-{14N} D -HMQC spectrum of Tyr (inset) with 1H-14N correlations. The
experiment was run with 24 scans, 72 t 1 points, and rotor-synchronized
t 1 increment of 14.3 μs. The Ĳ and recycle delay were 400 μs and 3.5 s,
respectively. The experimental time was ~ 3.4 hours. Reproduced with
permission from ref [26].

The value of 1.16 Å is now perfectly agreeing with the real
value and demonstrates how the sequence can be easily and
accurately used to measure H-N distances.
To further explore the potentialities of the method, the
sequence was applied to a second model sample, i.e. N-acetylL-alanine (structure in Fig. 7), with a larger 14N quadrupolar
constant. From the matching between the experimental fraction
curve of the 1H signal at 7.9 ppm (NH group) and the analytical
RQHD+1GLVWDQFHRIccZDVIRXQG )LJ 
Also in this case, the distance perfectly agrees with a
UHIHUHQFHYDOXHRIcIRXQGIURPD&6'VXUYH\RQQHXWURQ
diffraction data collected for similar systems. It is to be
noted that the fitting was performed only up to mixing time
RI  PV DV IRU ORQJHUĲ large uncertainties are observed.
Such behaviour is the same already observed for the previous
sample, in which the signal-to-noise-ratio was too low to
make the intensities reliable. The main cause of such spinning
fluctuations is probably the reintroduced 1 H- 14 N dipolar
interaction which prevents the echo formation of 1H signals.
Preliminary investigations on such phenomenon have already
carried out and showed it does not affect the measurements,
under the conditions used in our work.

Conclusions
In this work we successfully combined a phase-modulated
pulse and the S-RESPDOR experiment in a novel sequence
called PM-S-RESPDOR able to accurately measure 1H- 14N
distances at very fast MAS frequencies. Numerical simulations
were fundamental in examining the applicability, performances
and robustness of the sequence which resulted suitable for
both high spinning speeds and large variations of dipolar and
quadrupolar coupling constants. The sequence has shown
the ability to measure multiple distances by a simple fitting
procedure which involves the adjustment of only the 1H-14N
dipolar coupling strength. The method was experimentally
SURYHG E\ LWV DSSOLFDWLRQ WR /W\URVLQHǜ+&O DQG 1DFHW\O

Fig. 6

Tyr: the experimental 1H- 14N fraction curves at 1H chemical shift of 7.7 ppm
achieved by PM-S-RESPDOR (dots) and the fitting curves by the analytical
expression (solid lines). The experimental time was ~ 6 hours. The insets show
the best ﬁtting 1H-14N dipolar coupling values based on the RMSD analysis. Fittings
are performed solely by adjusting b 1H-14N/(2ʌ). Readapted from Fig. 6 of ref [26].
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Fig. 7

AcAla: the experimental 1 H- 14 N fraction curves
at 1H chemical shift of 7.9 ppm achieved by PMS-RESPDOR (dots) and the fitting curves by the
analytical expression (solid lines). The experimental
time was ~ 20 hours. The insets show the best ﬁtting
1
H-14N dipolar coupling values based on the RMSD
analysis. Fittings are performed solely by adjusting
b 1H-14N/(2ʌ). Readapted from Fig. 6 of ref [26].

L-alanine samples for which distances consistent with the
literature values were found. The sequence represents a
significant improvement for such measurements and can be
applied to other systems and quadrupolar nuclei. Recently
some of us published an interesting example of application
of the 1+í 141 3065(63'25 IRU WKH HYDOXDWLRQ RI 1í+
distances in the case of salt/cocrystal polymorphism involving
an adduct between ethionamide and salicylic acid [27]. In
this real case this technique provided for the main N···H···O
LQWHUDFWLRQ1í+GLVWDQFHVRIcIRUWKHVDOWDQGRIc
for the co-crystal in remarkable agreement with those derived
by DFT optimized X-ray diffraction.
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Electrostatic Potential Imaging of
Organic Materials using Differential
Phase Contrast Scanning
Transmission Electron Microscopy
Shin Inamoto, Akiyo Yoshida, Akihiro Masuda, and Yuji Otsuka
Morphological Research Laboratory, Toray Research Center, Inc.

In 1965, at the Central Research Laboratories in Toyo Rayon Company, Ltd., the predecessor of Toray Research Center,
Inc., the electron staining method was applied to organic materials for the ﬁrst time in the world. Even now, more than
half a century later, electron staining is an important technique for transmission electron microscopy (TEM) observations
of organic materials. However, the electron staining method has certain drawbacks, such as the possibility of deterioration
in the original structure of samples. To overcome these problems, we considered applying electrostatic potential imaging
based on differential phase contrast (DPC) scanning transmission electron microscopy (STEM) to organic materials. By
applying this imaging technique to various organic materials, it was found that the image contrast between different
materials was signiﬁcantly improved compared to the conventional TEM method. This paper introduces the electrostatic
potential images of unstained organic materials, which are difﬁcult to visualize using the conventional TEM.

Introduction
Currently, various polymer materials, such as polyethylene
(PE), polypropylene (PP), and polystyrene (PS), are widely used.
Polymer materials have the ability to achieve high functionality
by synthesizing two or more polymers. For example, polymer
alloys manufactured by combining high-strength resin and
flexible rubber have both strength and impact resistance. A
typical example of a polymer alloy is acrylonitrile-butadienestyrene (ABS) resin. ABS resin is known to form a phaseseparated structure composed of sea phases of acrylonitrilestyrene copolymer (AS) and island phases of butadiene rubber
(B). As polymer alloys often form small domain structures,
transmission electron microscopy (TEM) is suitable for
structural analysis. However, since organic materials show low
HOHFWURQVFDWWHULQJFRQWUDVWLWLVGLIÀFXOWWRREVHUYHWKHSKDVH
separated structure using conventional TEM. Typically, in TEM
imaging of organic materials, the electron staining method is
used to enhance the electron scattering contrast [1, 2]. Figure 1
shows the TEM image of ABS resin. The upper part of the TEM
image is an unstained region. Although titan-oxide particles
of the inorganic filler contained in the resin can be observed,
the phase-separated structures of the AS and the B phases are
not visible. Conversely, the lower part of the TEM image is an
electron-stained area using osmium tetroxide (OsO4). Because
the B phases are selectively stained by OsO4, the scattering cross
section for electrons increases in the B phases. Accordingly, the
B phase shows a dark contrast. As a result, the phase-separated
structures of the AS and B phases are clearly visualized. Hence,

Fig. 1 TEM image of ABS resin.

The upper and lower parts of the TEM image are unstained and the OsO4
electron-stained area, respectively. Because osmium selectively penetrates the B
phase, the B phases of 50–500 nm in size are visible. Titan-oxide particles of the
inorganic ﬁller are contained in the ABS resin, which are black in the TEM image.

electron staining is an important technique for TEM observation
of polymer materials.
However, electron staining has several drawbacks. To begin
with, electron staining is not applicable to all organic materials,
and there are limited applicable combinations. Furthermore, the
stainability is drastically different even between similar materials
with slightly different chemical structures. This means that it
WDNHVDFRQVLGHUDEOHDPRXQWRIWLPHWRÀQGWKHRSWLPDOHOHFWURQ
staining conditions. Another major problem is that by penetrating
heavy metal into the polymer, there is a high possibility that
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expansion of each phase and breaking / crosslinking of molecular
chains are induced. Because there are no methods to easily check
whether such deformations are induced, such concerns are always
present when applying electron staining. Therefore, to visualize
the original structure of organic materials, an observation method
without electron staining is required.

Electrostatic Potential Imaging via
Differential Phase Contrast Scanning
Transmission Electron Microscopy
In this study, we utilized differential phase contrast (DPC)
scanning transmission electron microscopy (STEM) as an
imaging technique for organic materials without electron staining.
'3&67(0LVPDLQO\XVHGWRYLVXDOL]HWKHHOHFWURPDJQHWLFÀHOG
inside the specimens. When incident electrons pass through a
specimen having an electromagnetic field, they are deflected
by the Coulomb or Lorentz force. By detecting the deflected
electrons with an azimuthally segmented detector, the amount
and direction of the deflection can be calculated. Based on this
information, the electromagnetic field inside the specimen can
be visualized. DPC STEM was first proposed by Dekkers and
de Lang in 1974 [3]. They used two half-split detectors and
discussed the one-dimensional phase contrast transfer functions
(PCTFs) of DPC images. To extend DPC imaging into two
dimensions, Rose proposed a quadrant-segmented detector [4].
Recently, the University of Tokyo and JEOL co-developed a
high-sensitivity and high-speed segmented detector. Thus, DPC
STEM has once again attracted much attention [5-8]. The DPC
67(0KDVEHHQDSSOLHGIRUYLVXDOL]LQJWKHHOHFWULFÀHOGDWWKHSQ
junction in semiconductor materials [8] and magnetic fields in
magnetic materials [9-13]. Moreover, as electrostatic potentials
are dependent on individual materials, in principle, a weak
HOHFWULFÀHOGGHULYHGIURPWKHGLIIHUHQFHEHWZHHQWKHHOHFWURVWDWLF
potential should be induced at the interface between different
PDWHULDOV,IWKHZHDNHOHFWULFÀHOGLQGXFHGDWWKHLQWHUIDFHRIWKH
polymer alloy is detectable, there is a possibility that the phaseseparated structure of the polymer alloy can be visualized.
The information directly obtained by DPC STEM is the electric
field vector at each scanning point. According to the Poisson
equation and Gauss’s law, the electrostatic potential
ࣝ߶ሺݎԦሻ, electric
ÀHOGDQGFKDUJHGHQVLW\DUHFRQQHFWHGDV
ܧሬԦ ሺݎԦሻ
ࣝ߶ሺݎԦሻ
ଵ

ሬሬሬሬԦή ܧሬԦ ሺݎԦሻ ൌ െ ߩሺݎԦሻ
ଶ ߶ሺݎԦሻ ൌ െ
,
ఌ
బ

Visualization of phase-separated
structure in ABS resin
$V$%6UHVLQKDVDZHOONQRZQVWUXFWXUHLWLVXVHGWRFRQÀUP
the image contrast in DPC STEM images. A commercially
available plate-shaped black ABS resin was used as the sample.
Since unstained ABS resin is very soft, cryo-thinning is essential
for preparing the TEM samples. The thinning method using the
cryo-ultramicrotome method and the cryo-focused ion beam
(FIB) method were investigated. As shown in Figs. 2(a) and
2(b), the sample thinned by the cryo-ultramicrotome method has
wrinkles due to physical contact with a diamond knife. Because
DPC STEM is highly sensitive to the differences in local sample
thickness, such as the wrinkles and small scratches on the sample
VXUIDFHWKDWDUHQRWREVHUYHGE\FRQYHQWLRQDO7(0LWLVGLIÀFXOW
to detect the weak electric field from such samples. Thus, the
samples are not suitable for DPC STEM measurements. In
contrast, the sample thinned by the cryo-FIB method has no
wrinkles, as shown in Figs. 2(c) and 2(d). Therefore, the cryoFIB method was used for the ABS resin sample preparation so
that it could be observed with the DPC STEM.
Figure 3 D VKRZVDKLJKDQJOHDQQXODUGDUNÀHOG +$$') 
STEM image of the ABS resin thinned by the cryo-FIB method.
To improve strength and heat resistance, filler particles are
often incorporated into commercially available ABS resins.
Consequently, in this sample, filler particles showing a white
contrast are observed inside the ABS resin. In the HAADF-STEM
image, the phase-separated structure of the AS and B phases as
observed in Fig. 1 are not visible. Conversely, Fig. 3(b) shows an
HOHFWULFÀHOGVWUHQJWKLPDJHREWDLQHGYLD'3&67(0RIWKHVDPH
field of view as Fig. 3(a). As indicated by the arrows, circularVKDSHGSDWWHUQVDUHFOHDUO\REVHUYHGLQWKHHOHFWULFÀHOGVWUHQJWK
image. The patterns indicate the positions of the interface between
the AS and B phases. Judging from the shape of each phase in the
electron-stained TEM image shown in Fig. 1, the circular domains
correspond to the B phases. The electrostatic potential image
calculated from the electric field strength image in Fig. 3(b) is
shown in Fig. 3(c). Circular B phases that are not distinguishable
in the HAADF-STEM image are visualized in the electrostatic
potential image. Thus, the phase-separated structure between the

Fig. 2

(1)

where ݎԦࠉis the real space coordinate and ߝ is the permittivity
of vacuum. Eq. (1) implies that the electrostatic potential can
be obtained through the integration of an electric field. The
electrostatic potential is linearly correlated with phase contrast
in the case of thin samples [14]. Since phase contrast is sensitive
to light elements [15], the imaging technique could be effective
for organic materials. In this study, the results of electrostatic
potential imaging via DPC STEM for various organic materials
are introduced.

Experimental Methods
A transmission electron microscope (JEM-ARM200F, JEOL)
equipped with an aberration corrector for probe-forming systems
(CESCOR, CEOS) and a segmented annular all field detector
(SAAF Octa, JEOL) was used for the analysis. All observations
were performed at an accelerating voltage of 200 kV. Electrostatic
potential integrations were performed using a commercial
software program (qDPC, HREM Research Inc.) [16].
15
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(a)(b) Low- and high-magniﬁcation HAADF-STEM images of unstained ABS resin thinned
by cryo-ultramicrotome method. Wrinkles in the thin ﬁlm are induced by physical contact
with a diamond knife. (c)(d) Low- and high-magnification HAADF-STEM images of
unstained ABS resin thinned by cryo-FIB method. There are no wrinkles in this sample.
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Fig. 3

(a) HAADF-STEM image, (b) electric field
strength image, and (c) electrostatic potential
image of unstained ABS resin. The phaseseparated structure between the AS and B
phases that cannot be discerned in the HAADFSTEM image is visualized in the electrostatic
potential image.

AS and B phases of the unstained ABS resin has been successfully
observed by electrostatic potential imaging. Moreover, compared
with the HAADF-STEM image, the contrast between the filler
SDUWLFOHVDQGWKHYRLGVLVVLJQLÀFDQWO\HQKDQFHG$VYRLGVLQVLGH
the polymer show low scattering contrast in conventional TEM or
STEM images, electrostatic potential imaging is effective for the
observation of such small voids.

Fig. 4

Visualization of bulk hetero structure
in active layer of organic photovoltaics
Organic photovoltaic (OPV) devices have many advantages, such
DVWKHLUOLJKWZHLJKWDQGPHFKDQLFDOÁH[LELOLW\ZKLFKHQDEOHWKHP
to be mounted on walls, windows, and clothes [17-19]. Accordingly,
OPV devices are expected to create new photovoltaic market
opportunities. The active layer in OPV devices comprises a mixed
layer of donor and acceptor, which are both organic materials. To
operate OPV devices, it is necessary to convert excitons generated
by sunlight in the active layer into free carriers at the interface
between the donor and acceptor. Since the exciton diffusion
distance is approximately 10 nm in the active layer, small donor
and acceptor domains are preferred [20]. The bulk heterojunction
%+- LVDSURPLVLQJVWUXFWXUHIRUKLJKHIÀFLHQF\239GHYLFHVDV
the phase-separated morphology of the donor and acceptor within
the nanometer scale is formed. Moreover, controlling the BHJ
morphology is possible by a thermal annealing process [21, 22].
In this study, we have prepared the active layer based on poly(3hexylthiophene) (P3HT) as the donor and [6,6]-phenyl-C61butyric acid methyl ester (PCBM) as the acceptor, which is one of
the most common systems, and we analyzed the BHJ structure by
electrostatic potential imaging via DPC STEM [23].
P3HT and PCBM were dissolved in chloroform with a weight
ratio of 1:1. The solution was spin-coated at 1500 rpm for 30 s
on a glass substrate. This spin-coating condition produces a thin
ÀOPDSSUR[LPDWHO\QPLQWKLFNQHVV$IWHUGURSSLQJGHLRQL]HG
water onto the spin-coated glass substrate, small pieces of the
spin-coated film were scratched off using a needle. The small
SLHFHVÁRDWLQJRQWKHZDWHUGURSOHWZHUHFROOHFWHGRQWRFROORGLRQ
film-coated copper TEM grids. Figure 4(a) shows a BF-STEM
image of the P3HT–PCBM thin film. The phase-separated
structure of the donor and acceptor is not visualized in the BFSTEM image as the image contrast between P3HT and PCBM is
indistinguishable. However, in the electrostatic potential image
shown in Fig. 4(b), a particle-like structure is observed. Judging
from the height of the electrostatic potential, the black and white
domains correspond to the donor and the acceptor, respectively. In
WKHKLJKPDJQLÀFDWLRQHOHFWURVWDWLFSRWHQWLDOLPDJHVKRZQLQ)LJ
4(c), it is evident that the size of each domain is approximately
10 to 20 nm, and both domains form a co-continuous-like
structure. Thus, the electrostatic potential imaging can visualize
the phase-separated structure in the P3HT–PCBM blend, which

(a) BF-STEM image and (b) electrostatic potential image of the P3HT–PCBM thin
film. The BF-STEM image shows flat image intensity, whereas a particle-like
structure is observed in the electrostatic potential image. (c) High-magniﬁcation
electrostatic potential image. The size of each domain is approximately 10–20 nm.
(d) Electrostatic potential image of the annealed sample. The size of each domain
increases after annealing when compared to the sizes before annealing. Some
black domains, which correspond to the P3HT phases, become line-shaped.

is impossible to distinguish by conventional TEM/STEM.
Additionally, to investigate the annealing behavior of the phaseseparated structure, the sample was annealed at 150 °C for 10 min
in air and analyzed by electrostatic potential imaging. Figure 4(d)
shows an electrostatic potential image of the annealed sample.
Compared to the sample before annealing, the size of each
domain increases. Moreover, some black domains that correspond
to P3HT phases become line-shaped. Similar shape domains are
formed in pure P3HT polymer, which were observed using atomic
force microscopy (AFM) [24]. Hence, it can be concluded that the
line-shape domains are derived from an edge-on packing structure
(P3HT with a planar structure is vertically oriented to a substrate).
Additionally, in this study, P3HT domains possibly form the
edge-on packing. Thus, the BHJ structure of the OPV active layer
can be analyzed in detail by electrostatic potential imaging. We
believe that this information is useful for improving the OPV
SRZHUFRQYHUVLRQHIÀFLHQF\

Identiﬁcation of carbon particles and
ionomers in fuel cell electrode layer
Generally, catalyst metal particles of several nanometers
supported on carbon particles of several 100 nm and gel ionomers
for proton conduction are used as composite materials of the
catalyst layer in polymer electrolyte fuel cells (PEFCs) [25, 26].
16

The morphology of the three-phase interface of the ionomercarbon-catalyst plays a role in PEFC performance improvement
or degradation. Therefore, a precise analysis of the morphology is
essential for manufacturing high-performance PEFCs. However,
it is difficult to distinguish carbon particles and ionomers in
conventional TEM imaging, because the difference in electron
scattering contrast is low. To overcome this problem, electron
staining by means of ruthenium tetroxide (RuO4) is used to provide
high contrast, where the ionomer region is selectively stained by
RuO4. However, after electron staining, the resistance to electron
beam irradiation clearly increases. This means that the chemical
bonding state may change during the electron staining process.
In this study, we have investigated whether the image contrast
between carbon particles and ionomers appeared without electron
staining using electrostatic potential imaging.
The catalyst layer in commercially available PEFC was
thinned by an ultramicrotome method. The ultra-thin section
supported on a TEM grid was used for TEM observations.
Figure 5(a) shows a BF-STEM image of the catalyst layer. The
particles of approximately 2 to 10 nm in size showing a black
contrast in the image are platinum catalyst particles. In the highPDJQLÀFDWLRQ%)67(0LPDJHVKRZQLQ)LJ E LWLVSRVVLEOH
to distinguish between the ionomers and the carbon particles
because ionomers have an amorphous structure, whereas carbon
particles have weak crystallinity. Contrastingly, in the HAADFSTEM image shown in Fig. 5(c), it is impossible to distinguish
them because the granular contrast derived from amorphous
structures is not visible, as can be observed in the BF-STEM
images. Figure 5(d) shows an electrostatic potential image of the
same field of view as Figs. 5(a) and 5(c). The image intensity
in the carbon particle region is higher than that in the ionomer
region. Accordingly, the carbon particles and the ionomers can
be distinguished in the electrostatic potential image. In reality, as
WKHHOHFWURVWDWLFSRWHQWLDOLPDJHVWURQJO\UHÁHFWVWKHLQÁXHQFHRI
the sample thickness in the observation direction, it is impossible
to discuss the extent to which the image contrast of this sample
with a non-uniform thickness is enhanced. However, compared
to the BF-STEM and HAADF-STEM images, it is evident that
the image contrast between the carbon particles and the ionomers
has definitely increased. To analyze this in further detail and
obtain quantitative information on the three-phase interface, it is
necessary to perform three-dimensional analysis using electron
tomography based on electrostatic potential images, as shown in
Fig. 5(d). We have already successfully performed DPC STEM
tomography measurements on ABS resin [27]. It is expected that
precise quantitative information on the three-phase interface in
PEFCs can be obtained by DPC STEM tomography.

nylon and elastomer, respectively. In the high-magnification
HAADF-STEM image shown in Fig. 6(b), small black phases,
approximately 100 to 200 nm in size, are observed inside the
elastomer island phase. This indicates that small nylon phases
are formed inside the elastomer island phases. Figures 6(c)
and 6(d) show electrostatic potential images of the same field
of view shown in Figs. 6(a) and 6(b). In these electrostatic
potential images, the phase-separated structure can be observed
with greater clarity than that in the HAADF-STEM images.
Accordingly, it is possible to confirm the existence of small

Fig. 5

(a) BF-STEM image of the catalyst layer. The particles approximately 2–10
nm in size, with a black contrast in the image, are platinum particles. (b) Highmagniﬁcation BF-STEM image of the region surrounded by broken black lines in
(a). It is possible to distinguish between the ionomer and carbon particles based
on their crystallinity. (c) HAADF-STEM image of the same ﬁeld of view as (a). It
is impossible to distinguish the ionomer and carbon particles. (d) Electrostatic
potential image of the same ﬁeld of view as (a) and (c). The image intensity is
high in the carbon particle region when compared to that of the ionomer region.
Accordingly, the carbon particles and the ionomers can be distinguished.

Fig. 6

Observation of internal structure of
nylon/elastomer alloy
The aforementioned electrostatic potential images were
used to visualize the structures that had no image contrast in
conventional TEM images. Additionally, this imaging is also
effective for the precise analysis of structures that are visualized
even in the conventional TEM images.
Figure 6(a) shows a HAADF-STEM image of the nylon/
elastomer alloy. Since this sample is relatively hard even without
electron staining, a thin sample with a uniform thickness can be
produced by the ultramicrotome method at room temperature.
In the HAADF-STEM image shown in Fig. 6(a), the phaseseparated structure of nylon and elastomer is visualized even
though electron staining is not applied. Judging from the shape
of each phase, the black sea and the white island phases are
17
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(a)(b) HAADF-STEM images and (c)(d) electrostatic potential images of the
nylon/elastomer alloy. In these electrostatic potential images, it is possible to
conﬁrm the existence of small nylon phases, several tens of nanometers in
size, inside the elastomer island phases.

JEOL NEWS │ Vol.55 No.1 (2020)

nylon phases, several tens of nanometers in size, inside the
elastomer island phases. Thus, electrostatic potential imaging
can provide a high signal-to-noise ratio and high contrast image
even with the same electron dose as HAADF-STEM imaging,
thereby enabling precise analysis of phase-separated structures.

Summary
In this study, we applied electrostatic potential imaging via
DPC STEM to various organic materials and confirmed its
effectiveness. Electron staining is generally used to observe
organic materials composed of multiple components. However,
if the materials have sufficient electrostatic potential difference
between each component, the phase-separated structure can be
visualized using electrostatic potential imaging even without
electron staining. Therefore, the original structure can be
observed without concerns of deterioration due to electron
staining. Moreover, since electrostatic potential imaging allows
visualization of phase-separated structures that electron staining is
not applicable, electrostatic potential imaging is highly effective as
a novel imaging method for organic materials. However, because
of its high sensitivity for electrostatic potential, new problems (e.g.,
requirement for samples of highly uniform thickness) emerge.
Therefore, improving the precision of electrostatic potential
imaging and developing a higher quality sample preparation
method are important aspects to be considered for future research.
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Visualization of Biological
Structures by Ultra High-Voltage
Electron Cryo-Microscopy
Kaoru Mitsuoka

Research Center for Ultra-High Voltage Electron Microscopy, Osaka University

Structural analysis by electron cryo-microscopy at near-atomic resolution has been generalized through electron
direct detectors and so on. On the other hand, electron microscopy has been used as a tool for high-resolution
visualization of the cellular structures traditionally, and techniques for cellular structural analysis at higher resolution
has been developed. Here we introduce possible uses of ultra-high voltage electron microscopy (UHVEM) toward
high-resolution structural analysis for biological sciences, especially an application for neuron model cultured cells.

Introduction
Recently, single-particle electron cryo-microscopy (cryoEM) is widely used for high-resolution structural analysis of
biomolecules and their complexes, and it is now accepted as
one of the fundamental techniques of structural analysis for
biomolecules as X-ray crystallography and Nuclear Magnetic
Resonance spectroscopy [1]. On the other hand, electron
microscopy has been used as a tool for high-resolution
visualization of the cellular structures traditionally, and cryo-EM
LVDOVRXVHGDVDYLVXDOL]LQJWRRORIÀQHVWUXFWXUHVRIRUJDQHOOH
and so on in cells. Recently it has become more popular to
determine the structures of biomolecules and their complexes at
near-atomic resolution in the cellular environment by electron
tomography and sub-tomogram averaging [2]. Thus, it is
expected to use cryo-EM for structural analysis of biomolecules
and their complexes in cells.
However, cells are usually too thick to analyze structurally
at high resolution by EM operated at conventional accelerating
voltage and so the sample thickness must be reduced by some
techniques. Recently, it has been generalized to use focused ion
beam (FIB) and scanning electron microscopy (SEM) to make
lamellas from biological cryo-samples [3], but observing cells as
WKH\DUHVKRXOGEHPRUHHIÀFLHQWIRUDPHWKRGWRDQDO\]HLQVLGH
the cells. Ultra-high voltage electron microscopy (UHVEM) is
one of the possible methods to observe at least some regions
of many cells directly. Thus, here we would like to explain
the current situation for the ultra-high voltage cryo-EM (cryoUHVEM) operated at 1 MeV, which is introduced recently to
our center.

Visualization of ﬁne structures in cells
by electron cryo-microscopy
Biomolecules and their complexes are working in the cellular
environment. Thus, observing their structures and the localization
in cells is essential to understand their functions in the native
environment. Observing their localization by light microscopy has
〉〉Ibaraki, Osaka 567-0047, Japan | E-mail: kaorum@uhvem.osaka-u.ac.jp
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EHFRPHJHQHUDOE\XVLQJÁXRUHVFHQWODEHOVOLNHJUHHQÁXRUHVFHQW
SURWHLQDQGUHVROXWLRQRIOLJKWPLFURVFRS\XVLQJÁXRUHVFHQWODEHOV
has improved by the development of super-resolution microscopes
[4]. However, to visualize the structural changes for biomolecules
to function, for an instance, the use of electron microscopy
is essential. Electron microscopes have enough resolution to
visualize atoms and attempts using electron microscopes to
visualize cells have been made from the initial development.
However, cells can function only in water environment and it is
GLIÀFXOWWRLQVHUWWKHPLQWRWKHYDFXXPRIHOHFWURQPLFURVFRSHV
with their native structures. Currently to solve this problem,
À[DWLRQLVXVHGWRSUHVHUYHWKHVWUXFWXUHVLQWKHYDFXXPDQGWZR
W\SHVRIÀ[DWLRQFKHPLFDORUSK\VLFDOÀ[DWLRQDUHXVHG
Chemical fixation uses cross-linkers to fix the structures
of biomolecules even in the vacuum by linking the two
different positions in the biomolecules. As the cross-linkers,
glutaraldehyde is usually used for electron microscopy. After
À[LQJE\JOXWDUDOGHK\GHWKHVSHFLPHQVDUHGHK\GUDWHGDQGWKHQ
embedded in resin to make ultra-thin sections by a diamond
knife, which is thin enough to observe by transmission electron
microscopy (TEM). Then by staining by heavy atoms, the contrast
RIELRPROHFXOHVE\7(0FDQEHHQKDQFHG%\WKLVPHWKRGÀQH
structures of cells have been visualized and studied. In addition,
by applying electron tomography, which will be explained later,
to the sections, it is possible to obtain the three-dimensional
VWUXFWXUHV5HFHQWO\XVLQJWKHELRORJLFDOVDPSOHVÀ[HGFKHPLFDOO\
three-dimensional reconstruction of the large area of the samples
become possible by serial block-face SEM, which is used to
observe the sample by SEM after cutting the surface by FIB or by
a diamond knife serially. However, the resolution of the imaging
LVOLPLWHGWRDERXWQPE\FKHPLFDOÀ[DWLRQDQGRUVWDLQLQJ
On the other hand, the resolution of single-particle cryoEM become near-atomic resolution as explained above. For
the single-particle cryo-EM, physical fixation is used. By the
physical fixation, biological specimens in solution at about
room temperature are rapidly frozen to about liquid-nitrogen
temperature in milli-seconds. Then the biological specimens are
embedded in amorphous ice with biological molecules in the
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specimen without changing their native structures in the solution
at about room temperature. As the methods for rapid freezing,
several methods, as metal contacting and immersion to cooling
medium, are known, and we used immersion into liquid ethane
for rapid freezing of cultured cells, which will be explained
later. For the freezing, an automatic plunge freezer, Leica EM
GP, was used. In the Leica EM GP, the excess solution of the
biological specimen was blotted by filter paper from one side
of the EM grid without damage to the cultured cells on the grid,
DQGWKHQWKHFHOOVFRXOGEHÀ[HGDVLWLV

Ultra-High Voltage Electron
Cryo-Microscopy
The sizes and the shapes of the cells are widely different but
many human cells are typically several to tens µm in diameter.
Thus, they are too thick to penetrate electrons accelerated at
the voltage of typical electron microscopes and so only the area
that is thin enough for electrons to transmit could be observed.
On the other hand, UHVEMs could be used for many areas of
FHOOVYLVXDOL]LQJWKHÀQHVWUXFWXUHVLQVLGHFHOOV(VSHFLDOO\LIZH
XVHUDSLGIUHH]LQJWHFKQLTXHDVGHVFULHGDERYHÀQHVWUXFWXUHV
of cells, which were constituted by biomolecules, could be
preserved at high resolution. Thus, cryo-UHVEM might be
used for high-resolution structural analysis of biomolecules and
their complexes in cells. Here we apply this technique to neuron
model cultured cells and show the results.
However, before going to the application for the cultured cells,
we would like to consider about some other applications. The
features of UHVEM are high penetration ability of electrons to
the sample and high resolution because of the short wavelength
[6]. Thus, if we utilize these features to single-particle cryo-EM,
high-resolution structural analysis of biological samples with
extremely high molecular weight become possible. For example,
as the sample with extremely high molecular weight, virus with

an exceptionally large diameter could be considered. For the
specimen over 100 nm diameter, the resolution of structural
analysis by EM is limited by the effect of Ewald sphere and the
resolution ݀ can be evaluated as

݀ൎඨ

ʹ
ߣݐ

ඨ

with a diameter ߣݐand wavelength [ ߣݐ7]. In the case of virus
with 120 nm diameter, because the wavelength of electrons with
accelerating voltage of 300 kV is about 3 pm, the resolution is
about 0.4 nm. In the case of electrons with accelerating voltage
of 1 MV, because the wavelength is 0.9 pm, the resolution of
0.23 nm could be achieved.
To achieve near-atomic resolution, cryo-UHVEM could be
used but taking many images is necessary for single-particle
cryo-EM. To take many images, cryo-EM with an autoloader
is preferable. The cryo-UHVEM installed in our center has
an autoloader with 12 slots for cryo-grid as in CRYO ARMTM
and the appropriate grid can be observed from the 12 grids.
However, no automated software for single-particle data
collection can be used for the cryo-UHVEM currently and so
many images must be collected manually. The overall picture of
the cryo-UHVEM in our center is shown in Fig. 1.

Sample preparation of neuron model
cultured cell NK108-15 for cryo-EM
The next example is the application to structural analysis
in the cells. We selected NG108-15 as a model cultured cell
related to neurons. Neurons extend axons to transmit the signals
and also grow dendrites, which are branched protoplasmic
extensions, to get the signals from other neurons. The fine
extensions of the growth cone, which are hand-like structure
IRXQGLQWKHWLSVRID[RQVDQGGHQGULWHVDUHSRLQWHGÀORSRGLD

Fig. 1 Materials- and Bio-Science Ultra-High Voltage Electron Microscope

The left panel shows the overview of the cryo-UHVEM installed to
the Research Center of Ultra-High Voltage Electron Microscopy,
Osaka University. The right panels show the sectional view of the
EM and the direct electron camera, K2 IS (Gatan), etc.
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and lamellipodia like the webbing of the hands that are
LPSRUWDQWIRUD[RQJURZWKDQGJXLGDQFH%HFDXVHWKHÀORSRGLD
is about 100-250 nm in diameter, the ice thickness of the frozen
specimen is especially suitable for observation by TEM with the
usual accelerating voltage. The mean free energy of electrons
in ice is about 500 nm for 300 kV and about 900 nm for 1 MV,
and so it is possible to observe the specimen with about 1 µm
thick by cryo-UHVEM. Thus, if we use the cryo-UHVEM, not
RQO\WKHÀORSRGLDEXWDOVRWKHSDUWRIWKHODPHOOLSRGLDDQGWKH
surrounding thicker area could be observed.
For cryo-UHVEM observation, we cultured the NK108-15 cells
on the EM grids directly [8]. For the grids, we used those made
ZLWK$XWRDYRLGWR[LFLW\WRWKHFHOOVDQGZLWKFDUERQÀOPVZLWK
periodically spaced holes (Quantifoil). The hole size is 0.6 µm in
diameter, which is the smallest in normally available ones, to have
PRUHÀORSRGLDDFURVVWKHKROHV2QWKHFDUERQÀOPVZHDEVRUEHG
colloidal golds in about 20 nm diameter as positional markers and
then evaporated carbon on the grids to use for cell culture. The
grids were covered by laminin to enhance cell adhesion and then
NK108-15 cells were cultured on the grids as usual. The EM grids
ZLWKFXOWXUHGFHOOVRQWKHFDUERQÀOPVZHUHVKRZQLQFig. 2. To
JURZÀORSRGLDWKHQHXURQPRGHOFXOWXUHGFHOOVZHUHDFWLYDWHGE\
cAMP. The grids with the cultured cells were rapidly frozen by
plunge freezing as described above for cryo-EM observation.
The cryo-UHVEM installed in our center was equipped with
a direct electron detector, K2 IS (Gatan). By the direct electron
detectors, the resolution of the cryo-EM structural analysis for
biological specimen has improved dramatically. One of the reasons
of the improvement is the high detective quantum efficiency of
the detectors but another reason is the movie collection by the
CMOS detectors. By using the K2 IS camera, it is possible to
collect 1600 frames per 1 second. By movie collection, it is shown
that the ice specimen is deforming by electron irradiation and
that the particles in the ice are moving while EM observation.
The movement by electron irradiation is called beam-induced
movement of the sample. Thus, in single-particle cryo-EM, the

particle movements were compensated by averaging each frame
with correction of the movements to achieve the high resolution
[9]. In electron tomography, the movie correction also can be used
to improve the resolution of the structural analysis. For the precise
movie correction, it is better to have positional markers closer to
the cultured cells as in the solutions compared with the markers on
FDUERQÀOPVDVGHVFULEHGDERYH7KXVZHQHHGPRUHDGMXVWPHQW
for the sample preparation like better positional markers for cells,
keeping their native functions.

Damages of biological samples by
electron irradiation in electron
cryo-microscopy
The resolution of biological specimen by electron cryotomography (cryo-ET) is limited by the electron irradiation
damage. For example, to analyze the structure of biological
specimen at higher than 3 Å resolution, the total electron doses
irradiated to the specimen should be less than about 30 e-$2.
In single-particle cryo-EM, the images can be collected at the
electron dose, and then high-resolution structure can be calculated
by averaging the particle images collected from many different
areas. However, in cryo-ET, because the three-dimensional (3D)
structure is reconstructed from the tilt series, many images should
be collected from the same area, as shown in Fig. 3. For example,
if we collect tilt series from -70 degrees tilt to 70 degrees tilt at
2 degrees step, the total electron dose become about 100 e-$2
even when only 1 e-$2 dose is used for each image. Thus, it is
impossible to get the 3D structure at near-atomic resolution. As
described below, 3D reconstruction at near-atomic resolution
is possible only when the same structures could be found in the
specimen. Then the images taken at the total electron dose suitable
for high-resolution structural analysis are used to calculate the
subtomograms and then the subtomograms are averaged as in the
single-particle cryo-EM to get the 3D structure at high resolution.
Recent structural analysis by cryo-ET assumes the subtomogram

Fig. 2 NK108-15 cells cultured on an EM grid
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The left panel shows an image of neuron model cultured cells on a gold EM grid taken by light microscopy. The right panel shows the schematic drawings of a neuron,
ﬁlopodia and lamellipodia, which show localization of proteins, like actin, fascin, and so on.
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averaging for high-resolution structure determination. For this
purpose, it is better to collect images at low-tilt angles before
the high-tilt images and then subtomogram averaging at higher
resolution could be achieved. Thus, the symmetric tilt scheme,
which begins from the non-tilt image and then alternates between
increasingly positive and negative tilts, should give the structure
at the highest resolution [10]. However, the symmetric tilt scheme
is not widely used mainly because of the limitation of automated
data acquisition, and so it is also used to collect tilt series from an
appropriate low angle to non-tilt up to high tilt angles and then
collect the tilt series from the same low angle to the opposite
direction. As the initial trial for data collection by cryo-UHVEM,
we collected several tilt-series from high tilt angles to the opposite
direction by the Recorder program from TEMography.com but
we would like to use the tilt scheme from an appropriate low-tilt
angle for structural analysis at higher resolution.
In addition, the contrast of the subtomograms to be averaged
is limited because of the limited electron dose for collecting the
tilt series for 3D reconstruction and so it is difficult to identify
the region of interest by cryo-ET. Thus, it is advantageous to use
the phase plate. By using the phase plate, the contrast transfer
function for imaging could be changed from sin-form to cos-form,
and so the low-frequency information in inverse space could be
enhanced [11]. Actually, we introduced the phase plate to 300 kV
cryo-EM and could get the better contrast EM images. Thus, if
we can introduce the hole-free phase plate to the cryo-UHVEM,
the contrast of tomograms should improve and the subtomogram
DYHUDJLQJVKRXOGEHFRPHHIÀFLHQW)XUWKHUPRUHWKHOLPLWHGWRWDO
electron dose described here is when the specimen is kept at the
liquid-nitrogen temperature. At the liquid-helium temperature,
it is thought to be able to irradiate more electrons to biological
specimen with the same damage [12]. However, the beam-induced
movement described above should become more prominent at
the liquid-helium temperature but the improvement of movie
correction to compensate the beam-induced movement might
advance the use of liquid-helium for cryo-EM.

Subtomogram averaging by electron
cryo-tomography
We collected several tilt-series from filopodia of NK10815 cells and reconstructed the 3D volumes by the program for
tomographic reconstruction IMOD [13]. As shown in Fig. 3, we
FDOFXODWHGWKH'UHFRQVWUXFWLRQVE\ZHLJKWHGEDFNSURMHFWLRQ
and then the calculated volumes are used as the initial model
for simultaneous iterative reconstruction technique (SIRT) to
get the 3D reconstruction with less artifacts. Because the noise
in the reconstruction is severe in cryo-ET, reconstruction by
SIRT, which is more time-consuming than the weighted backSURMHFWLRQ LV QHFHVVDU\ WR JHW LQWHUSUHWDEOH UHFRQVWUXFWLRQV
$VDUHVXOWZHFRXOGREVHUYHWKHEXQGOHVRIDFWLQÀODPHQWVLQ
ÀORSRGLDFOHDUO\DVVKRZQLQFig. 4.
Although the actin filaments were clearly visualized, the
resolution of the reconstruction is not good enough to see the
protein fascin, which interacts with actin filaments to make the
bundle. Thus, we applied the subtomogram averaging to the
complex of actin filaments and fascin, which is thought to have
the same structures in cells. As in the single-particle cryo-EM,
which averages the particle images, the high-resolution structure
of the complex should appear by averaging the subtomograms. To
pick the regions of the complex from the tomogram, we used the
periodic features of the actin bundles. As shown in Fig. 5, we could
identify the periodic structures corresponding to the pitch of actin
ÀODPHQWVDQGWKHSHULRGLFGHQVLWLHVZLWKWKHVDPHSLWFKWRFRQQHFW
WKHDFWLQÀODPHQWVZKLFKZHDVVXPHGWREHWKHSRVLWLRQVRIIDVFLQ
Then we cut out those positions from the tomogram and applied
the subtomogram averaging using the program RELION, which is
also used for the single-particle cryo-EM. As a result, the resolution
of the averaged structure was estimated to be 2.6 nm. Thus, by
optimizing the electron dose for 1 MV, by changing the tilting
scheme suitable for subtomogram averaging and by increasing the
number of tomograms, we are expecting to improve the resolution,
EHLQJDEOHWRÀWWKHDWRPLFPRGHOVRIDFWLQDQGIDVFLQFOHDUO\

Fig. 3 Electron tomography
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Fig. 4 Visualization of a bundle of actin
filaments

The left panel shows a reconstruction of ﬁlopodia by electron tomography by
cryo-UHVEM. On the right panel, the identiﬁed actin ﬁlaments and the membrane
in the reconstruction were indicated by blue and green colors, respectively.

Fig. 5 Arrangement of Fascin
(a)

A section of the bundle of actin
ﬁlaments shown in Fig. 4 is shown
in the left panel. The hexagonal
array of the actin ﬁlaments is clearly
visualized. The fascin densities
connecting the actin ﬁlaments were
confirmed on the red dashed line.
In the central panel (c), the section
through the red line is shown and
periodic lines with the pitch of
36.8 nm, which is conﬁrmed in the
Fourier transform (d) as layer lines,
are observed. No connecting density
is found on the blue dashed line, no
periodic line is found in the section
(e), and no layer line is observed in
the Fourier transform (f).

(c)

(e)

(b)

Densities connecting
the actin filaments

No density connecting
the actin filaments

Future prospect
As described here, a cryo-UHVEM was installed in the
Research Center of Ultra-High Voltage Electron Microscopy,
Osaka University. Thus, we applied it for the neuron model
cultured cells to investigate its use for the structural analysis in
cells. In addition, we started to collect single-particle images of the
virus with extremely high molecular weight. However, there was
an earthquake in the north of Osaka in June, 2018, and the highvoltage electron microscopes in our center were damaged and
ZHIRXQGWKDWERWKQHHGPDMRUÀ[HV7KXVKHUHZHGHVFULEHGWKH
results of data collection that we could get before the earthquake,
toward the structural analysis in cells. We could get the budget
WRÀ[WKHPLFURVFRSHVLQDQGZHFRXOGVWDUWWRÀ[WKHPLQ
1RZZHMXVWÀQLVKHGÀ[LQJWKHFU\R8+9(0DQGVRZH
can start optimizing the electron dose and changing the tilting
scheme and so on. By these fundamental experiments, we would
like to advance the study for the cryo-UHVEM for their wide use
for the high-resolution structural analysis of biomolecules.
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Observation of Phase Objects
using STEM - Differential Phase
Contrast (DPC) Microscopy
$NLPLWVX,VKL]XND.D]XR,VKL]XND
+5(05HVHDUFK,QF

Scanning transmission electron microscopy (STEM) becomes popular owing to its compatibility with analytical
capability. However, it is difficult to observe a phase object using STEM. The differential phase contrast (DPC)
microscopy has been proposed to overcome this limitation. Here, a detector is split into two halves, and an image
signal (the DPC signal) is given by a difference between the signals from two segments. The split detector has
been used to observe a magnetic structure at a low/medium magniﬁcation. On the other hand, it has recently been
shown that the DPC signals with atomic resolution can be obtained using a multiple quadrant detector. Since it has
been demonstrated that the DPC signal is a derivative of phase distribution function of an exit wave, the phase
distribution can be restored by integrating the DPC signal. In this report, we introduce the discrete cosine transform
(DCT) to integrate the DPC signals for obtaining the phase distribution, because the DCT is consistent with the
Neumann boundary condition that is applicable to the data observed only in a ﬁnite region. In addition, we describe
the real-time integration method that displays the phase distribution in accord with STEM scanning. After that, using
the model structure we compare the phase distributions restored by the DCT and the method based on fast Fourier
transform (FFT). Then, using experimental data obtained from single-layer graphene we will discuss on observation
of phase objects in atomic resolution.

Introduction
The materials act as a phase object for an electron beam,
and a high-resolution image observed by transmission electron
microscopy (TEM) reflects a phase modulated by the object.
For a thin sample, this phase modulation is proportional to the
electrostatic potential of the sample, which is approximately
proportional to the atomic number. Therefore, the phase contrast
image obtained by TEM is important for analyzing the atomic
structure of the sample. In recent years, scanning transmission
electron microscopy (STEM) has become remarkably popular
owing to its compatibility with analysis capabilities, such
as electron energy loss spectroscopy. Especially, STEM is
particularly effective in analyzing atomic structures in conjunction
with aberration correction technology. In high-angle annular darkÀHOG +$$') LPDJHVREWDLQHGE\67(0KHDY\HOHPHQWVFDQ
be selectively detected, since image contrast is approximately
SURSRUWLRQDO WR WKH VTXDUH RI WKH DWRPLF QXPEHU +RZHYHU
WKLVPHDQVWKDW+$$')LPDJHVDUHQRWVXLWDEOHWRGHWHFWOLJKW
HOHPHQWV5HFHQWO\WKHDQQXODUEULJKWILHOG $%) 67(0>@
that can detect light elements has been proposed, but its contrast
does not directly represent a phase change as observed by TEM.
From the reciprocity theorem the bright-field method in STEM
using a small disc-shaped detector, as shown in Fig. 1 (a), makes
it possible to obtain a phase contrast image equivalent to that in

7(0+RZHYHUWKHLPDJLQJHIÀFLHQF\RIWKLVEULJKWÀHOG67(0
is extremely poor compared with the one for the phase contrast
in TEM, since only a part of incident electrons that hit the small
detector contribute to the image formation.
'HNNHUVDQGGH/DQJ>@SURSRVHGGLIIHUHQWLDOSKDVHFRQWUDVW
'3& PLFURVFRS\WRREVHUYHDSKDVHREMHFWLQ67(0ZKHUHDOO
transmitted electrons are collected by a split detector as shown in
)LJ D DQGWKHGLIIHUHQFHVLJQDOEHWZHHQWKHRXWSXWVIURPWZR
segments is used to create an image. They demonstrated that using
a scanning optical microscope, a phase change perpendicular
WRWKHELVHFWRURIWKHGHWHFWRUFDQEHREVHUYHG/DWHU:DGGHOO
DQG&KDSPDQ>@VKRZHGWKDWWKHFHQWURLG FHQWHURIPDVV RI
the electron diffraction intensity is proportional to a gradient
of the phase distribution function. They also showed that the
difference signal from the split detector closely approximates the
component of the centroid perpendicular to the bisector. Then, if
ZHXVHDIRXUVHJPHQW TXDGUDQW GHWHFWRU>@DVVKRZQLQ)LJ
(b), without rotating the split detector, approximate differentials
of the phase distribution in two perpendicular directions can be
obtained simultaneously with a single beam scan. Recently, it has
EHHQVKRZQWKDWWKH'3&VLJQDOVZLWKDWRPLFUHVROXWLRQFDQEH
REWDLQHGXVLQJPXOWLSOHTXDGUDQWGHWHFWRUV>@1RZDQHLJKW
segment (double-quadrant) detector and an annular four-segment
GHWHFWRUDVVKRZQLQ)LJV F DQG G UHVSHFWLYHO\KDYHEHHQ
made commercially available. It should be noted here the phase
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GLVWULEXWLRQFDQEHREWDLQHGE\LQWHJUDWLQJWKH'3&VLJQDOVLQFH
WKH'3&VLJQDOLVDJUDGLHQWRIWKHSKDVHGLVWULEXWLRQIXQFWLRQ
7KHUHIRUH'3&LQ67(0 67(0'3& QRWRQO\DOORZVXVWR
detect a phase object, but also gives us an electrostatic potential
of a sample that is important for analysis of a sample structure, by
LQWHJUDWLQJWKH'3&VLJQDO
On the other hand, the propagation direction of electrons is
FKDQJHGE\/RUHQW]IRUFHRIDQHOHFWURPDJQHWLFILHOGZKLFK
JLYHVFRQWUDVWRI/RUHQW]PLFURVFRS\LPDJHLQ7(06LPLODUO\
&KDSPDQHWDO>@VKRZHGWKDWHOHFWURPDJQHWLFÀHOGVFRXOG
be observed, if the displacement of the transmission disk
when the electron beam passes through the sample is detected
E\ D VSOLW GHWHFWRU DW HDFK VFDQQLQJ SRLQW RI WKH 67(0 $
UHFHQWVWXG\RIPDJQHWLFÀHOGREVHUYDWLRQZLWKDQDEHUUDWLRQ
corrected STEM was discussed by a group at Glasgow
8QLYHUVLW\LQ-(2/1HZV>@
,QUHFHQW\HDUVDKLJKVSHHGSL[HODWHGGHWHFWRU )LJ H WKDW
measures diffraction intensity distribution from each scanning
point is getting closer to practical use. In this case, since twodimensional diffraction intensity is obtained for each twoGLPHQVLRQDOVFDQQLQJSRLQWWKHIRXUGLPHQVLRQDO'67(0GDWD
LVREWDLQHG7KHQDKLJKO\DFFXUDWH'3&VLJQDOFDQEHREWDLQHG
from the centroid of the diffraction intensity distribution of the
'67(0GDWD%\XVLQJWKLV'3&VLJQDOLWLVDOVRSRVVLEOHWR
obtain the phase distribution in quasi-real-time.
In this report we firstly describe the integration methods
IRUREWDLQLQJWKHSKDVHGLVWULEXWLRQIURPWKH'3&VLJQDODQG
WKHQ LQWURGXFH WKH T'3& >@ D 'LJLWDO0LFURJUDSK SOXJLQ
to which the described integration methods are implemented.
,QDGGLWLRQZHPHQWLRQWKH6'PRGXOHWKDWGLUHFWO\FDSWXUHV
VLJQDOVIURPDVHJPHQWHGGHWHFWRULQWR'LJLWDO0LFURJUDSKDQG
SHUIRUPVSKDVHLQWHJUDWLRQLQUHDOWLPHDQGDOVRWKH'67(0
module that performs quasi-real-time phase integration from
'67(0 GDWD REWDLQHG E\ D SL[HODWHG GHWHFWRU 7KHQ ZH
DSSO\ '3& LQWHJUDWLRQ WR DQ H[SHULPHQWDO '67(0 GDWD
obtained from single-layer graphene. Finally, we compare the
SKDVHGLVWULEXWLRQREWDLQHGE\3W\FKRJUDSK\>@ZLWKWKHSKDVH
GLVWULEXWLRQREWDLQHGE\LQWHJUDWLQJWKH'3&VLJQDO

Integration of the DPC signal
$VGHVFULEHGDERYHWKH'3&VLJQDOLVWKHJUDGLHQWRIDSKDVH
distribution function, i.e., differential of the phase distribution

in two orthogonal directions. Therefore, a phase distribution can
EHUHVWRUHGE\LQWHJUDWLQJWKH'3&VLJQDO)RUWKLVSXUSRVHWKH
following Fourier transform relationship may be used:

+HUH           LV D )RXULHU WUDQVIRUP RI         DQG FDQ EH
efficiently calculated by using a fast Fourier transform (FFT).
:KHQLQWHJUDWLQJWKH'3&VLJQDOXVLQJWKH)RXULHUWUDQVIRUP
DVROXWLRQWKDWVLPXOWDQHRXVO\VDWLVILHVWKHWZR'3&VLJQDOV
         DQG         VKRXOG EH VHDUFKHG $PRQJ DQ\ OLQHDU
FRPELQDWLRQV &ORVH HW DO >@ PXOWLSOLHG RQH RI WKH '3&
signals by an imaginary unit  ZHFDOOWKLVPHWKRG))7 

2QWKHRWKHUKDQGD3RLVVRQHTXDWLRQIRUWKHSKDVHGLVWULEXWLRQ
FDQEHREWDLQHGZKHQZHGLIIHUHQWLDWHWKHWZR'3&VLJQDOV
and add them together:

In general, it is necessary to assume a boundary conditions to
VROYHD3RLVVRQHTXDWLRQ/D]LFHWDO>@SURSRVHGDPHWKRG
using an FFT that assumes periodic boundary conditions (we
FDOOWKLVPHWKRG))7 ,WPD\EHQRWHGKHUHWKDWZHREVHUYH
WKH '3& VLJQDO WKDW LV WKH GHULYDWLYH RI WKH IXQFWLRQ WR EH
REWDLQHG 7KHUHIRUH LW VKRXOG EH EHWWHU WR XVH WKH 1HXPDQQ
boundary condition that assumes the derivative at the boundary.
7KHQWKHGLVFUHWHFRVLQHWUDQVIRUP '&7 FDQEHXVHGWRVROYH
WKH3RLVVRQHTXDWLRQXQGHU1HXPDQQERXQGDU\FRQGLWLRQV>@

+HUH'&7 indicates the discrete cosine transform, and
 :HKDYHLPSOHPHQWHGWKH'&7EDVHG
VROXWLRQIRULQWHJUDWLQJWKH'3&VLJQDOWRWKHT'3&>@
1RZ ZH VKRZ WKH VXSHULRULW\ RI WKH '&7 VROXWLRQ WR WKH
FFT solutions using a synthetic model. Figure 2 (a) shows the
PRGHOGLVWULEXWLRQDQG)LJV E DQG F VKRZWKHGLIIHUHQFHV
'3&['3&\ RIWKHPRGHOGLVWULEXWLRQLQWZRGLUHFWLRQVDV

Fig. 1 Schematic diagram for differential phase contrast (DPC)
(a)

(b)

(c)

(d)

(e)

Sample
le

In DPC, all transmitted electrons are detected by a split detector as shown
in (a). Using the difference signal between two segments the structure of a
phase object that changes perpendicular to the bisector is observed. By using
a four-segment detector as shown in (b), it is possible to measure orthogonal
DPC signals in two directions simultaneously with a single beam scan. (c) and
(d) show a double quadrant (eight-segment) and annular quadrant detectors,
respectively, which are commercially available. (e) illustrates schematically a
pixelated detector, in which more pixels actually exist.
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an approximation of the derivative. Then, we added a random
QRLVHRIRIWKHGDWDUDQJHWRWKHVHGLIIHUHQFHVDVVKRZQ
in (d) and (e), which were used as the model of observed
'3&VLJQDOV$UHFRQVWUXFWHGPRGHOGLVWULEXWLRQREWDLQHGE\
LQWHJUDWLQJ WKH QRLVH DGGHG '3&[ DQG '3&\ XVLQJ WKH '&7
is shown in Fig. 3 (a). For comparison, model distributions
REWDLQHG E\ XVLQJ WZR ))7 PHWKRGV DUH VKRZQ LQ )LJ  E 
DQG F  ,Q WKH ORZHU SDUW RI )LJ  G  WR I  VKRZ WKH HUURU
in each reconstruction from the model distribution. You may
note that in the reconstructions with the FFT there are gradual
fluctuations originated from inappropriate periodic boundary
FRQGLWLRQV ,Q FRQWUDVW WKH UHFRQVWUXFWLRQ ZLWK WKH '&7 WKDW
HPSOR\VWKH1HXPDQQFRQGLWLRQVXVLQJWKHGLIIHUHQWLDODWWKH
boundary, does not show any appreciable deviation from the
model. For this reason, the error in the reconstruction with

WKH '&7 LV GLVSOD\HG DIWHU PXOWLSOLHG E\  ZKLFK VKRZV
ÁXFWXDWLRQHTXLYDOHQWWRWKHUDQGRPQRLVHDGGHGWRWKHVLJQDO
:HPD\QRWHKHUHWKDWWKHUHVXOWVREWDLQHGE\WKH'&7DVZHOO
DVWZR))7VDUHVPRRWKZKLFKPHDQVWKHLQÁXHQFHRIUDQGRP
QRLVH DGGHG WR WKH '3& VLJQDO LV PRVWO\ VXSSUHVVHG $V ZLOO
be described later, using this observation, we can obtain a
noise suppressed electric / magnetic field by differentiating
the restored phase distribution obtained by integrating an
H[SHULPHQWDO'3&VLJQDO
The integration method described above can be applied
only after the whole data are collected at the end of scanning.
+RZHYHU WKH '3& VLJQDOV FDQ EH SURJUHVVLYHO\ GLVSOD\HG
DFFRUGLQJ WR VFDQQLQJ DV RWKHU 67(0 VLJQDOV :KHQ WKH
phase distribution is displayed in live mode, the throughput of
H[SHULPHQWZLOOEHVLJQLÀFDQWO\LPSURYHG,IWKHUHLVQRQRLVHLQ

Fig. 2 Model for evaluating the integration method
(a) Model

(b) DPCx

(c) DPCy

Add 10% noise
(d)

(e)

(a): Model distribution function (256 × 256 pixels). (b) and (c):
Ideal DPC signals, namely differences of model distribution
function along two perpendicular directions that approximate
the derivatives. (d) and (e): Noise added derivatives that
emulate experiment DPC signals. We attempt to restore the
model function from the noise added derivative.

Fig. 3 Phase distributions restored by integration
(a) DCT

(b) FFT-1

(d)
(a): Phase distribution restored by discrete cosine transform
(DCT). (b) and (c): Phase distributions restored by two fast
Fourier transforms, FFT-1 and FFT-2, respectively. Errors of the
reconstructed phase distributions from the model function are
shown in (d) to (f), respectively. Since the phase distribution
reconstructed by DCT is very close to the model function,
the error (d) is displayed after multiplied by 10. On the other
hand, the phase distributions restored by the two FFTs show
additional slow variations, which result from the failure of the
periodic boundary condition.

(e)

(c) FFT-2

(f)

x10
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WKH'3&VLJQDODSKDVHGLVWULEXWLRQPD\EHREWDLQHGE\VLPSO\
DGGLQJWKH'3&VLJQDOVVHTXHQWLDOO\LQWKHVFDQQLQJGLUHFWLRQ
+RZHYHUWKHUHLVQRH[SHULPHQWDOGDWD ZLWKRXWQRLVH:KHQ
ZHVLPSO\DGGWKHQRLVHDGGHG'3&VLJQDOVVKRZQLQ)LJ
in the horizontal direction, the pronounced horizontal stripes
become visible as shown in Fig. 4 D +HUHWKHUHODWLRQVKLS
between the horizontal scan lines is determined by adding the
OHIWPRVW YHUWLFDO '3& VLJQDO ,Q FRQWUDVW ZH FDQ REWDLQ )LJ
 E ZKHQZHHVWLPDWHWKHYDOXHRIWKHQHZVFDQQLQJSRLQW
IURP WKH DYHUDJH RI WKH WZR GHULYDWLYHV '3& VLJQDOV  DW WKH
point directly above and the point immediately before. The
reconstructed phase is considerably improved compared to (a),
although a slowly varying faint pattern appears from top-left to
ERWWRPULJKW7KLVHQFRXUDJHVXVWRXVHPRUHWKH'3&VLJQDOVWR
HVWLPDWHWKHSKDVHDWDQHZVFDQQLQJSRLQWRILQWHUHVW+HUHZH
use the fact that all points on the preceding scan line have been
already integrated and thus their values have been determined,
and that all derivatives on the current scan line are known.
Then, using a set of horizontal derivatives on the left and right
of the scanning point of interest and a set of vertical derivatives
between the previous and current scanning lines, we estimate an
integrated value of the said scanning point by the least square
PHWKRG >@ ,Q )LJ  F  WKH SKDVH YDOXH RI WKH VFDQQLQJ
point is determined from the four horizontal and five vertical
GHULYDWLYHV WKH WRWDO RI QLQH '3& VLJQDOV  )URP )LJ  G 
which shows the error between the model distribution and this
integral, it can be seen that the model distribution is determined
VXIÀFLHQWO\ZHOOZLWKRXWLQÁXHQFHRIQRLVH

About qDPC Capability
7KH T'3& >@ LV D SOXJLQ IRU 'LJLWDO0LFURJUDSK DQG
LPSOHPHQWV WKH RIIOLQH FDSDELOLWLHV RI LQWHJUDWLQJ WKH '3&
VLJQDOVGLVFXVVHGDERYH1DPHO\WKHT'3&KDVWKHIROORZLQJ
features:
) XQFWLRQV WR FUHDWH WKH '3& VLJQDO IURP WKH VLJQDOV RI D
quadrant detector
)XQFWLRQV WR FDOFXODWH SKDVH GLVWULEXWLRQ E\ '&7 IURP WKH
'3&VLJQDO
8WLOLWLHVWRFRUUHFWWKH'3&VLJQDO

In addition, it is possible to evaluate the phase calculated by FFT
and the real-time integration routine.
$W ILUVW ZH GHVFULEH WKH XWLOLWLHV WR FRUUHFW WKH '3&
VLJQDO6RPHGHÀFLHQFLHVWKDWDUHQRWGLVFHUQLEOHLQWKH'3&
signal becomes remarkable when the phase distribution is
REWDLQHGE\LQWHJUDWLQJWKH'3&VLJQDO)RUH[DPSOHDVPDOO
adjustment error to the dark level of the segmented detector or
misalignment of the transmitted wave on the detector results
LQ D FRQVWDQW LPEDODQFH LQ WKH '3& VLJQDO $OWKRXJK WKLV
imbalance is not visually detectable, it introduces a distinct
SKDVHJUDGLHQWZKHQWKH'3&VLJQDOLVLQWHJUDWHG,QDGGLWLRQ
LIDQDGMXVWPHQWRIWKHEHDPGHÁHFWLRQV\VWHPLVLQDFFXUDWH
the transmitted wave moves on the detector according to the
EHDP VFDQQLQJ :KHQ WKLV PRYHPHQW LV OLQHDU ZLWK UHVSHFW
WR WKH VFDQQLQJ SRVLWLRQ D VORSH ZLOO DSSHDU LQ WKH '3&
signal. Since a linear function becomes a quadratic function
E\ LQWHJUDWLRQ D VOLJKWO\ LQFOLQHG SODQH LQ WKH '3& VLJQDO
may give a remarkable parabolic surface in the integrated
SKDVH7KHUHIRUHWKHT'3&SURYLGHVWKHRIIOLQHIXQFWLRQVRI
FRUUHFWLQJDFRQVWDQWYDOXHDQGRUDFRQVWDQWVORSHIURPD'3&
signal.
:KHQSHUIRUPLQJWKHLQWHJUDWLRQWKHFRRUGLQDWHV\VWHPRI
WKH '3& VLJQDO QDPHO\ WKH URWDWLRQ DQJOH RI WKH VHJPHQWHG
detector, should coincide with the coordinates of STEM
LPDJHV QDPHO\ WKH VFDQQLQJ V\VWHP $OVR ZKHQ GLVSOD\LQJ
HOHFWULFRUPDJQHWLFÀHOGYHFWRUVRQD67(0LPDJHEDVHGRQ
'3&VLJQDOVWKHRULHQWDWLRQRIWKHVHJPHQWHGGHWHFWRUVKRXOG
be known in terms of the STEM image coordinate. For this
reason, when the segmented detector is installed, the direction
of the deflection system is made to match the coordinates of
the segmented detector for some camera lengths, or the mutual
angle between them is measured and stored as correction data
for a later use. In an actual experiment, the operator often
rotates the direction of the scanning system, i.e., the STEM
image, with respect to the direction of the sample orientation.
Therefore, this ad hoc image rotation should be also considered
LQWKHUHODWLRQVKLSEHWZHHQWKHFRRUGLQDWHVRIWKH'3&VLJQDO
and the image system. Since the rotation adjustment of the
'3& VLJQDO LV VR LPSRUWDQW WKH T'3& KDV WKH IXQFWLRQ WR
GHWHUPLQH WKH URWDWLRQ DQJOH IURP WKH DFTXLUHG '3& VLJQDO

Fig. 4 Phase distribution restored by real-time integration

a): The DPC signals are simply added in the scanning direction (horizontal). Pronounced
horizontal stripes result from the added noise. (b): The value of a scanning point is obtained
by averaging two DPC signals at the directly preceding point and the directly above point.
Although weak oblique stripes appear, the restored phase is signiﬁcantly improved. (c): The
value of a scanning point is obtained using four horizontal and ﬁve vertical (total of nine) DPC
signals in a least-square sense (see text). The error from the model distribution is shown in
(d), which demonstrates that the model distribution is obtained without inﬂuenced by added
noise.

27

JEOL NEWS │ Vol.55 No.1 (2020)

(a)

(b)

(c)

(d)
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LWVHOI +HUH ZH XVH WKH IROORZLQJ DWWULEXWH RI LQWHJUDWLRQ RI
WKH'3&VLJQDO:KHQWKHUHODWLRQVKLSEHWZHHQWKHFRRUGLQDWH
systems is correct, the differential of the integration of
WKH '3& VLJQDO VKRXOG UHSURGXFH WKH RULJLQDO '3& VLJQDO
&RQWUDU\ LI WKH UHODWLRQVKLS EHWZHHQ WKH FRRUGLQDWH V\VWHPV
LV QRW FRUUHFW WKH LQWHJUDWLRQ RI WKH '3& VLJQDO ZLOO QRW EH
performed correctly, and thus the differential of the phase
GLVWULEXWLRQZLOOQRWUHSURGXFHWKHRULJLQDO'3&VLJQDO8VLQJ
WKLVSURSHUW\ZHURWDWHWKHREVHUYHG'3&VLJQDODVDYHFWRU
integrate the rotated signal to obtain the phase distribution, and
GLIIHUHQWLDWHWKHSKDVHGLVWULEXWLRQWRREWDLQDQHPXODWHG'3&
signal. Finally, we calculate the sum of squared difference
66'  EHWZHHQ WKH HPXODWHG DQG WKH RULJLQDO '3& VLJQDOV
Since the differential of the integrated signal returns to the
original signal at the correct rotation angle for a noiseless data,
WKHDQJOHWKDWPLQLPL]HVWKH66'ZRXOGLQGLFDWHWKHURWDWLRQ
angle for the real-world data (See Fig. 6).

4D-STEM module
7KHT'3&KDVDOVRDQRWKHURSWLRQDOH[WHQVLRQWKH'67(0
PRGXOH IRU D SL[HODWHG GHWHFWRU 7KH '67(0 PRGXOH KDV
DQRIIOLQHIXQFWLRQWKDWFDOFXODWHV'3&VLJQDOVIURPH[LVWLQJ
'67(0 GDWD 2QFH WKH '3& VLJQDO LV REWDLQHG IURP WKH
'67(0GDWDWKHSKDVHGLVWULEXWLRQFDQEHFDOFXODWHGRIÁLQH
XVLQJ WKH T'3& IXQFWLRQ 7KH '67(0 PRGXOH KDV DOVR
DQ RQOLQH IXQFWLRQ WKDW FDOFXODWHV '3& VLJQDOV MXVW DIWHU WKH
completion of each scan, and obtains the phase distribution in
TXDVLUHDOWLPHXVLQJWKH'&7,QWKHFDVHRIWKH'&DQYDVTM,
D FRPPHUFLDO SL[HODWHG GHWHFWRU RI -(2/ WKH '3& VLJQDOV
become available immediately after the completion of scanning,
DQGWKHUHLVQRQHHGWRFDOFXODWHWKH'3&VLJQDOIURP'67(0
data. Therefore, a high-precision phase distribution can be
REWDLQHG E\ WKH '&7 LQWHJUDWLRQ MXVW DIWHU WKH VFDQQLQJ
which makes it possible to judge the sample and experimental
conditions, and thus greatly facilitates the experiment.

SD module
7KHT'3&KDVWKHRSWLRQDORQOLQHPRGXOHWKH6'PRGXOH
where the signals from a segmented detector are acquired
LQ UHDO WLPH XVLQJ *DWDQ V 'LJL6FDQ TM ,, +HUH WKH SKDVH
distribution is obtained by using the real-time integration
URXWLQHRIWKHT'3&DQGGLVSOD\HGDFFRUGLQJWRWKHSURJUHVV
RI WKH VFDQ 6LQFH WKH 'LJL6FDQ TM II is usually used to
FDSWXUH WKH %) DQGRU +$$') VLJQDOV ZH DGG 'LJL6FDQ TM
II to collect the signals from the segmented detector and
WUDQVIHUUHG WKHP LQ OLYH WR 'LJLWDO0LFURJUDSK DV VKRZQ LQ
Fig. 5,QWKHFDVHRIWKH6$$)2FWDZKLFKLVDFRPPHUFLDO
GRXEOH TXDGUDQW GHWHFWRU IURP -(2/ LW LV SRVVLEOH WR
DFTXLUH HLJKW VLJQDOV VLPXOWDQHRXVO\ XVLQJ WZR 'LJL6FDQ TM
,, *DWDQ 0LFURVFRS\ 6XLWH *06   VXSSRUWV XS WR
IRXU 'LJL6FDQTM ,,  +HUH WKH '3& VLJQDOV DUH V\QWKHVL]HG
IURP WKH VLJQDOV FDSWXUHG LQWR WKH 'LJLWDO0LFURJUDSK WKHQ
they are integrated in real time, and a phase distribution is
displayed in accord with the scanning (see Fig. 10). The
phase distribution obtained by real-time integration makes it
possible to evaluate the sample and experimental conditions
LQ OLYH PRGH DQG WKXV ZH H[SHFW WKH 6' PRGXOH ZLOO
substantially accelerate the experiment. It is also possible
WR REWDLQ D PRUH DFFXUDWH SKDVH GLVWULEXWLRQ E\ WKH '&7
integration just after the completion of scanning.

Results and Discussion
8S WR QRZ WKH LQWHJUDWLRQ PHWKRG RI WKH '3& VLJQDO KDV
EHHQ VWXGLHG ZLWK D PRGHO VWUXFWXUH +HUH ZH FRPSDUH WKH
'&7 DQG ))7 LQWHJUDWLRQ RI WKH LGHDO '3& VLJQDO ZKLFK LV
obtained as the centroid of the diffraction intensity acquired
ZLWKDSL[HODWHGGHWHFWRUQDPHO\WKH'&DQYDVTM provided by
-(2/7KH'67(0GDWDXVHGKHUHLVREWDLQHGIURPVLQJOH
OD\HUJUDSKHQHREVHUYHGDWN9E\'&DQYDVTM attached to a
-(2/-(0$50)DQGWKHQXPEHURISL[HOVLVð
)LJV D DQG E VKRZWKH'3&VLJQDOV WKHFHQWURLGRIWKH
GLIIUDFWLRQLQWHQVLW\ FDOFXODWHGIURPWKH'67(0GDWDLQWKH
FDPHUDFRRUGLQDWHV\VWHP7KH'3&VLJQDOVLQ F DQG G DUH
REWDLQHG E\ URWDWLQJ WKH UDZ '3& VLJQDOV D  DQG E  E\ 
GHJUHHVXVLQJWKHIXQFWLRQRIWKHT'3&PHQWLRQHGDERYH7KH
SKDVHGLVWULEXWLRQVREWDLQHGE\WKH'&7DQGWKH))7XVLQJ
WKH'3&VLJQDODIWHUURWDWLRQFRUUHFWLRQDUHVKRZQLQ H DQG I 
UHVSHFWLYHO\ %\ FRPSDULVRQ EHWZHHQ WKH WZR LW FDQ EH VHHQ
that the remarkable difference appears in the upper right corner
of the phase distributions. In this example, unfortunately
multilayer graphene is present at three corners except the upper
right of the observation area. Therefore, the periodic boundary
condition assumed in the FFT breaks down considerably, and a
false image contrast appears at the upper right corner in FFT-

Fig. 5 SD module

BF, ADF etc.

DigiScanTM II 1

Inner

DigiScanTM II 2
DigiScanTM

II 3

qDPC
SD Module
Gatan
DigitalMicrograph®

Outer
SAAF Octa

DigiScanTM II 4

The signals from the segmented detector are taken into DigitalMicrograph® using multiple DigiScanTM lls (Gatan), and the DPC signals are synthesized. Then, the phase
distribution obtained from of the DPC signals by real-time integration is displayed in accord with the scanning. In the case of SAAF Octa, a commercial segmented detector of
JEOL, it is possible to acquire eight signals simultaneously using two DigiScanTM ll. (See Fig. 10).
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 FRQVXOWFRPSDULVRQZLWK3W\FKRJUDSK\LQFig. 9 1RWHWKDW
a clear six-membered ring like in (e) and (f) does not appear
ZKHQWKHSKDVHGLVWULEXWLRQLVREWDLQHGIURPDVDFTXLUHG'3&
signals, (a) and (b).
1H[W ZH FRPSDUH WKH SKDVH GLVWULEXWLRQV UHFRQVWUXFWHG
IURP WKH HPXODWHG '3& VLJQDOV IRU WKH GLIIHUHQW VHJPHQWHG
GHWHFWRUV XVLQJ WKH VDPH '67(0 GDWD Figure 7 (a) and
E  VKRZ WKH SKDVH GLVWULEXWLRQV REWDLQHG E\ '&7 IURP WKH
'3& VLJQDOV HPXODWHG IRU D TXDGUDQW DQG DQQXODU TXDGUDQW
detectors, respectively. The both phase distributions are very
VLPLODUWRWKHRQHVKRZQLQ)LJ H REWDLQHGIURPWKH'3&
signal estimated as the centroid of the diffraction intensity. The
KLVWRJUDPVRIWKHSKDVHGLVWULEXWLRQVRI)LJ H DQG)LJV
(a) and (b) are shown in Figs. 8 (a), (b) and (c), respectively.
The histogram (c) obtained from the annular quadrant detector
is very similar to the result (a) obtained from the pixelated
GHWHFWRU)LJXUHDOVRVKRZVFRUUHODWLRQGLDJUDPVRIWKHSKDVH
GLVWULEXWLRQV RI )LJV  D  DQG E  ZLWK UHVSHFW WR WKH SKDVH
GLVWULEXWLRQVKRZQLQ)LJ H 7KHFRUUHODWLRQGLDJUDPDOVR
GHPRQVWUDWHVWKDWWKHSKDVHGLVWULEXWLRQRI)LJ E REWDLQHG
from the annular quadrant detector is very close to the phase
GLVWULEXWLRQRI)LJ H REWDLQHGIURPWKHSL[HODWHGGHWHFWRU
:HPD\QRWHWKDWWKHSKDVHFKDQJHIURPVLQJOHOD\HUJUDSKHQH
KDV EHHQ PHDVXUHG E\ HOHFWURQ KRORJUDSK\ DV    PUDG
>@7KHZLGWKVRIWKHPDLQSHDNRIWKHKLVWRJUDPVVKRZQLQ
)LJ D DQG F DUHDERXWPUDGZKLFKFORVHO\FRUUHVSRQGV
WR WKH UHVXOW PHDVXUHG E\ HOHFWURQ KRORJUDSK\ +RZHYHU DQ
atomic resolution phase distribution as obtained here is not
UHSRUWHG LQ >@ 7KLV VHHPV WR EH EHFDXVH WKH '3& LV PRUH
immune to quantum noise.
1RZ WKH SKDVH GLVWULEXWLRQ REWDLQHG E\ XVLQJ WKH '3&
signal will be compared with the phase distribution obtained
E\3W\FRJUDSK\)LJXUH D VKRZVWKHSKDVHGLVWULEXWLRQRI
VLQJOHOD\HUJUDSKHQHREWDLQHGE\3W\FKRJUDSK\IURPWKHVDPH
'67(0GDWD>@7KHSKDVHGLVWULEXWLRQRI3W\FKRJUDSK\
LVFORVHWRWKHUHVXOWRIWKH'&7 )LJ H DQGWKHDEQRUPDO
FRQWUDVW DV VKRZQ LQ WKH UHVXOW RI WKH ))7 )LJ  I  GRHV
QRWDSSHDUDWWKHXSSHUULJKW+RZHYHUWKH'&7UHVXOWVKRZV
a slight contrast change in the single-layer graphene region,
and the contrast of the multilayer graphene regions is slightly
GLIIHUHQW IURP WKH 3W\FKRJUDSK\ UHVXOW 6LQFH WKH '&7 RU
FFT integration includes a division by frequency during the
processing, low frequencies are apt to be emphasized. Figure
 E  VKRZV WKH SKDVH GLVWULEXWLRQ ZKHUH WKH ORZ IUHTXHQF\
LV VOLJKWO\ DWWHQXDWHG IURP WKH '&7 UHVXOW ZKLFK EHFRPHV
FORVHUWRWKHRQHREWDLQHGE\3W\FKRJUDSK\:HKDYHDOUHDG\
FRQÀUPHGWKDWWKHSKDVHGLVWULEXWLRQVREWDLQHGIURPWKH'3&
VLJQDOVFRUUHVSRQGLQJWRWKHVHJPHQWHGGHWHFWRUV )LJ DUH
VLPLODUWRWKHSKDVHGLVWULEXWLRQREWDLQHGIURPWKH'3&VLJQDO
HVWLPDWHGIURPWKHSL[HODWHGGHWHFWRU )LJ H 7KHUHIRUHLW
has been demonstrated that the phase distribution that is used
for a practical application can be obtained by integrating the
'3&VLJQDOIURPWKHVHJPHQWHGGHWHFWRU$VLQWURGXFHGLQWKH
next section, the phase distribution can be observed in live
PRGH E\ XVLQJ WKH '3& VLJQDO IURP WKH VHJPHQWHG GHWHFWRU
&RQWUDU\ 3W\FKRJUDSK\ LV QRW VXLWDEOH WR REWDLQ WKH SKDVH
distribution in real-time, since it requires a two-dimensional
)RXULHU WUDQVIRUP DW HDFK GLIIUDFWLRQ SRLQW RI WKH '67(0
GDWD>@
)LQDOO\ ZH ZLOO VKRZ WKH 6' PRGXOH DSSOLHG WR -(2/
6$$) 2FWD ZKHUH WKH SKDVH LV GLVSOD\HG DFFRUGLQJ WR WKH
scan as described in the section for the real time integration
PHWKRG)LJXUHLVDVFUHHQVKRWDWWKHWLPHWKH6'PRGXOHLV
RSHUDWLQJZKHUHWKHVDPSOHLV672>6U7L2@7KHXSSHUSDUW
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Fig. 6 Phase distributions restored from
the DPC signal obtained from the
pixelated detector

(a)

(b)

(c)

(d)

(e)

(f)

The integration methods were compared using an ideal DPC signal obtained
as the centroid of the diffraction intensity of 4D-STEM data. The sample
was single-layer graphene, and 4D-STEM data was acquired by 4DCanvasTM
mounted on JEM-ARM200F. Top (a and b): DPC signals in two directions
calculated from the 4D-STEM data in the camera coordinate system. Middle
(c and d): DPC signals in the scanning direction, where the DPC signals are
rotated by 31 degrees using the DPC signal correction function. Bottom (e
and f): Phase distributions obtained by DCT and FFT-2, respectively, from the
rotated DPC signals. A remarkable difference between two phases appears in
the upper right, which result from the failure of the periodic boundary condition
assumed by FFT (cf. Fig. 9).
Experimental conditions: JEM-ARM200F (acceleration voltage 80 kV,
magnification 50M), 4DCanvas TM (264 × 66 pixels (binning 4), 4,000 fps),
number of scan points 256 × 256, data acquisition time 16s.

Fig. 7 Phase distributions obtained from
the DPC signals emulated for the
segmented detectors
(a)

(b)

The DPC signals were emulated for a quadrant detector (a) and an annular-quadrant
detector (b) from the 4D-STEM data used in Fig. 6. The phase distributions
obtained by the DCT from the DPC signals for the quadrant and annular-quadrant
detectors are very close to the phase distribution shown in Fig. 6 (e).
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displays four signals from the inner or outer quadrant detector,
and the lower part from the left corresponds to two synthesized
'3& VLJQDOV D SKDVH GLVWULEXWLRQ LQWHJUDWHG LQ UHDO WLPH D
VLPXOWDQHRXVO\DFTXLUHG+$$')LPDJHDQGDQHOHFWULFÀHOG
PDS LQ FRORU GLVSOD\ PRGH $OWKRXJK QR FRQWUDVW LV YLVLEOH
DW WKH SRVLWLRQ RI R[\JHQ LQ WKH +$$') LPDJH FRQWUDVW
IURP R[\JHQ DSSHDUV LQ WKH '3& VLJQDO SKDVH GLVWULEXWLRQ
DQGHOHFWULFÀHOGPDS7KHHOHFWULFÀHOGYHFWRUKHUHXVHVWKH

Fig. 8 Comparison of phase distributions
obtained from the DPC signals of
various detectors

derivative of the phase distribution instead of the observed
'3&VLJQDO7KHUHIRUHWKHUDQGRPQRLVHLQWKLVHOHFWULFÀHOG
PDSLVUHGXFHGFRPSDUHGWRWKHFDVHZKHUHWKHREVHUYHG'3&
signal is displayed. This is because the influence of random
QRLVH LQFOXGHG LQ WKH REVHUYHG '3& VLJQDO LV VXSSUHVVHG E\
WKH LQWHJUDWLRQ DV GHVFULEHG EHIRUH $OWKRXJK WKLV UHDOWLPH
integration can be done in live, the integrated phase is an
approximate solution, and does not simultaneously satisfy
WKH HQWLUH '3& VLJQDO FRQWUDU\ WR WKH VROXWLRQ RI WKH '&7
1HYHUWKHOHVV WKH UHDOWLPH LQWHJUDWLRQ ZLOO DFFHOHUDWH WKH
H[SHULPHQWVLJQLÀFDQWO\VLQFHLWJLYHVDVXIÀFLHQWO\DFFXUDWH
phase distribution, from which the sample and experimental
conditions can be safely evaluated.

In Conclusion

(a) Pixel

mrad

(b) Split

'LIIHUHQWLDOSKDVHFRQWUDVW '3& XVLQJDWZRVHJPHQW VSOLW 
detector has been proposed as a method of observing a phase
object in scanning transmission electron microscopy (STEM).
)URP WKH '3& VLJQDO ZH FDQ REWDLQ WKH SKDVH GLVWULEXWLRQ
VLQFHWKH'3&VLJQDOLVDGHULYDWLYHRIWKHSKDVHGLVWULEXWLRQ,Q
WKLVUHSRUWZHLQWURGXFHGWKHGLVFUHWHFRVLQHWUDQVIRUP '&7 
as a method of integration to obtain the phase distribution
XVLQJWKH1HXPDQQERXQGDU\FRQGLWLRQZKLFKLVQRWDIIHFWHG
E\WKHERXQGDU\RIGDWDDFTXLUHGLQDÀQLWHLQWHUYDOLQFRQWUDVW
to the method based on the fast Fourier transform (FFT) that
XVHV D SHULRGLF ERXQGDU\ FRQGLWLRQ :H DOVR GHVFULEHG WKH
real-time integration method that displays the phase in accord
with the scanning of the STEM. Then, we examined the
SKDVH GLVWULEXWLRQV REWDLQHG E\ '&7 IURP WKH '3& VLJQDOV
emulated for the segmented detectors using experimental data
of single-layer graphene obtained by a pixelated detector,
'&DQYDVTM. In addition, we compared the phase distribution
REWDLQHGE\'3&ZLWKWKHRQHREWDLQHGE\3W\FKRJUDSK\DQG
demonstrated that the segmented detector provides a phase
distribution that can be used for a practical application. The
phase distribution can be observed in real time by using the
'3&VLJQDOIURPDVHJPHQWHGGHWHFWRUZKLOH3W\FKRJUDSK\LV
not suitable for real-time application, since it requires a large

Fig. 9 Comparison of the phase
distributions obtained by
Ptychography and DPC integration

(c) Annular Split
(a)

(b)

Processed by R. Sagawa (JEOL)

(a): Histogram of the phase distribution of Fig. 6 (e). (b) and (c): Histograms of
the phase distributions of Figs. 7 (a) and (b), respectively, where the correlation
diagrams with the phase distribution of Fig. 6 (e) are also shown. The histogram
and correlation diagram demonstrate that the phase distribution of the annular
quadrant detector is close to that of the pixelated detector. The horizontal axis
of the phase histogram is mrad.

(a): Phase distribution of single-layer graphene obtained by Ptychography. (b):
Phase distribution obtained by slightly attenuating low frequencies of Fig. 6
(e). The distribution especially at multilayer graphene regions becomes more
similar to (a). This demonstrates that a practically acceptable phase distribution
can be obtained using the DPC signal from a segmented detector.
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Fig. 10 SD module

Screenshot showing the SD module in action, where the upper row shows four signals from the inner or outer quadrant detector, while the lower row (from left) shows two
synthesized DPC signals, a real-time integrated phase, a HAADF image acquired simultaneously, and an electric ﬁeld map displayed in color mode. The SD module palette
is shown in the right. Pressing the Start button updates these images in accord with the DigiScanTM signal data update. Here, the sample is STO [SrTiO3], and no contrast is
seen at the oxygen position in the HAADF image, while some contrast appears in the DPC signal, phase distribution, and electric ﬁeld map. Since the electric ﬁeld map here is
obtained by differentiating the phase distribution, random noise is reduced compared with the electric ﬁeld map created by using the observed DPC signal.

DPRXQWRIFDOFXODWLRQ:HLQWURGXFHGDOVRWKH6'PRGXOHWKDW
DFTXLUHVWKHVLJQDOIURPDVHJPHQWHGGHWHFWRUVXFKDV6$$)
2FWDXVLQJ*DWDQ V'LJL6FDQTM,,FDOFXODWHVWKH'3&VLJQDOV
and displays the phase distribution in live mode. Furthermore,
ZH LQWURGXFHG WKH '67(0 PRGXOH WKDW GLVSOD\V WKH SKDVH
GLVWULEXWLRQIURPWKH'67(0GDWDLQTXDVLUHDOWLPHQDPHO\
LPPHGLDWHO\ DIWHU WKH HQG RI VFDQQLQJ :H H[SHFW WKDW WKHVH
RQOLQHPRGXOHVZLOODFFHOHUDWH'3&REVHUYDWLRQLQ67(0
Finally, we have been providing a suite of plug-ins of
'LJLWDO0LFURJUDSK *DWDQ IRUTXDQWLWDWLYHDQDO\VLVIRUHOHFWURQ
PLFURVFRS\6RPHRIWKHPZHUHLQWURGXFHGLQ-(2/1HZV>@
:HZRXOGEHJUDWHIXOLI\RXFRXOGORRNWKRXJKLWDOVR
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Chemical State Analysis of Light
Elements in Nuclear Fission and
Fusion Reactor Materials by Soft
X-ray Emission Spectroscopy in
Electron Probe Microanalyzer
5\XWD.DVDGD.HLVXNH0XNDL 


,QVWLWXWHIRU0DWHULDOV5HVHDUFK7RKRNX8QLYHUVLW\



,QVWLWXWHRI$GYDQFHG(QHUJ\.\RWR8QLYHUVLW\

Chemical states of light elements such as lithium, beryllium, boron and carbon, which play important roles in
materials used in nuclear ﬁssion and fusion reactors, were analyzed by electron probe microanalyzer (EPMA) with
soft X-ray emission spectroscopy (SXES). The high energy resolution and high sensitivity of EPMA-SXES enabled us
to clarify the role of light elements in the functions and degradation behavior in lithium-lead eutectic alloy, beryllides
and boron carbide.

Introduction
Light elements such as lithium (Li), beryllium (Be),
boron (B), and carbon (C) which have characteristic nuclear
properties, have been used in various core components of
QXFOHDUÀVVLRQUHDFWRUVDQGIXWXUHIXVLRQUHDFWRUV6LQFHWKHVH
nuclear components are required to be resistant to the extreme
environments, it has been a great concern to understand the
FKHPLFDOVWDWHRIWKHOLJKWHOHPHQWV7KHVRIW;UD\HPLVVLRQ
VSHFWURVFRS\ 6;(6 GHYLFHGHYHORSHGE\7HUDXFKLHWDO>@
DQGFRPPHUFLDOO\LQVWDOOHGWRDQHOHFWURQSUREHPLFURDQDO\]HU
(30$ >@HQDEOHVXVWRREWDLQWKHÀQHVWUXFWXUHRIVRIW;UD\
emission spectrum with the difference in the state of chemical
bonding and further chemical state map, which were difficult
ZLWKFRQYHQWLRQDO:'6 ZDYHOHQJWKGLVSHUVLYH;UD\HPLVVLRQ
VSHFWURVFRS\ 
Our research target is to clarify the role of light elements in
the function or degradation of the nuclear and fusion reactor
PDWHULDOV7KLVUHSRUWIRFXVHVRQRXUUHFHQWUHVXOWVRIOLWKLXP
(Li), beryllium (Be), boron (B), and carbon (C) in the nuclear
PDWHULDOVREWDLQHGE\(30$6;(6ZKLFKLVD-(2/-;$)
ILHOGHPLVVLRQ )( HOHFWURQSUREHPLFURDQDO\]HU )((30$ 
HTXLSSHGZLWKWKH6;(6GHYLFH

Li: Lithium distribution in lithium-lead
eutectic alloys
0DMRU FRQFHSWV RI IXWXUH IXVLRQ UHDFWRU EHLQJ GHYHORSHG
around the world will use hydrogen isotopes, such as deuterium

DQG WULWLXP DV IXHO RI QXFOHDU IXVLRQ UHDFWLRQ 7KH QHXWURQV
SURGXFHG E\ IXVLRQ UHDFWLRQ DUH XVHG IRU WULWLXPEUHHGLQJ
through nuclear reactions with Li atom, which is placed in
breeding blankets around the reactor core because the natural
DEXQGDQFHRIWULWLXPLVYHU\VPDOO$PRQJWKHVHYHUDOEUHHGLQJ
blanket concepts, liquid metal blanket concepts adopt a
VLPSOH VXEVWDQFH /L RU /L3E HXWHFWLF DOOR\ IRU WKH WULWLXP
EUHHGLQJ 2QH RI WKH HQJLQHHULQJ LVVXHV RI /L3E XVDJH LV
surface oxidation of ingots during storage, which may affect
the subsequent physical property measurements and corrosion
WHVWV ZLWK VWUXFWXUDO PDWHULDOV DV OLTXLG PHWDO &RQYHQWLRQDO
;UD\HPLVVLRQVSHFWURVFRS\IRU(03$LVQRWDYDLODEOHIRU/L
because of the following difficulties: the weight concentration
RI/LLQ3EDW/LHXWHFWLFDOOR\LVRQO\ZWWKHQXPEHU
RIYDOHQFHHOHFWURQLQ/LLVRQO\R[LGDWLRQRI/LUHGXFHVWKH
QXPEHURIYDOHQFHHOHFWURQDQGWKHHPLVVLRQHQHUJ\RI/L.
LVTXLWHORZ$VVKRZQLQFig. 1KRZHYHU(30$6;(6XVLQJ
-6;/ GLIIUDFWLRQ JUDWLQJ VXFFHVVIXOO\ GHWHFWHG WKH /L.
VDWHOOLWHHPLVVLRQSHDN H9 GHULYHGIURPWKH/LR[LGH
IRUPHGRQWKHVXUIDFHRILQJRW)XUWKHUPRUHDFKHPLFDOPDS
DQDO\VLV E\ (30$6;(6 UHYHDOHG WKDW WKH GLVWULEXWLRQ RI /L
R[LGHZDVQRWKRPRJHQHRXVRQWKHVXUIDFHRILQJRW7KLVUHVXOW
VXJJHVWVWKDWGXULQJWKHVROLGLÀFDWLRQSURFHVVRUVWRUDJHSHULRG
RI WKH LQJRW WKH VXUIDFH R[LGDWLRQ RI WKH /LHQULFKHG SKDVH
IRUPHG E\ WKH VHSDUDWLRQ RI /L DQG 3E ZRXOG EH SURJUHVVHG
DQGWKHQFRQFHQWUDWHG/LZDVR[LGL]HG%DVHGRQWKLVILQGLQJ
we also succeeded in the chemical state analysis of Li in the
VWUXFWXUDOPDWHULDOVDIWHUFRUURVLRQWHVWVLQOLTXLG/L3EHXWHFWLF
DOOR\>@

〉〉2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan | E-mail: r-kasada@imr.tohoku.ac.jp

32

RI %H REWDLQHG E\ ')7 FDOFXODWLRQ DQG WKH VWUXFWXUH RI WKH
%HYDOHQFHEDQGLVFKDQJHGE\K\EULGL]DWLRQZLWKWKHYDOHQFH
RUELWDORI9$OVR(30$6;(6KDVVXFFHVVIXOO\VKRZHGWKDW
WKH9SKDVHZKHUHWKHFRQYHQWLRQDO(30$:'6FRXOGGHWHFW
9 RQO\ FRQWDLQV D VPDOO DPRXQW RI %H ZLWK WKH VDPH %H.
HPLVVLRQ VSHFWUXP VKDSH DV WKH EHU\OOLGH SKDVH :H EHOLHYH
WKDWVXFKDFRPELQDWLRQRIFKHPLFDOVWDWHDQDO\VLVE\(30$
6;(6DQG')7FDOFXODWLRQFDQFRQWULEXWHWRWKHGHYHORSPHQWRI
VXSHULRUEHU\OOLGH

Fig. 1
(a) SEM

(b) XES
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B and C: Chemical state map analysis
of boron and carbon in a
simulated boron carbide control
rod after high-temperature
steam oxidation test
Control rods are used in nuclear fission reactors to achieve
FRQWLQXRXV ILVVLRQ UHDFWLRQV 7KH FRQWURO URG LQ FRPPHUFLDO
ERLOLQJ ZDWHU UHDFWRUV LQFOXGLQJ WKH )XNXVKLPD 'DLLFKL
1XFOHDU3RZHU6WDWLRQFRQWDLQVERURQFDUELGH %4C) as neutron

Fig. 2
(a) Scanning electron micrograph of the surface of Pb-17at%Li ingot after
storage in air, (b) X-ray emission spectrum obtained by EPMA-SXES at the
center of (a), and X-ray emission map images of (c) Li-oxide obtained from a
range of 47-51 eV, and (d) Pb obtained from a range of 117-121 eV including
the emission peaks of N7-O5and N6-O4of Pb.

Be: Chemical bonding state analysis of
beryllium in beryllide
$VVKRZQLQWKHSUHYLRXVVHFWLRQRQHWULWLXPLVSURGXFHGIURP
one Li with one neutron generated from one fusion reaction of
GHXWHULXPDQGWULWLXP+RZHYHUIXVLRQQHXWURQVDUHDEVRUEHGE\
VWUXFWXUDOPDWHULDOVRWKHUWKDQ/LLQEODQNHW7RDYRLGGHSOHWLRQ
of tritium as fuel, Be, which enables the neutron multiplication
reaction (two neutrons are generated from one Be by absorbing
RQHQHXWURQ PD\EHSODFHGWRJHWKHUZLWK/LLQWKHEODQNHW,Q
order to achieve further safety even in the event of cooling water
leakage inside the blanket, beryllides such as Be7LDQG%H9
has been developed because of their excellent high temperature
VWHDPR[LGDWLRQUHVLVWDQFHFRPSDUHGZLWKDVLPSOH%H7RFODULI\
the mechanism of their resistance to the oxidation and to develop
further superior resistant beryllides, we preformed the valence
VWDWHDQDO\VLVE\FRPELQLQJ(30$6;(6DQG')7FDOFXODWLRQV
RIEHU\OOLGHVFigure 2VKRZVWKH%H.HPLVVLRQVSHFWUDIURPD
VLPSOH%HREWDLQHGE\(30$6;(6 -6/ DQGFRQYHQWLRQDO
(30$:'6 /'(+ ,Q(30$6;(6WKHVWUXFWXUHRIWKH
%H.HPLVVLRQVSHFWUXPZHOOUHÁHFWVWKHSDUWLDOGHQVLW\RIVWDWH
QHDUWKH)HUPLHGJHRI%H)XUWKHUPRUHDVVKRZQLQ Fig. 3,
LQEHU\OOLXPR[LGH %H2 ZKLOHWKH;UD\HPLVVLRQLQWHQVLW\
GHFUHDVHGWKHFKHPLFDOVKLIWDQGVDWHOOLWHSHDNRI%H.FDQEH
FOHDUO\LGHQWLILHG%DVHGRQWKHVHUHIHUHQFHGDWDWKHFKHPLFDO
state map analysis of the oxide film after the oxidation test
EHFDPHSRVVLEOH>@Figure 4VKRZVWKH%H.HPLVVLRQVSHFWUD
REWDLQHGE\(30$6;(6DWGLIIHUHQWDFFHOHUDWLQJYROWDJHVIRU
Be9EHU\OOLGHFRQWDLQLQJRWKHUPLQRUSKDVHVVXFKDV%H9%H
DQG9SKDVHV,WLVQRWLFHGWKDWDWDQDFFHOHUDWLRQYROWDJHRIN9
9/OHPLVVLRQSHDNDUHQRWVHHQEXWDWDQDFFHOHUDWLRQYROWDJH
RIN9WKDWLVH[FLWHGQHDUWKHKLJKHUHQHUJ\VLGHRIWKH%H.
HPLVVLRQVSHFWUXP,QDGGLWLRQWKHVKDSHRIWKH%H.VSHFWUXP
RIEHU\OOLGHVDJUHHVZHOOZLWKWKHSSDUWLDOGHQVLW\RIVWDWHV
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Comparison of normalized B-K spectra obtained by EPMA-WDS using LDE3H
and EPMA-SXES using JS200N as spectrometer.

Fig. 3

Normalized B-K spectra of Be and BeO obtained by EPMA-SXES.
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DEVRUELQJPDWHULDO'HVSLWHRIWKHKLJKPHOWLQJSRLQWRYHU
°C, B4C molt and then formed debris through eutectic reactions
ZLWK PHWDOV LQ WKH VXUURXQGLQJ VWDLQOHVV VWHHO DW DERXW 
&GXULQJVHYHUHDFFLGHQW+LJKWHPSHUDWXUHVWHDPR[LGDWLRQ
UHDFWLRQLVDOVRSRVVLEOH7KURXJKWKHVHUHDFWLRQV%FDQKDYH
various chemical forms and their mixture, which affect the types
DQGDPRXQWVRIUDGLRDFWLYHVRXUFHVUHOHDVHGLQWRWKHHQYLURQPHQW
In addition, understanding the location and chemical state of
boron that absorbs neutrons well in debris are very important for
further reducing the recriticality risk during the decommissioning
SURFHVV,QWKLVVWXG\(30$6;(6DQDO\VLVZDVSHUIRUPHGRQ
a B4&FRQWUROURGVLPXODWHGVDPSOHDIWHUKLJKWHPSHUDWXUHVWHDP
R[LGDWLRQWHVWIRUPLQDW&>@
Figure 5 VKRZV WKH %. ;UD\ HPLVVLRQ VSHFWUD REWDLQHG
E\(30$6;(6IRUERURQ % DQGFRPSRXQGVFRQWDLQLQJ%
B4C shows a characteristic peak shape different from that of a
VLPSOH%7UDQVLWLRQPHWDOERULGHVVXFKDV)H%DQG)HB have
DVKRXOGHU 6 DWWKHKLJKHQHUJ\VLGHRIWKHHPLVVLRQVSHFWUD
FRUUHVSRQGLQJWRWKHYLFLQLW\RIWKH)HUPLHGJHRI%UHÁHFWLQJ
WKH PHWDOOLF ERQGLQJ %RURQ R[LGH %O) shows a chemical
shift toward lower energy and has satellite peaks at the lower
HQHUJ\VLGH6DQGDWWKHKLJKHUHQHUJ\VLGH67KHKLJKHU
HQHUJ\VDWHOOLWHSHDN6LVDWWULEXWHGWR;UD\UHVRQDQFH5DPDQ
VFDWWHULQJDQGWKHORZHUHQHUJ\VDWHOOLWHSHDN6LVGXHWRWKH
WUDQVLWLRQIURP%SHOHFWURQRU2VHOHFWURQWR%VKROH
Figure 6VKRZVWKH%.HPLVVLRQVSHFWUDDQGFKHPLFDOPDS
DQDO\VLVUHVXOWVREWDLQHGE\(30$6;(6IRUDFURVVVHFWLRQDO
sample of the B4C control rod simulated test specimen after
WKHKLJKWHPSHUDWXUHVWHDPR[LGDWLRQWHVW7KHJUDQXODUUHJLRQ
where the B concentration is high shows the same peak shape
with B4&VKRZQLQ)LJFRUUHVSRQGLQJWRWKHUHPDLQHG%4C
SDUWLFOHV$SHDNVKRXOGHUSHFXOLDUWRERULGHVLVREVHUYHGDWWKH
points out of the remained B4&SDUWLFOHV:LWKFRQVLGHULQJWKH
FRQYHQWLRQDO(30$:'6UHVXOWVERULGHVRI)H&UDQG1L
which are the main components of stainless steel, were formed
DWWKHUHJLRQE\HXWHFWLFUHDFWLRQ+HUHE\FDOFXODWLQJWKHDUHDO
ratios of the peaks 3 B/3 $ and 3 C/3 $, where 3 $ is the total area of
%.LQWKHUDQJH²H93 BLVWKHDUHDLQ²H9DQG
3 CLVWKHDUHDLQ²H9WKHFKHPLFDOVWDWHPDSVVKRZQ
LQ )LJ  H I  GLVSOD\ WKH H[LVWLQJ DUHDV RI %4C and borides
VHSDUDWHO\
Figure 7 VKRZV WKH &. HPLVVLRQ VSHFWUD DQG WKH
corresponding carbon (C) element map at the same observation
SRVLWLRQRI)LJXUHWRJHWKHUZLWKWKRVHRIJUDSKLWHDQG%4C as
UHIHUHQFH7KHLQVLGHRIWKHUHPDLQHG%4C particle has a similar
&. VSHFWUXP VKDSH WR WKH UHIHUHQFH % 4& ,Q FRQWUDVW WKH
outside of the residual B4&SDUWLFOHKDVD&.VSHFWUXPVKDSH
FORVHWRJUDSKLWH7KLVLPSOLHVWKDW&DVWKHUHVXOWDQWHOHPHQWRI
the eutectic reaction between B in B4C and metals in stainless
steel exists as graphite as surrounding the remained B4&
7KXVLQDGGLWLRQWRWKHHOHPHQWDODQDO\VLVDQGPLFURVWUXFWXUH
REVHUYDWLRQ DW WKH PLFUR DQG PDFURVFDOHV ZKLFK LV WKH
FRQYHQWLRQDO IXQFWLRQ RI (30$ FKHPLFDO VWDWH DQDO\VLV E\
(30$6;(6UHYHDOHGWKHFRPSOH[VWUXFWXUHRIVLPXODWHG%4C
FRQWUROURGDIWHUDVHYHUHDFFLGHQWDOFRQGLWLRQ

Fig. 4

(a)

(b)

Be-K emission spectrum (normalized by peak value) obtained by EPMASXES for each of Be12V, Be2V, and V phases found in Be-V alloy. (a) and (b)
were obtained at acceleration voltages of 15 kV and 5 kV, respectively. For
comparison, Be-K emission spectrum obtained from a single Be sample (Pure
Be) is also shown.

Fig. 5

Conclusion
7KH(30$6;(6HQDEOHVXVWRGHWHFWVRIW;UD\HPLVVLRQRI
OLJKWHOHPHQWVLQQXFOHDUPDWHULDOVZLWKKLJKHQHUJ\UHVROXWLRQ
DQGVHQVLWLYLW\7KHREWDLQHGHPLVVLRQVSHFWUDRI/L.%H.
%. DQG &. ZHOO UHIOHFWHG WKH YDOHQFH HOHFWURQLF VWUXFWXUH
RI WKH FRUUHVSRQGLQJ FKHPLFDO VWDWHV RI OLJKW HOHPHQWV LQ /L
3E EHU\OOLGHV DQG % 4& 7KHVH UHVXOWV ZHUH DOVR XVHG IRU

Normalized B-K emission spectra obtained by EPMA-SXES for a simple boron
and boron compounds such as B2O3, B4C, Fe2B and FeB.
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Elemental maps based on (a) P A, (b) P B and (c) P C of (d) B-K spectrum, obtained by EPMA-SXES and chemical state maps calculated by peak-area ratio as (e) P B/P A and (f ) P C/P A,
around the residual B4C grains of the control rod simulated material after high temperature steam oxidation test.
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FKHPLFDO VWDWH PDS DQDO\VLV WR XQGHUVWDQG WKHLU PLFURVFDOH
local degradation with taking advantage of high availability
of electron microscopes that cannot be achieved with other
GHYLFHV &RPSOHPHQWDU\ XVH RI WKH (30$6;(6 ZLWK WKH
QH[WJHQHUDWLRQV\QFKURWURQUDGLDWLRQIDFLOLW\FXUUHQWO\XQGHU
construction will promise for the development of new functional
materials and elucidation of the mechanism of material
GHJUDGDWLRQ
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Practical Workﬂow of CLEM
– Trace of climbing ﬁber in
cerebellar cortex of mouse –
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Correlative light and electron microscopy (CLEM) is used to image the same position of a sample using light and
electron microscopy. Light microscopy (LM) is used to identify the speciﬁc positions of interest with ﬂuorescent
markers, and electron microscopy (EM) provides the ﬁne structures of the positions. In this study, we demonstrate a
practical method for applying CLEM to the visualization of the ﬁne structures of a climbing ﬁber (CF) in the cerebellar
cortex of a mouse. A mouse genetically labeled with a ﬂuorescent protein for CFs was ﬁxed, and thick slices of its
brain were imaged using confocal microscopy. The sample was further ﬁxed with OsO4, dehydrated, and embedded
in an epoxy resin. The position imaged using LM was then trimmed, and serial sections of 45 nm in thickness were
cut using an ultramicrotome. The sections were further imaged by array tomography using scanning EM (SEM),
and the SEM images were analyzed including deep learning (DL). Three-dimensional (3D) reconstructed CF of the
cerebellar cortex of a mouse was around the dendrite with complex branches. The positions of the boutons in the
reconstructed CF corresponded well with those in the LM images, indicating that the CF observed by LM was
unambiguously identiﬁed and traced by the CLEM.

Introduction
Correlative light and electron microscopy (CLEM) is used
to image the same position of a sample by light and electron
microscopy. CLEM is widely applied in industry, materials
VFLHQFHDQGELRVFLHQFHEHFDXVHLWLPSURYHVWKHHIÀFLHQF\DQG
provides new value by combining features of light microscopy
(LM) and electron microscopy (EM) in a comprehensive
manner. In industry and materials science, a foreign material
is first found using LM. It is then observed using EM at high
PDJQLÀFDWLRQDQGLWVFRPSRVLWLRQLVDQDO\]HGWKURXJKHQHUJ\
GLVSHUVLYH;UD\VSHFWURPHWU\ ('6 7KLVSURFHVVVLJQLÀFDQWO\
LPSURYHVWKHHIÀFLHQF\RIWKHURRWFDXVHDQDO\VLVRIWKHGHIHFWV
DQGLVZLGHO\DSSOLHGLQWKHVHÀHOGV&/(0LVEHFRPLQJSRSXODU
in bioscience because LM can identify the specific positions
of proteins using fluorescent tags, and EM provides the fine
structures of their positions [1-8].
A new trend has also appeared in bioscience using scanning
EM (SEM). Because the resolution of cutting-edge SEM is
better than 1 nm, contrast inverted backscattered-electron
images obtained through SEM provide a similar resolution and
contrast as those from a transmission EM (TEM). Automatic
LPDJHDFTXLVLWLRQLVDOVRUHDOL]HGE\LPSURYLQJWKHDXWRPDWLF
adjustments of the focus and stigma, as well as automatic control

of the sample positions, based on improvements in computer
technology. This allows SEM to be used to evaluate threedimensional (3D) information by imaging the same positions for
serial sections [9-11]. By combining 3D information obtained
through SEM with confocal microscopy, 3D CLEM is also
becoming a popular tool [12-14].
There are various methods for obtaining 3D information using
SEM, such as focused ion beam (FIB)/SEM, serial block-face
(SBF)/SEM containing ultramicrotome inside an SEM chamber,
and array tomography [9-11]. Among these, array tomography,
also called serial section SEM, has been widely used because,
compared with SBF/SEM and FIB/SEM, array tomography has
several advantages, namely, (a) a high lateral resolution; (b)
wide-area imaging using a montage; (c) standard staining with
uranium and lead, allowing easy comparison of images captured
by SEM and TEM; (d) repetitive imaging of the samples,
HQDEOLQJDKLHUDUFKLFDODQDO\VLVIURPORZWRKLJKPDJQLÀFDWLRQ
and (e) a low installation cost [15-18]. In particular, because
wide-area imaging is possible, array tomography has been used
to trace neurites in the brain, as described later [13, 19-21].
Although CLEM has been widely used as described above,
various types of tips are required. Thus, the actual processes
used in CLEM are described in this paper, using a trace of a
FOLPELQJÀEHU &) DVDQH[DPSOH&)VDUHD[RQVRILQIHULRU
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olivary neurons, inducing motor learning in the cerebellum
by sending teacher signals to a Purkinje cell [22]. In rodents,
multiple CFs initially innervate a single Purkinje cell soma
in the larva, but the “single-winner” CF translocates to the
Purkinje cell dendrites at around P 9, and the rest of the
CFs remaining on the soma are eventually pruned by P 21.
It is known that cerebellar gait disorder and motor learning
disorders are induced by abnormalities during the pruning
process [23, 24]. The pruning process also occurs in places
other than the cerebellum, and its abnormality induces various
disorders in neurological functions, including developmental
disorders such as autism spectrum disorder. Thus, as a model
system, an accurate understanding of the CF pruning process
LV H[WUHPHO\ LPSRUWDQW 7KHUHIRUH &/(0 LV DSSOLHG XVLQJ
PLFHH[SUHVVLQJÁXRUHVFHQWSURWHLQ\HOORZFKDPHOHRQ <& 
at inferior olivary neurons. First, the spreading pattern of a CF
was imaged using a confocal microscope. Second, the same CF
ZDVLGHQWLÀHGE\(0XVLQJ&/(07KLUGWKH&)ZDVWUDFHG
using EM images of serial ultrathin sections. Deep learning
'/ ZDVDSSOLHGWRLPSURYHWKHHIÀFLHQF\RIWKHDQDO\VLVIRU
the EM images.

Actual workﬂow
Overview of the workﬂow

The CLEM workflow used in this study is shown in Fig. 1.
There are various methods for applying CLEM to biological
samples. In this study, after using confocal microscopy to provide
optical slices of the sample, we embedded the sample into plastic,
made serial ultrathin sections of 45 nm in thickness, and imaged
the same position for each section using SEM. These processes
provided LM and SEM images for the same position. To
accomplish this, the various processes shown in Fig. 1 were used.
The details of these processes are described in the following.

Sample and pre-treatment

0LFHH[SUHVVLQJIOXRUHVFHQWSURWHLQV +WU%W7$WHW2<& 
>@ZHUHDQHVWKHWL]HGZLWKLVRIOXUDQHDQGZHUHSHUIXVLRQ
À[HGXVLQJJOXWDUDOGHK\GH *$ DQGSDUDIRUPDOGHK\GH
(PFA) dissolved in phosphate buffered saline (PBS). After
H[WUDFWLQJWKHEUDLQVWKHFHUHEHOOXPVZHUHIXUWKHUÀ[HGZLWKWKH
VDPHÀ[DWLRQUHDJHQWIRUKDW&$IWHUZDVKLQJZLWK3%6
thick slices of 100 μm were cut using a microslicer, and their
nuclei were stained using 4', 6-diamidino-2-phenylindole (DAPI).
Imaging by LM

Fluorescent and transmission images were captured using
an inverted confocal microscope (A1R, Nikon). To allow an
identification of the captured positions after imaging, lowmagnification, middle-magnification, and high-magnification
images were captured. The following objective lenses were used:
ð 1$ IRUORZPDJQLÀFDWLRQð 1$ IRUPLGGOH
PDJQLÀFDWLRQDQGð 1$ IRUKLJKPDJQLÀFDWLRQ7KH
laser unit was equipped with continuous wave lasers (405 nm
for DAPI, 488 nm for YC). Fluorescence is filtered using the
internal dichroics and band-pass filters (450/50 nm, 525/50
QP )RUKLJKPDJQLILFDWLRQLPDJLQJWKHSL[HOVL]HLQWKH[\
direction was 0.39 μP]VWHSZDVμm, and 484 optical-slice
LPDJHV ]VWDFNLPDJHV ZHUHFDSWXUHG
/0 LPDJHV RI WKLFN VOLFHV RI WKH PRXVH FHUHEHOODU FRUWH[
are shown in Fig. 2. Images of the thick slices obtained using
FRQIRFDO PLFURVFRS\ DIWHU WKH LQLWLDO IL[DWLRQV DUH VKRZQ
in Fig. 2 (a) – (d). Fig. 2 (a) shows a low-magnification
ÁXRUHVFHQWLPDJH E VKRZVDPLGGOHPDJQLÀFDWLRQÁXRUHVFHQW
image corresponding to a rectangle in (a), (c) shows a highPDJQLÀFDWLRQÁXRUHVFHQWLPDJHFRUUHVSRQGLQJWRDUHFWDQJOH
LQ E DQG G VKRZVDWUDQVPLVVLRQLPDJHIRUWKHVDPHÀHOGRI
YLHZ )29 RI F $OWKRXJK']VWDFNVZHUHREWDLQHGXVLQJ
confocal microscopy, representative images of these stacks

Fig. 1 Workflow of correlative light and electron microscopy (CLEM) used in this study.
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After applying confocal microscopy to provide optical slices of the sample, we embedded the sample into plastic, made serial ultrathin sections of 45 nm in thickness, and
observed the same positions of the sections using SEM. These processes provided LM and SEM images for the same area. The CF was traced using these data.
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are shown in Fig. 2 (a) – (d). In Fig. 2 (a) – (c), the green areas
indicate CFs whereas the blue areas indicate the nuclei. The
target CF by CLEM is indicated by the arrow in Fig. 2 (c),
DQGDWKLFNEORRGYHVVHOLVLGHQWLÀHGLQWKHWUDQVPLVVLRQLPDJH
(arrow in Fig. 2 (d)).

Fig. 2 LM images of thick slices of the
mouse cerebellar cortex.
E 
D 

Secondary ﬁxation, dehydration, and embedding

Conventional sampling methods for TEM are applicable to
these processes. After confocal microscopy, the thick samples
ZHUHIXUWKHUIL[HGXVLQJ2V24 dissolved in PBS for 2 h at
room temperature. After washing with water, the samples were
dehydrated in a graded ethanol series later replaced with propylene
R[LGHDQGHPEHGGHGLQDQHSR[\UHVLQ (3217$$% 
Trimming

6WHUHRPLFURVFRS\LPDJHVRIWKHPRXVHFHUHEHOODUFRUWH[DIWHU
embedding are shown in Fig. 2 (e) and (f). The area of the CF
LQWKHFHUHEHOODUFRUWH[UHPDLQHGDOWKRXJKVRPHSDUWVRIWKH
FRUWH[ZHUHEURNHQDVUHFRJQL]HGE\WKHFRPSDULVRQRIWKHORZ
magnification (Fig. 2 (e)) and fluorescent (Fig. 2 (a)) images.
Fig. 2 (f) shows an enlarged image of the rectangular area in Fig.
2 (e), indicating the same thick blood vessel (arrow in Fig. 2 (f)),
as illustrated in Fig. 2 (d).
The target area including the CF was identified through
FRPSDULVRQVRIWKHÁXRUHVFHQWWUDQVPLVVLRQDQGVWHUHRVFRSLF
images (Fig. 2 (a)–(f)), and was marked with an oil-based magic
SHQ$IWHUDURXJKWULPPLQJZLWKDUD]RUDSUHFLVHWULPPLQJ 
μm × 320 μm) was applied using a trimming knife set on an
ultramicrotome.
In the stereoscopic images of the embedded sample, only the
surface information of the sample could be obtained, and no
ÁXRUHVFHQWLQIRUPDWLRQLVDYDLODEOH1HYHUWKHOHVVWKHWDUJHWDUHD
in the embedded sample was roughly identified by evaluating
WKHÁXRUHVFHQWLPDJHVDWORZPLGGOHDQGKLJKPDJQLÀFDWLRQV
(Fig. 2 (a) – (c)) and the stereoscopic images (Fig. 2 (e), (f))
for the same region. In addition, the same thick blood vessel
ZDVLGHQWLÀHGLQWKHWUDQVPLVVLRQ DUURZLQ)LJ G DQGWKH
stereoscopic (arrow in Fig. 2 (f)) image. Using these processes,
the target area can be unambiguously trimmed.
Serial ultrathin sections and post-staining

The trimmed block was sliced into serial ultrathin sections
using an ultramicrotome (UC7, Leica), and the sections were
PRXQWHGRQVLOLFRQVXEVWUDWHVFOHDYHGWRDVL]HRIDSSUR[LPDWHO\
8 mm × 50 mm (Fig. 3 (b)). For easier mounting of the
VHFWLRQVDWKUHHD[LVPLFURPDQLSXODWRU 01DULVKLJH ZDV
used (Fig. 3 (a)). The silicon substrate was set at the leading
edge of the arm and sunk in the water of the boat to mount the
VHFWLRQV7KHVLOLFRQVXEVWUDWHVZHUHFOHDYHGDJDLQWRDVL]HRI
DSSUR[LPDWHO\PPðPPZKLOHNHHSLQJWKHPRXQWHGDUHD
of the slices. The serial ultrathin sections were stained with
uranyl acetate and lead citrate.
An LM image of the serial ultrathin sections on the silicon
VXEVWUDWHVLVVKRZQLQ)LJ E $SSUR[LPDWHO\VHULDO
sections cut by an ultramicrotome were successfully mounted
on the silicon substrates using the micromanipulator shown in
Fig. 3 (a). The silicon substrates with the sections were stitched
onto a stainless board shaped into a 3-inch wafer using doublesided tape, providing the effective handling of nearly 1,000
serial sections.
Low-magniﬁcation SEM imaging

An array supporter (JEOL), software specifically developed
for automatic image acquisitions, was used for the array
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I 

H 

(a)–(d) Images from confocal microscopy for the thick slices after the initial
ﬁxations: (a) low-magniﬁcation ﬂuorescent image, (b) a middle-magniﬁcation
ﬂuorescent image corresponding to the rectangle in (a), (c) a high-magniﬁcation
fluorescent image corresponding to the rectangle in (b), (d) a transmission
image for the same ﬁeld of view (FOV) as in (c). Although 3D z-stacks were
obtained using confocal microscopy, representative versions of these images
are shown in (a)–(d). Green areas indicate CFs, whereas blue areas indicate
nuclei in (a)–(c). Target CF by CLEM is indicated by an arrow in (c). (e), (f)
Stereomicroscopy images of the mouse cerebellar cortex after embedding. The
area of the CF in the cerebellar cortex remained, although some parts of the
cortex were broken, as shown through a comparison of the low-magniﬁcation
image in (e) and the ﬂuorescent image in (a). Fig. 2 (f) shows an enlarged image
of the rectangular area in (e), showing the same thick blood vessel (arrow in (f))
as shown in (d). The red rectangle in (f) indicates the area for trimming.

Fig. 3
D 

E 

Forward/Backward

Arm

Right/Left
Up/Down

Moving arm with three knobs

A manipulator and serial ultrathin sections. (a) A manipulator used to collect
serial ultrathin sections on silicon substrates. (b) Approximately 1,000 sections
placed on the silicon substrates using the manipulator. For SEM imaging,
311 sections in the white rectangles were used. The efﬁciency of the sample
handling was improved by stitching the silicon substrates on a stainless-steel
board shaped in a 3-inch wafer with double-sided tapes.
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tomography. This software captures SEM images of each serial
ultrathin section at the same position, using two corners of the
section as the reference points of the position. The software
also corrects the small displacement of the position and the
differences in angles for the sections using image pattern
matching for the adjacent sections. In addition, because an
automatic multiple-image acquisition for the specified area
LV DOVR UHDOL]HG WKH DUUD\ VXSSRUWHU DOORZV ZLGH DUHD DUUD\
tomography using a montage (composite image).
)LUVW ORZPDJQLILFDWLRQ  QPSL[  6(0 LPDJHV ZHUH
automatically captured for 311 sections selected from all the
VHFWLRQV7KHVH6(0LPDJHVDUHFDOOHG]VWDFNLPDJHVDQDORJRXV
to confocal microscopy. A montage was not applied for lowPDJQLÀFDWLRQ6(0LPDJHDFTXLVLWLRQDQGRQO\RQHLPDJHIRU
each section was captured.
Alignment between adjacent sections

Alignments were needed for the low-magnification SEM
LPDJHV EHFDXVH WKHUH ZHUH VOLJKW GLVSODFHPHQWV LQ WKH [\
direction and variances in angle between the images of adjacent
serial sections. Stacker (System in Frontier), linear stack
alignment with SIFT (Fiji), and/or TrakEM2 (Fiji) were used for
WKHDOLJQPHQWRIORZPDJQLÀFDWLRQ6(0LPDJHV

Fig. 4 Images near the target CF.

Alignment of LM and Low-magniﬁcation SEM
images

Fig. 4 shows the images near the target CF. Fig. 4 (a) shows a
ÁXRUHVFHQWLPDJHRIWKHQXFOHL E VKRZVWKHORZPDJQLÀFDWLRQ
SEM image, and (c) shows a fluorescent image of the CFs.
+HUHWKHLPDJHVLQ)LJ D DQG F DUHURWDWHGE\LQWKH
clockwise direction from those in Fig. 2 (a)– (d) for comparison
ZLWKWKHORZPDJQLÀFDWLRQ6(0LPDJHV$OWKRXJKWKH]VWDFN
images were captured, only one representative image is shown
in Fig. 4 (a) – (c).
The corresponding nuclei in the fluorescent (Fig. 4 (a))
and SEM (Fig. 4(b)) images are indicated by the red circles.
As shown here, the corresponding nuclei were identified by
FRPSDULQJWKH]VWDFNVRIWKHÁXRUHVFHQWLPDJHVIRUWKHQXFOHL
and low-magnification SEM images. The nuclei not shown in
)LJZHUHDOVRLGHQWLÀHGE\FRQWLQXLQJWKHVDPHFRPSDULVRQV
The center positions of the corresponding nuclei were
obtained visually for the LM and SEM images. In this procedure,
RUWKRJRQDOYLHZVVKRZLQJWKH[\\]DQG][SODQHVZHUHXVHG
The center positions of the corresponding nuclei for the LM and
6(0LPDJHVZHUHÀWWHGXVLQJWKHOHDVWVTXDUHVPHWKRGDQGWKH
/0DQG6(0LPDJHVZHUHDOLJQHGXVLQJWKHÀWWHGSDUDPHWHUV
Fig. 4 (d) shows the low-magnification SEM image overlaid
RQWKHÁXRUHVFHQWLPDJHRIWKH&)V)URPWKLVRYHUOD\LPDJH
WKHDSSUR[LPDWHSRVLWLRQRIWKHWDUJHW&)LVNQRZQLQWKHORZ
PDJQLÀFDWLRQ6(0LPDJHV
High-magniﬁcation SEM imaging
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G 

Now, the area of the target CF is known, and highPDJQLILFDWLRQ 6(0 LPDJHV  QPSL[  ZHUH FDSWXUHG IRU WKH
area. An array supporter was also used to capture the highmagnification SEM images for 311 serial ultrathin sections
DXWRPDWLFDOO\DVXVHGIRUWKHORZPDJQLÀFDWLRQ6(0LPDJHV
In this case, montage was used to evaluate the composite images
ZLWKðSL[HOVIRUHDFKVHULDOVHFWLRQ
The spreading area of the target CF was obtained through
DQRYHUOD\RIÁXRUHVFHQWLPDJHVRIWKH&)SODFHGRQWKHORZ
magnification SEM images. Because high-magnification SEM
images were captured only for this area, the image acquisition
time and data processing time were significantly reduced, and
the entire spreading area of the target CF was unambiguously
LPDJHGXVLQJKLJKPDJQLÀFDWLRQ6(0
Alignments for high-magniﬁcation SEM images
(montage and adjacent sections)

H 

I 

The high-magnification SEM images for montage have
small position displacements between adjacent images in the
[\GLUHFWLRQ7RFRUUHFWWKHGLVSODFHPHQWVDQGFRPSRVLWHWKH
LPDJHV DQ DUUD\ VXSSRUWHU -(2/  *ULG&ROOHFWLRQ VWLWFKLQJ
(Fiji), and/or TrakEM2 (Fiji) were used. Displacements of the
images for different sections were also aligned similar to the
ORZPDJQLÀFDWLRQ6(0LPDJHV
Identiﬁcation of the same area in LM and
high-magniﬁcation SEM images

(a) Fluorescent image of nuclei. (b) a low-magnification SEM image. (c)
fluorescent image of CF, where the insert shows an enlarged image
corresponding to a rectangle. (d) overlay of the fluorescent image of CF (c)
and a low-magnification SEM image of (b). (e) a high-resolution SEM image
corresponding to a rectangle in (c). (f) the same SEM image in (e) with the CF
painted in green.
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A special structure of the target CF, visible in the LM images
and low-magnification SEM images, was searched to identify
the target CF in the high-magnification SEM images. A special
structure like a gourd, as shown in the inserted image in Fig. 4
(c) corresponding to the rectangle in Fig. 4 (c), was found. The
high-resolution SEM images corresponding to the inserted image
in Fig. 4 (c) are shown in Figs. 4 (e) and (f). Fig. 4 (e) shows the
raw SEM image, whereas (f) shows the one overlaid on the green
area indicating the target CF. As described here, the target CF was

JEOL NEWS │ Vol.55 No.1 (2020)

identified in the high-resolution SEM image by identifying the
same special structure in both the LM and SEM images.
Inference of ﬁne structures using DL

Tracing one specific CF requires tracing the CF cell
PHPEUDQHXVLQJKLJKPDJQLÀFDWLRQ6(0LPDJHV$SUHYLRXVO\
GHYHORSHG PHPEUDQH WUDFLQJ PHWKRG XWLOL]LQJ '/ ZRUNLQJ
with a small amount of training data, was used to improve the
efficiency of tracing the membranes [27]. Because 311 highPDJQLILFDWLRQ 6(0 LPDJHV  QPSL[  ZLWK  ð 
SL[HOVZHUHREWDLQHGXVLQJPRQWDJHDKXJHFRPSXWHULVQHHGHG
to process the images. Thus, division and binning were applied
to calculate the images using a computer available in a typical
ODERUDWRU\7KHVSHFLÀFDWLRQVRIWKHFRPSXWHUXVHGLQWKLVZRUN

DUHDVIROORZVD*+]FRUHL.&38 ,QWHO D*7;
7L*38 19,',$ DQG*%'5$0 0LFURQ 
)RULQIHUHQFHRIWKHFHOOPHPEUDQHVKLJKPDJQLÀFDWLRQ6(0
images were divided into 16 images such that each divided
LPDJHKDGðSL[HOV,QDGGLWLRQELQQLQJZDVDSSOLHG
VXFKWKDWWKHSL[HOVL]HDQGQXPEHURISL[HOVZHUHQPSL[
DQG  ð  SL[HOV UHVSHFWLYHO\ )URP WKHVH LPDJHV
DUHDVRIðSL[HOVZHUHFXWDQGXVHGDVWKHWUDLQLQJGDWD
)URPWKHLPDJHVZLWKðSL[HOVVHWVRIJURXQGWUXWKV
were manually prepared (Fig. 5 (a)). Using these SEM images
and ground truth, the DL model was trained and applied to the
KLJKPDJQLILFDWLRQ LPDJHV ELQQHG WR  QPSL[ WR LQIHU WKH
PHPEUDQHV7KHUHVXOWVRILQIHUHQFHZHUHELQDUL]HGXVLQJWKH
Otsu method (Fiji).

Fig. 5 Workflow of DL used to infer membranes of neurites and Purkinje cells.

Results (membranes)

(a)
SEM data

Ground truth

'/

(b)

12 nm/pix, 512 x 512 pix, 20 images

Results (dendrites)

'/
48 nm/pix, 512 x 512 pix, 12 images

(a) SEM images of membranes of neurites, ground truth, and inferred results. (b) SEM images of Purkinje cells, ground truth, and inferred results.

Fig. 6 Example of tracing a neurite from high-resolution SEM images for serial sections.
The green areas show the target neurites.
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The same method was used to infer the dendrites of the
Purkinje cells. The divided high-magnification images (6 nm/
SL[ ZLWKðZHUHELQQHGDQGLPDJHVZLWKQP
SL[DQGðSL[HOVZHUHHYDOXDWHG)URPWKHVHLPDJHV
DUHDVRIðSL[HOVZHUHFXWRXWDQGZHUHXVHGIRU
training data with the corresponding ground truths, which were
manually prepared (Fig. 5 (b)). Using these SEM images and
ground truth, the DL model was trained and applied to the
ELQQHGLPDJHV QPSL[ðSL[HOV WRLQIHUWKH
GHQGULWHV )LJ E 7KHUHVXOWVRILQIHUHQFHZHUHELQDUL]HG
using the Otsu method (Fiji).
Trace of CF using manual corrections

From the cell membranes inferred using DL, with manual
corrections, the neurites were effectively traced [27]. In this
way, the target CF was traced from the identified area (green
area in Fig. 4 (f)).
$QH[DPSOHRIWUDFLQJWKH&)XVLQJKLJKPDJQLÀFDWLRQ6(0
images is shown in Fig. 6. Using high-magnification SEM
images and cell membranes inferred using DL (not shown),
the target neurite (green areas in Fig. 6) surrounded by cell
membranes were traced. Thus, the target neurite, in this case CF,
was effectively traced.

Fig. 7 Climbing fiber (CF).
D 
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F 

G 

(a) CF traced from high-magnification SEM images with different colors
showing different branches for clarity, (b) the same CF in (a) overlaid on the
dendrites of the Purkinje cells inferred by DL, (c) enlarged image corresponding
to rectangle in (a), and (d) ﬂuorescent image of CF corresponding to (c). The
traced CFs are around the Purkinje cell with complex branches ((a), (b)). The
boutons in the traced CF (arrows in (c)) correspond well with those in the
fluorescent image (arrows in (d)), indicating that the target CF found in the
ﬂuorescent images was unambiguously traced using CLEM.
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3D reconstruction of CF

Traced CF and dendrites were already aligned in the
]GLUHFWLRQDQG'UHFRQVWUXFWLRQZDVDFFRPSOLVKHGE\VLPSO\
VWDFNLQJWKHKLJKPDJQLÀFDWLRQ6(0LPDJHV6WDFNHU 6\VWHP
LQ)URQWLHU ZDVXVHGIRU'UHFRQVWUXFWLRQVDQG9LVXDOL]HUHYR
6\VWHPLQ)URQWLHU ZDVXVHGIRUWKHLUYLVXDOL]DWLRQ
The traced CF is shown in Fig. 7. Fig. 7 (a) shows the CF
WUDFHGIURPWKHKLJKPDJQLÀFDWLRQ6(0LPDJHVZLWKGLIIHUHQW
colors corresponding to branches for clarity. Fig. 7 (b) shows
the same CF as in (a), with the dendrites of the Purkinje cells
inferred using DL. Fig. 7 (c) shows an enlarged image of the
rectangle in (a), whereas (d) shows the fluorescent image
corresponding to (c). The traced CF is around the Purkinje cell
ZLWKVHYHUDOFRPSOH[EUDQFKHV )LJ D DQG E ,QDGGLWLRQ
the boutons in the traced CF (arrows in Fig. 7 (c)) correspond
ZHOOZLWKWKRVHLQWKHÁXRUHVFHQWLPDJH DUURZVLQ)LJ G 
LQGLFDWLQJWKDWWKHWDUJHW&)IRXQGLQWKHÁXRUHVFHQWLPDJHVZDV
unambiguously traced using the CLEM.

Discussion
Initially, we attempted to trace some neurites running
around the dendrites of the Purkinje cell as candidates for the
CF. However, we were unable to identify the correct CF. As
described in this study, we were able to successfully trace the
correct CF by identifying the same area in both LM and SEM
images, and by tracing the CF starting from this area (green
areas in the insert of Figs. 4 (c) and Fig. 4 (f)).
In this study, we traced the CF using a structure like a gourd,
identified in both LM and SEM images; however, there is a
SRVVLELOLW\WKDWZHZLOOEHXQDEOHWRÀQGVXFKDVSHFLDOVWUXFWXUH
for different samples. Even in such a case, the same CF can be
identified using the correspondences of the boutons, as shown
in Figs. 7 (c) and 7 (d). In addition, a method to improve the
accuracy of alignment between the LM and SEM images was
reported using the correspondences of the boutons [13]. A
method using both nuclei and blood vessels was also reported
for a rough alignment of the LM and SEM images [13] whereas
only the corresponding nuclei in the LM and SEM images were
used in this study.
Historically, serial-section TEM has been frequently used to
WUDFHQHXULWHV>@ZKLFKUHTXLUHVDQH[WUHPHO\KLJKVNLOO
OHYHOEHFDXVHVHULDOVHFWLRQVVKRXOGEHSODFHGRQDQH[WUHPHO\
small grid with an inner diameter of less than 2 mm. In addition,
these sections are placed on a very thin supporting film such
as formvar on a hole grid, and the samples are occasionally
broken owing to the breaking of the film. By contrast, it is
relatively easy to place the serial sections on large substrates
such as silicon using a manipulator [30]. Various methods for
placing serial sections on a substrate have also been reported
[16, 17, 31, 32]. In addition, because bulk substrates are robust,
the possibility of breaking the sections is strongly reduced.
)XUWKHUPRUHWKHKDQGOLQJRIVDPSOHVZDVVLJQLÀFDQWO\LPSURYHG
by placing the silicon substrates on a single stainless board.
These improvements, along with the use of automatic imageacquisition software and DL for neurite tracing, drastically
LPSURYHGWKHHIÀFLHQF\RIWKLVDSSURDFK
Owing to the significant improvement in the efficiency of
such a method when compared with traditional serial-section
TEM, variations in CF structures corresponding to a knockout/knock-in, drug administration, and aging will be studied
in the future. In addition, CLEM will be applied not only to
WKHDQDO\VLVRI&)EXWDOVRIRUVWXG\LQJÀQH'VWUXFWXUHVRI
various organs.
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Development of JEM-ARM300F2:
an Aberration Corrected 300 kV
Microscope Capable of Both Ultrahigh
Spatial Resolution Imaging and Highly
Sensitive Analysis over a Wide Range
of Acceleration Voltage
Yu Jimbo, Hiroki Hashiguchi and Ichiro Ohnishi
EM Business Unit, JEOL Ltd.

We have developed a new model of an aberration corrected 300 kV transmission electron microscope named JEMARM300F2 (GRAND ARMTM2). A newly designed objective lens pole-piece, named FHP2, for this microscope can
realize both ultrahigh spatial resolution imaging and highly sensitive X-ray analysis over a wide range of acceleration
voltages. Enclosure cover and enhancement of resistance to various disturbances have more improved electrical
and mechanical stability than the previous model. They can be independent of changes in external environments and
provide high performance in various regions around the world. A variety of new and auto functions enable to conduct
atomic resolution observation and analysis for a wide range of users from beginners to experts. It is expected that the
new microscope gives us a chance to conduct observation and analysis of the specimens that were previously difﬁcult.

Introduction
Recent progress of aberration correctors has significantly
improved spatial resolution of Transmission Electron Microscopy
(TEM) and Scanning TEM (STEM). Realization of angstrom
to sub-angstrom resolution has become common with the
correctors. Recently, in addition to the high resolution imaging,
chemical analysis in atomic level with Energy Dispersive X-ray
Spectroscopy (EDS) and/or Electron Energy Loss Spectroscopy
(EELS) has been realized, owing to the correctors.
In 2014, we have developed an aberration corrected 300
kV microscope, named JEM-ARM300F (GRAND ARM TM)
[1]. This microscope has been developed based on various
technologies, both the JST CREST R005 project and our first
commercial aberration corrected 200 kV microscope, JEMARM200F. The development concept of GRAND ARM TM
was ultimate atomic resolution microscope to realize ultrahigh
spatial resolution imaging. As a result, in 2015, this microscope
in the University of Tokyo, achieved a STEM image resolution
of 45 pm in combination with a 3rd order spherical aberration
corrector (Expanding Trajectory Aberration corrector: ETA
corrector) [2]. In 2017, the microscope successfully upgraded
the resolution to 40.5 pm in combination with a 5th order
〉〉3-1-2 Musashino, Akishima, Tokyo 196-8558, JAPAN | E-mail: yjimbo@jeol.co.jp
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spherical aberration corrector (DELTA corrector) [3]. Both of
those results set accomplished a best-in-class resolution at that
time, and they were achievements not be ashamed of the name
of ultimate atomic resolution microscope.
However, the market requests for aberration corrected
microscopes have dramatically changed over the past few years.
We need the aberration corrected microscope capable of highly
sensitive analysis as well as high spatial resolution imaging
over a wide range of acceleration voltages from low kV to high
kV in order to study various specimens including not only hard
materials such as semiconductor device, metal and ceramics
but also soft materials such as carbon, polymer and organic
materials. In addition, the next aberration corrected microscope
needs high stability keeping the same high performance at any
place and any environments because it becomes popular that
in many countries other than Japan, Europe and USA have
the opportunity for such microscopes to be installed there.
Moreover, the next aberration corrected microscope needs high
usability which enables us to operate easily and safety not only
for experts but also for beginners because it becomes common
and is used by many users worldwide.
In order to respond to these changes, in 2020, we have newly
developed JEM-ARM300F2, called GRAND ARMTM2 (Fig. 1).

JEOL NEWS │ Vol.55 No.1 (2020)

The GRAND ARM TM2 is a new model of GRAND ARM TM
with addition of various new functions and improvement of
performance. The development concept is GRAND ARMTM
beyond GRAND ARMTM. Major additions and improvements
are the following three points; (1) newly designed objective lens
pole-piece named FHP2, (2) enclosure cover and enhancement
of resistance to various disturbances, and (3) new functions to
improve usability. In this paper, we will explain the features of
GRAND ARMTM2, mainly focusing on the above three points.

Fig. 1 Appearance of JEM-ARM300F2
(GRAND ARM TM 2).

Features of GRAND ARMTM2
(1) Newly designed objective lens pole-piece FHP2

Fig. 2 Schematic illustration of a cross-sectional
view for comparison between FHP and FHP2.
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The previous model, GRAND ARMTM, can be equipped with
one of two kinds of objective lens pole-piece; WGP (Wide Gap
Pole-piece) and FHP (Full High resolution Pole-piece). WGP
has a large gap between the upper and lower parts of the polepiece and has a shape optimized to Silicon Drift Detector (SDD)
with a large-sized sensor. It can make a shorter distance between
the specimen and the SDD compared to other pole-piece
configurations. Then, the microscope with WGP can provide
ultra-high sensitivity X-ray analysis with two windowless SDDs
(Dual SDDs) whose sensor sizes are selectable to be 100 or 158
mm2 in area. The total X-ray collection angle of Dual SDDs
reaches 1.6 sr with 100 mm2-sized SDD [4] and 2.2 sr with 158
mm2-sized SDD [5]. The GRAND ARMTM2 with WGP can also
realize ultra-high sensitivity X-ray analysis. In addition, WGP
enables various in-situ experiments in combination with thick
special specimen holders for heating, cooling, liquid, gas and so
on, because the WGP has a large space to insert them.
On the other hand, FHP is dedicated to ultra-high spatial
resolution imaging because it has very small spherical and
chromatic aberration coefficients. As mentioned above, the
microscope with FHP can achieve resolution of 45 pm with
the Expanding Trajectory Aberration (ETA) corrector [2] and
40.5 pm with DELTA corrector [3] in STEM. However, the
highly sensitive EDS analysis has not been attained for the
)+3FRQÀJXUDWLRQ7KHPDLQUHDVRQLVWKDWWKHJDSRIWKH)+3
is narrow and thick to avoid saturation of magnetic flux, and
the distance between the specimen and the large-sized SDD is
longer than that with use of an analytical pole-piece. The X-ray
GHWHFWLRQHIÀFLHQF\RIWKHPLFURVFRSHZLWK)+3LVPXFKORZHU
than that with WGP, and its collection angle is only 0.7 sr even
when using 100 mm2-sized Dual SDDs.
In order to improve this situation, we have developed a new
objective lens pole-piece named FHP2 for GRAND ARMTM2
to realize both ultra-high spatial resolution imaging and highly
sensitive EDS analysis (Fig. 2). The FHP2 has the same gap
width as FHP, but its shape changes to be optimized to the 158
mm2-sized SDD. Then, it allows to attach 158 mm2-sized Dual
SDDs. Finally, the total X-ray collection angle reaches to be
1.4 sr (0.7 sr for each) with the 158 mm2-sized Dual SDDs.
The value is 2 times larger than that of FHP with 100 mm2sized Dual SDDs (0.7 sr) and approaches to that of WGP with
100 mm2-sized Dual SDDs (1.6 sr). And the elevation angle
of both detectors reaches to be 26 degrees. It can minimize
the shadowing effects of the specimen holder to increase the
effective X-ray intensity. Figure 3 shows a comparison of X-ray
LQWHQVLWLHVRI1L.OLQHIURPD1L2[WKLQÀOPREWDLQHGE\XVLQJ
NLQGVRISROHSLHFHFRQÀJXUDWLRQVXQGHUWKHVDPHFRQGLWLRQV
The X-ray intensity with FHP2 and the 158 mm2-sized Dual
SDDs reaches ~1.4 times higher than that with UHR and the
100 mm2-sized Dual SDDs. In addition to high X-ray intensity,
background noise and system peaks in EDS spectrum were

SDD
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1.4 times
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Comparison of X-ray intensity of Ni K line from NiOx thin ﬁlm specimen taken
by using three kinds of objective lens pole-piece conﬁgurations (UHR, HR, and
FHP2).
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LPSURYHGZLWKWKH)+3FRQÀJXUDWLRQEHFDXVHKLJKHOHYDWLRQ
angle of the SDDs can reduce the effect of Bremsstrahlung
X-ray. With NiOx thin films, we estimated the system peaks
with accuracy of less than 0.5% and the Fiori P/B ratio of more
than 4,000 using FHP2 and 158 mm2-sized Dual SDDs.
The capability of EDS analysis was improved, while the FHP2
can keep the performance of ultra-high spatial resolution. Figure 4
shows atomic resolution High Angle Annular Dark Field (HAADF)
STEM images (one shot & raw image) for Si [110] and GaN
[211] and their Fast Fourier Transform (FFT) patterns obtained by
using the microscope with the FHP2 and the ETA corrector at 300
kV. In the HAADF image shown in Fig. 4c, the Ga-Ga dumbbell
with a projected spacing of 63 pm is clearly resolved. In its FFT
pattern shown in Fig. 4d, spots with spacing less than 50 pm are
observed. Figure 5 shows a HAADF STEM image (overlay of 20
images) and its FFT pattern for GaN [211] at 300 kV. In this case,
even spots of 45 pm separation are observed in FFT pattern (Fig.
5b). These results suggest that the FHP2 has the same or higher
performance in spatial resolution compared to FHP.

Fig. 4

In addition, the FHP2 configuration enables us to take EDS
maps at sub-angstrom levels, which was previously difficult.
Figure 6 shows a comparison of atomic resolution HAADF,
Annular Bright Field (ABF) STEM images and EDS elemental
map (Wiener filtered) for GaN [211] obtained by using the
)+3FRQÀJXUDWLRQDQGPP2-sized Dual SDDs at 300 kV.
In the HAADF image, only the Ga atomic column is visible. On
the other hand, in both ABF image and EDS map, not only Ga
but also N atomic column is clearly observed. In addition, even
EDS map resolves the Ga-Ga dumbbell. The result suggests that
the spatial resolution of the EDS map reaches better than 63 pm
ZLWKWKH)+3FRQÀJXUDWLRQDQGPP2-sized Dual SDDs.
Even at low accelerating voltage, the FHP2 can keep the
performance of ultra-high spatial resolution imaging because
the pole-piece has a small chromatic aberration coefficient,
similar to FHP. Figure 7 shows HAADF, ABF STEM images
and the FFT pattern of HAADF image for GaN [110], obtained
by the microscope with FHP2 at 60 kV. The Ga atomic column
is observed in HAADF image, while both the Ga and N atomic

Fig. 6
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Atomic resolution HAADF STEM images (single shot & raw image) and their FFT
patterns for Si [110] (a, b) and GaN [211] (c, d) taken by using GRAND ARMTM2
(FHP2) with Expanding Trajectory Aberration (ETA) corrector at 300 kV.

Fig. 5
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Comparison of atomic resolution ABF-STEM image, EDS elemental map
(Wiener ﬁltered) and atomic resolution HAADF-STEM image for GaN [211] (from
top to bottom) obtained by using GRAND ARMTM2 (FHP2) with 158 mm2-sized
Dual SDDs at 300 kV.
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N
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(45 pm)-1

Atomic resolution HAADF STEM image (overlay of 20 images) (a) and its FFT
pattern (b) for GaN[211] taken by using GRAND ARM TM2 (FHP2) with ETA
corrector at 300 kV.
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(75 pm)-1

Atomic resolution HAADF and ABF STEM images (a, b) and FFT pattern (c) for
GaN [110] taken by using GRAND ARMTM2 (FHP2) with ETA corrector at 60 kV.
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columns are clearly resolved in ABF image. In the FFT pattern
of HAADF image, not only 83 pm but also 75 pm spots are
recognized. These results suggest that the FHP2 configuration
can take sub-angstrom level imaging even at 60 kV. Figure 8
shows EDS maps for a monolayer WS2 sheet obtained by the
FHP2 configuration and 158 mm2-sized Dual SDDs at 80 kV.
Each atom of sulfur and tungsten can be clearly recognized. The
FHP2 can take atomic resolution elemental maps from even such
'PRQROD\HUPDWHULDOVZKLFKZDVSUHYLRXVO\GLIÀFXOWWRWDNH
As described above, the FHP2 is all-purpose type pole-piece
capable of both ultra-high spatial resolution imaging and highly
sensitive analysis over a wide range of acceleration voltage. The
GRAND ARMTMZLWK)+3FRQÀJXUDWLRQKDVKLJKYHUVDWLOLW\DQG

Fig. 8

a

b

c

d

Atomic resolution HAADF image (a) and EDS elemental maps (Wiener ﬁltered)
(b-d) of a monolayer WS2 sheet (b: overlay, c: S Kα, d: W Mα) taken by using
GRAND ARMTM2 (FHP2) with 158 mm2-sized Dual SDDs at 80 kV.

is expected to enable observation and analysis for a wide variety of
specimens, including not only hard materials but also soft materials.
(2) Enclosure and enhancement of resistance to
various disturbances

The appearance of GRAND ARMTMKDVEHHQVLJQLÀFDQWO\
re-designed from that of GRAND ARMTM. The TEM column is
covered by a box-type enclosure mainly composed of metallic
frames and panels (Fig. 1). The enclosure reduces the effect of
environmental changes such as temperature, air flow, acoustic
noise and so on, and then it improves the stability of microscope.
Figure 9 shows the results of information limits of GRAND
ARMTM and GRAND ARMTM2 estimated from TEM images
ZKHQWKHDUWLÀFLDOQRLVHVRIWRG%ZHUHDSSOLHGWRERWK
instruments. A larger amount of information loss occurs in the
FFT pattern of the TEM image due to higher vibration noise
DORQJZLWKKLJKHUOHYHORIDUWLÀFLDOQRLVH,Q*5$1'$50TM,
spots of better than 1 angstrom disappear at >75 dB, while in
GRAND ARMTM2, most of those spots continue to appear even
DWaG%VXJJHVWLQJWKDWWKHORVVUDWHRILQIRUPDWLRQWRWKH
noise in GRAND ARMTM2 is less than that in GRAND ARMTM.
The comparison of results at 75 dB, which is noise level
corresponding to the sound of TV and running cars, indicates
that the information limit of GRAND ARM TM2 (~60 pm)
has 2 times as much information as that of GRAND ARMTM
(~118 pm). These results suggest that GRAND ARMTM2 has 2
times higher resistance to external noise compared to GRAND
ARMTM. Meanwhile, the enclosure contains a crane as standard
equipment. By using the crane, we can swap the electron
gun, lens etc., so we do not need an additional crane in the
microscope room. The crane inside the enclosure improves work
HIÀFLHQF\RIPDLQWHQDQFHIRUPLFURVFRSH
In addition to the enclosure, many modifications to the
microscope itself were applied, which improve the stability
and resistance to various disturbances for GRAND ARMTM2.
The first modification is about Sputter Ion Pump (SIP) in a
Cold Field emission Electron Gun (CFEG). We newly adopted

Fig. 9 Summary of the TEM information limits when the artificial noise from 65 to 95 dB
was applied to GRAND ARM TM and GRAND ARM TM 2.
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a smaller SIP with a larger evacuation volume than before
for CFEG in GRAND ARMTM2. Enhancement of evacuation
volume of SIP improves the degree of vacuum near the emitter
inside CFEG, and also improves the stability of emission and
probe currents (Fig. 10). The miniaturization of SIP can reduce
the total mass of CFEG by ~100 kg. The weight saving of
CFEG improves resistance to vibration for the microscope.
7KHVHFRQGPRGLÀFDWLRQLVLQWKHGHVLJQRIWKH(7$FRUUHFWRU
The Bore diameter of the corrector was optimized and cooling
HIÀFLHQF\RIWKHFRUUHFWRUZDVLPSURYHG7KH\UHGXFHHOHFWULFDO
noise inside the corrector and improve its stability. The third
PRGLÀFDWLRQFRQFHUQVWKHHOHFWURQLFVRIOHQVDQGYDFXXPSXPS
Enhancement of electrical stability of the illumination lens and
optimization of the electrical ground of vacuum pump reduce
WKHHOHFWULFDOQRLVHIRUWKHPLFURVFRSH0RUHRYHUPRGLÀFDWLRQ
RIWKHKRVHVIRUFRROLQJOHQVDQGRSWLPL]DWLRQRIÀ[LQJPHWKRG

WRWKHLOOXPLQDWLRQOHQVREMHFWLYHOHQVSROHSLHFHDQGFU\RÀQ
reduce vibration noise of the microscope.
$VDUHVXOWWKHDGRSWLRQRIHQFORVXUHDQGPDQ\PRGLÀFDWLRQV
of microscope itself enhance electrical and mechanical stability
of GRAND ARMTMDQGWKHQWKH\VLJQLÀFDQWO\LPSURYHLPDJH
quality and spatial resolution of, in particular, STEM (Fig. 11
and Table 1), compared to GRAND ARMTM. Figure 11 shows
HAADF STEM images and FFT patterns for Si [110] and GaN
[211] obtained by using GRAND ARMTM2 with WGP and ETA
corrector. In FFT patterns, spots close to 50 pm are clearly
observed even with WGP configuration, indicating that the
spatial resolution of GRAND ARMTM2 has been significantly
improved than that of GRAND ARMTM (Table 1).
Moreover, the stability of high resolution observation by using
heating or 3rd vendor special specimen holders was also improved
for GRAND ARMTM2. In the previous model, the gonio cover

Fig. 10 Comparison of probe current stability between old and new CFEG.
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Atomic resolution HAADF STEM images (single shot & raw image) and their FFT
patterns for Si [110] (a, b) and GaN [211] (c, d) taken by using GRAND ARMTM2
(WGP) with ETA corrector at 300 kV.
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Table 1

Guaranteed STEM image resolution with STEM ETA corrector for GRAND
ARMTM and GRAND ARMTM2.
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must be opened to use such a special specimen holder because
the holder needs to be connected to a control/monitor unit with
a cable. Then it generates noise in the image and reduces the
spatial resolution due to external disturbances. On the other hand,
GRAND ARMTM2 has a new connector for a cable of special
specimen holder inside the gonio cover. This allows us to close
gonio cover when we use such a special specimen holder. The
connector inside the gonio cover is connected to an external
connector on the side of the enclosure, and the holder control/
monitor unit can be used outside the enclosure by using the
external connector. Since the special specimen holder can be used
with the gonio cover closed, it is more resistant to disturbances,
and can be expected to improve the stability and spatial resolution
for heating or other environment experiments.
As described above, GRAND ARMTM2 has higher resistance
to external disturbances due to adoption of enclosure cover and
enhancement of electrical and mechanical stability compared to
the previous model. Then it is expected that the microscope can
respond to various environments and installation conditions and
can always provide high performance and high stable operation in
various countries and regions other than Japan, Europe and USA.
(3) New and auto functions to improve usability:

For GRAND ARM TM2, a digital camera is provided as a
standard equipment inside the viewing chamber of the TEM
column. Images taken with the camera can be observed by
operating the microscope using the camera software “Sight-X”.
There are two types of camera in the viewing chamber. One is a
&&'FDPHUDIRUREVHUYLQJDODUJHÁXRUHVFHQWVFUHHQZKLOHWKH
RWKHULVD&026FDPHUDIRUREVHUYLQJDVPDOOÁXRUHVFHQWVFUHHQ
You can easily switch between each camera with just one button
on the control panel. “TEM Center” software for controlling the
TEM main unit, the “JEOL COSMOTM” software for aberration
corrector, and Sight-X are integrated into a single PC and a
single large-sized monitor of 43 inches as standard. Since all
the software can be simultaneously displayed on one monitor,
WKHXVDELOLW\KDVEHHQVLJQLÀFDQWO\LPSURYHG5HPRWHRSHUDWLRQ
with a maximum distance of 15 m from the microscope can be
performed by using an USB extinction cable to connect with
control panels. In addition, remote operation of the microscope
from location over 15 m using a network is optionally available.
Various auto functions were added or enhanced in TEM Center
and JEOL COSMO TM. For instance, in the previous model,
we need complicated operations for switching the acceleration
voltage, while, in GRAND ARMTM2, we just need to set the
target acceleration voltage and press the start button, and then
the target voltage is automatically loaded. We do not need other
operation. The alignment data of the microscope itself and the
aberration corrector for target voltage were automatically restored.
In addition, short circuit mechanism at low acceleration voltage is
also automatically worked. Any user can switch the acceleration
voltage arbitrarily without complicated operations. In addition,
auto loading of the acceleration voltage after conditioning, which
is conducted after baking, can be performed by simply setting the
target acceleration voltage and pressing the start button before
FRQGLWLRQLQJ,WLPSURYHVZRUNHIÀFLHQF\RIPDLQWHQDQFHIRUWKH
microscope. Moreover, an auto function of beam shower, which is
one of the methods to suppress a specimen contamination, is newly
available for GRAND ARMTM2. The user simply presses the start
button, and then the beam shower is automatically performed at
the preset conditions of electron beam intensity and defocus value.
After the set time has elapsed, the electron beam is automatically
restored to its original state before starting the shower. It can
provide easy operation for conducting beam shower under

constant conditions. Aberration correction using JEOL COSMOTM,
which was well-established in GRAND ARMTM, has also been
enhanced by optimizing parameters for auto cyclic script program
of aberration correction. It enables semi-automatic correction and
makes it easy even for beginners to adjust aberrations.
In addition to various auto functions, a variety of new functions
improving usability are also added to GRAND ARMTM2. In the
previous model, unfortunately, there was a discrepancy between
the operation direction on the operation panel/GUI and the
direction of movement of the aperture. But this was overcome by
renewal of the optical system and performing rotation correction
for GRAND ARMTM2. The aperture moves upward in the TEM
image, if commanded to move it up in the operation panel/GUI.
It moves right side in the TEM image, if commanded to move
to the right on the operation panel/GUI. Similarly, the direction
of movement of the stage and the direction of movement of the
TEM and STEM images were matched by performing rotation
correction. In particular, in the case of STEM images, the angle
of the scanning image changes by the scan ratio in some cases.
But even if so, the direction of movement of the scanning image
on the PC monitor does not change. Then, the scanning image
moves upward on monitor, if commanded to move it up on the
trackball/GUI. It moves right side on the monitor, if commanded
to move right on the trackball/GUI. With the addition of functions
that were often overlooked in the previous model for performance
HPSKDVLVWKHRSHUDELOLW\DQGWKURXJKSXWKDYHEHHQVLJQLÀFDQWO\
improved in GRAND ARMTM2 and they allow us to use the
aberration corrected microscope safely for a wide range of users
from experts to beginners.

Summary
We have upgraded the model of the aberration-corrected 300kV
microscope (GRAND ARMTM) to the newly developed GRAND
ARMTM2. For the GRAND ARMTM2, a newly designed objective
lens pole-piece named FHP2 can be equipped, and the electrical
and mechanical stability of the microscope were enhanced by
adopting enclosure cover and so on, and new various functions
were added to improve the usability of the previous model.
The GRAND ARMTM2 with these new technologies and new
functions can provide both ultra-high spatial resolution imaging
and highly sensitive X-ray analysis of any specimen by any user
in any environment. Our new microscope is expected to be useful
for studying the latest novel nanomaterials now and in the future.
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Various Analyses of Fine
Structures using Multipurpose
High Throughput Analytical
FE-SEM: JSM-IT800
2VDPX6X]XNL1RUL\XNL,QRXH<XXNL<DPDJXFKL
(3%XVLQHVV8QLW-(2//WG

Scanning electron microscope (SEM) is widely utilized because its electron beam irradiation to a specimen enables
us to know ﬁne structure, composition, elemental distribution, chemical state, and crystal orientation information of
the specimen, by detecting signal electrons, X-rays and cathodoluminescence from the specimen. JEOL’s SEM with
inlens-Schottky electron gun introduced in 1999, has earned a lot of achievements in the ﬁelds of R&D and quality
assurance etc., that require a highly stable and a large probe current electron beam for various analysis techniques.
In this paper, we present some examples of high throughput and various analyses of specimens using the latest
ﬁeld emission (FE) SEM JSM-IT800.

Introduction
A SEM irradiates a specimen with an accelerated electron
beam by an electrical field, and detects secondary electrons
emitted from the vicinity of the surface, or backscattered
electrons in the vicinity of the surface. Electromagnetic waves
such as X-rays and cathodoluminescence are also emitted from
the specimen by the irradiating electron beam. By measuring
them, we obtain surface morphology, composition information,
crystal information, and element information.
JSM-IT800 is provided with a variety of detectors enabling
to sort electrons by emitted angle and energy. And various
analyzers are available, an energy dispersive X-ray spectrometer
(EDS), a wavelength dispersive X-ray spectrometer
(WDS), a soft X-ray emission spectrometer (SXES), a
cathodoluminescence detector (CL) and a crystal orientation
analyzer (Electron Backscattered Diffraction: EBSD).
Especially, the EDS system is fully integrated with the SEM
control system, and is an unparalleled feature of JSM-IT800.
In recent years, there has been a strong demand for easy-tooperation and high-throughput analysis. JSM-IT800 can answer
these user’s demands.

1. JSM-IT800 Features
JSM-IT800 provides high-throughput analysis by using a
ÀHOGHPLVVLRQW\SHHOHFWURQJXQWKDW-(2/KDVHVWDEOLVKHGDQG
operated for many years. The SEM also has various electron
detection systems, a newly developed EDS integration system
and an integrated data management system. Here, we present the
features of both the hardware and the software of JSM-IT800.
〉〉3-1-2 Musashino, Akishima, Tokyo, 196-8558, Japan | E-mail: osuzuki@jeol.co.jp
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1.1 FE electron gun

JSM-IT800 has inlens-Schottky Plus electron gun with an
improved thermal field emitter (TFE). This gun provides a large
probe current of 300 nA or more [1]. In addition, we have optimized
the design for the large probe current and low incident energy for
the SXES analysis. The condition is, for example, the probe current
of 100 nA or more and the acceleration voltage of 5 kV.
1.2 Electrostatic/magnetic ﬁeld superimposed lens

JSM-IT800 uses a hybrid lens (HL) which has a superimposed
electrostatic and magnetic field. Its leakage magnetic field
reaching the specimen surface is made to be nearly zero, and its
HOHFWURVWDWLFÀHOGDFFHOHUDWHVDSULPDU\HOHFWURQEHDPDWWKHWRS
of the lens, and rapidly decelerates near the exit of the lens. A
schematic diagram of the hybrid lens is shown in Fig. 1.
HL reduces chromatic aberration compared to conventional
objective lenses and provides high spatial resolution observation.
,QDGGLWLRQLWGRHVQRWJHQHUDWHDPDJQHWLFÀHOGRIWKHREMHFWLYH
lens near the specimen, and the trajectories of backscattered
electrons are not affected by the objective lens. Therefore, it
enables crystal orientation analysis by the EBSD.
1.3 Detectors

JSM-IT800 is equipped with a variety of detectors as shown
in Fig. 1. Secondary electron detector (SED) which is most
common in the FE-SEM, backscattered electron detector (BED),
upper electron detector (UED) and upper secondary electron
detector (USD) can be equipped in JSM-IT800. By using these
detectors, emitted electrons are sorted by emission angle and
energy [1].
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1.4 Optimization of probe diameter by aperture
angle control lens (ACL)

In JSM-IT800, the convergence angle control lens is
introduced to achieve both high-throughput analysis and high
VSDWLDO UHVROXWLRQ 7KH FRQYHUJHQFH DQJOH Ơ RI WKH HOHFWURQ
beam contributes to the probe diameter of the electron beam in
the form shown in Fig. 2 ,Q -60,7 1HR(QJLQH ZKLFK
is installed in the control system, constantly calculates the
optimum convergence angle [1], and provides high spatial
resolution and high-throughput analysis.
1.5 Zeromag

,QWKH6(0REVHUYDWLRQWKHSURFHVVRIORFDWLQJ52, UHJLRQ
of interest) occupies a large proportion of the time. Previously,
the users must use a manual step such as recording the shape of
the specimen and the points to be observed in a note or marking
the specimen before introducing the specimen into the SEM,
and then moving the specimen stage while observing the SEM
LPDJHVWRVHDUFKIRUWKH52,7KHVHRSHUDWLRQVDUHLQHIÀFLHQW
especially when the specimen size is large.

Fig. 1 Lenses configuration of JSM-IT800.

$&/
ق$SHUWXUHDQJOH &RQWURO /HQVك

&ŝŐ͘

,Q RUGHU WR LPSURYH WKH WKURXJKSXW RI WKH ORFDWLQJ 52,
process, we incorporated Zeromag function into JSM-IT800.
Zeromag superimposes the optical camera image photographed
beforehand and the SEM image of the specimen on the same
screen. The SEM image is displayed at a high magnification
observation, and in other places, the optical image is displayed
DWDORZPDJQLÀFDWLRQ7KH\DUHVHDPOHVVO\VZLWFKHGHDFKRWKHU
An example of Zeromag function is shown in Fig. 3. The users
FDQFRPSOHWHORFDWLQJ52,LQWKHVKRUWHVWWLPHXVLQJLQWXLWLYH
operation only by clicking the point to be observed with the
PRXVHDQGVHWWLQJWRWKHSURSHUPDJQLÀFDWLRQZLWKRXWWKLQNLQJ
that it is the optical image or the SEM image.
1.6 EDS integration system

We have developed "EDS Integration System" which
integrates the EDS system into the SEM system to improve the
throughput of analytical work in the SEM. In a conventional EDS
system, an EDS is generally operated on a different PC than the
SEM PC. In such a system, users have to operate two PCs.
In the EDS integration system, the SEM system takes in the

Fig. 2 Probe diameter as a function of
convergence angle.
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There exists an optimum convergence angle which minimizes the probe
diameter under conditions of various electron optical aberrations.

Fig. 3 An example of Zeromag function.
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Specimen: Printed Paper
The inside of the frame of the central portion displays the SEM image, and the
surrounding area displays the optical camera image acquired in advance. Seamlessly
shift to the high magnification observation of the SEM can be done only by the
magniﬁcation change.
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EDS control system which is subdivided into functions such as
spectral function and map function. As shown in Fig. 4, a group
of buttons for the EDS operation are arranged in the immediate
vicinity of the SEM operation screen so that the EDS analysis
can be performed immediately after the SEM observation. In
addition, the EDS integration system realizes the function which
simultaneously carries out SEM observation and EDS mapping
and spectrum acquisition. This function is called "live analysis",
DQGLWLVXVHIXODVDWRROWRGUDVWLFDOO\LPSURYHWKHORFDWLQJ52,
process with Zeromag, because users can instantaneously know
WKHHOHPHQWDOLQIRUPDWLRQZKLFKH[LVWVLQWKHÀHOGRIYLHZRIWKH
SEM in real time.
1.7 Integrated Data Management System SMILE
VIEW™ Lab

In considering the throughput of the entire SEM/EDS
operation, the time required for the analysis and output of the
data should also be considered. JSM-IT800 has adopted the
integrated data management software called SMILE VIEW™
Lab, which reduces the time from data analysis to report
preparation.
In conventional SEM/EDS system, each control system is
independent as described in the previous section, and the datamanagement systems are also independent. Users have been
forced to use two individual data systems when handling the
SEM data and the EDS data.

In the data management system of SMILE VIEW™ Lab
adopted in JSM-IT800, the SEM data and the EDS data are
linked to the stage coordinate where the data was acquired. In
other words, when the SEM image acquisition and the EDS
analysis are performed at a certain position of the specimen,
each data is stored in the same data folder on SMILE VIEW™
Lab. In addition, the stage coordinate of acquisition position is
represented on Zeromag image and stored in the same folder.
Users can manage stage coordinate data linked with Zeromag,
the SEM data, and the EDS data on a single PC.
2QHFOLFNUHSRUWLVDOVRDXQLTXHIHDWXUHRI60,/(9,(:
Lab. As shown in Fig. 5, we can create a report that summarizes
the analysis data and information by simply selecting the desired
data and pressing the report creation button.

2. Analysis of steel materials by using
JSM-IT800
As has been described so far, JSM-IT800 is able to perform
elemental analysis seamlessly by the EDS integration system
not only observation of secondary electron images (SEI) and
backscattered electron images (BEI). Furthermore, JSM-IT800
has the performance of various analytical methods such as highspeed particle analysis with high spatial resolution, elemental
analysis and chemical state analysis by SXES and crystal
orientation analysis by EBSD because the diameter of a primary

Fig. 4 An example of GUI when using EDS integration.

Specimen: Cross section of cast iron
Buttons arranged at the left side of the screen are
tools for the EDS analysis, and the SEM operation
and the EDS analysis operation can be completed
in one screen.

Fig. 5 An example of one-click report.

Specimen: Printed Paper
In SMILE VIEW TM Lab, the acquired data are
managed together with the stage position and
other information in a single data folder. A report
with the acquired SEM and EDS data and other
information is summarized by a simple operation
of selecting arbitrary data and simply pressing the
report preparation button.
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electron beam is kept small even at a large probe current. In this
chapter, we introduce applications of the analysis for quality
control of steel materials by using these various methods.
Steel materials are used such as automobile frames and
engines, parts of home electric appliances and materials of
buildings. Therefore, steel materials are indispensable for our
life. The characteristics of steel materials can be changed by
manufacturing process, so various kinds of steel materials
are produced. The steel-making process first involves the
chemical reaction of iron ore and coke as raw materials under
high temperatures to produce pig iron. Pig iron contains a lot
of carbon so that it is not viscous and is brittle. Furthermore,
impurities such as phosphorus (P), sulfur (S) and silicon (Si)
also cause brittleness. Therefore, steel materials can be made by
reducing the carbon content and removing the impurities from
pig iron with the converter process. After that, various kind of
steel materials are produced by using processes such as rolling
and plating. It is possible to obtain a variety of properties by
precisely controlling the size and content of inclusions such
as oxides and sulfides and the crystal grain size of the iron in
this steel-making process. Therefore, quality control is very
important, and structural evaluation at micro and nano size
which governs the characteristics becomes important.
There are various characterization methods of steel materials
such as X-ray diffraction for understanding macroscopic crystal
orientation, atomic-level structure analysis by transmission
electron microscope (TEM) and crystal orientation analysis and
elemental analysis in micro and nano size by SEM. Especially,
SEM is a powerful technique for quality control in steel
manufacturing because specimen preparation is relatively easy,
topographic information is able to be obtained as seen with eyes
and elemental analysis for fine structures is able to be carried
out. JSM-IT800 is suitable for analysis of steel materials in the
following reasons. 1st : EDS integration system enables seamless
observation and elemental analysis of inclusions. 2nd : the
OHDNDJHPDJQHWLFÀHOGRIK\EULGOHQVHTXLSSHGLQ-60,7LV
nearly zero at the observation position. Thus, magnetic materials
such as steels have almost no effect during observation and
analysis. 3rdK\EULGOHQVGRHVQRWJHQHUDWHDPDJQHWLFÀHOGWKDW
interferes with backscattered electrons from highly crystalline
specimens, and therefore, crystal orientation analysis is possible
with angular resolution of around 0.1 degrees by EBSD. Finally,
a large probe current (more than 300 nA) is able to be obtained
by inlens-Schottky Plus electron gun. It is possible to maximize
the performance of analyzers such as SXES and EBSD.
SEM observation and various analysis of EDS for both elemental
mapping and particle analysis, SXES and EBSD were carried out
for mechanical polished cross sections of casted iron steel.

2.1 Observation of inclusions

First, SEI by SED and BEI by BED of one inclusion in the steel
were obtained. The inclusion was observed at an incident voltage
of 2 kV in order to obtain SEI and BEI of the specimen surface
(Fig. 6 (a)(b)). Both SEI and BEI show tiny black spots around
the inclusions (arrows in Fig. 6 (a)(b)). Therefore, these black
spots are regarded as holes which have topographic contrast, not
compositional contrast. Thus, it is possible to reveal topographic
contrast or compositional contrast by comparison of SEI and
%(,LQWKHVDPHILHOGRIYLHZ2QWKHRWKHUKDQG8('ZKLFK
is able to detect electrons with low energy enables us to obtain
charging contrast in an insulator. This inclusion can be presumed
an insulator because contrast due to charging was observed in
8('1H[WWKHLQFOXVLRQZDVREVHUYHGDWDQLQFLGHQWYROWDJHRI
15 kV in order to obtain information for the depth of the specimen
(Fig. 6 (c)(d)). Then, it was possible to obtain the compositional
contrast of the deep part of the specimen, which was not visible in
the specimen surface. This is the difference in penetration depth
of the incident electron beam into the specimen. For example, the
penetration depth of the incident electron beam in a bulk specimen
RIVLOLFRQR[LGH 6L22) was simulated to be around 90 nm at an
LQFLGHQWYROWDJHRIN9DQGDURXQGƫPDWN9E\(OHFWURQ
Flight Simulator (Small World LLC Co.) (Fig. 7). Thus, changing
the incident voltage enables us to reveal whether the information
is of surface or depth.

Fig. 6 Observation images of steel
inclusion.
(a)

(b)

(c)

(d)

(a) Secondary electron image and (b) backscattered electron image at an
incident voltage of 2 kV. (c) Secondary electron image and (d) backscattered
electron image at an incident voltage of 15 kV.

Fig. 7
(a)

(b)

Simulations of penetration depth of an incident
electron beam in a bulk specimens of silicon
oxide (SiO 2 ) acquired at calculated at an
incident energies of (a) 2.0 kV and (b) 15 kV.
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2.2 EDS elemental mapping of inclusions

2.3 SXES analyses

Elemental mapping was performed using EDS in order to
clarify the relationship between the composition contrast in
BEI and constituent elements. The JSM-IT800 enables us to
obtain elemental mapping with easy operations after observation
because EDS systems are integrated into SEM systems as
described in chapter 1.6. EDS elemental mapping was acquired
at an incident voltage of 15 kV, a probe current of 0.8 nA, a
magnification of ×17,000 and acquisition time of around 8
minutes. An EDS spectrum and elemental maps are shown in
Fig. 8. In the inclusions, since magnesium (Mg), aluminum (Al),
silicon (Si), calcium (Ca) and manganese (Mn) are detected at
WKHVDPHDUHDVRIR[\JHQ 2 LWFDQEHHVWLPDWHGWKDWWKH\DUH
oxides of each element. Furthermore, since manganese (Mn) is
also segregated in the segregation of sulfur (S), this segregation
can be estimated that to be the manganese sulfide (MnS). In
DGGLWLRQ VHJUHJDWLRQ RI WLWDQLXP 7L  DQG QLWURJHQ 1  DOVR
H[LVWV7KLVVHJUHJDWLRQPD\EHWLWDQLXPQLWULGH 7L1 +RZHYHU
LWLVGLIÀFXOWWRVHSDUDWHWKHSHDNVRI1.ƠDQG7L/OEHFDXVH
WKHHQHUJLHVRIWKH1.Ơ H9 DQGWKH7L/O H9 
are very close. In order to prove that, the segregation of titanium
and nitrogen was analyzed by SXES.

Recently, SXES has been developed that can be incorporated
into FE-SEM. It is possible to analyze characteristic X-rays in
soft X-ray region (low-energy region below 1 keV) by SXES [2].
SXES has diffraction gratings with unequally spaced grooves.
Thus, characteristic X-rays can be simultaneously analyzed in
a wide range of energies, despite being a wavelength dispersive
detector. In addition, the energy resolution is higher compared to
EDS and WDS, achieving 0.3 eV at the Fermi edge in the Al-L
line of metallic Al. Therefore, even closely spaced peaks that
must be spectrum-deconvoluted by EDS are able to be directly
analyzed by SXES [3].
SXES measurement was performed with the nitrogen-titanium
segregation shown in chapter 2.2 at an incident voltage of 2 kV,
a probe current of 35 nA and an acquisition time of 30 minutes.
$VDUHVXOWDSHDNRIWKH1.ƠVHFRQGDU\RUGHUZDVREWDLQHG
around 196 eV and a peak of the titanium Ti-Ll secondary order
was obtained around 198 eV (Fig. 9). It was revealed that this
VHJUHJDWLRQ ZDV 7L1 EHFDXVH WKLV VSHFWUXP LV VLPLODU WR WKH
VWDQGDUGVSHFWUXPRI7L1

Fig. 8 EDS elemental maps of steel inclusions.
(a)

(b)

EDS elemental maps of steel inclusions at an incident voltage of 15
kV, a probe current of 0.8 nA. (a) EDS spectrum of the entire ﬁeld of
view. (b) Elemental maps.
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2.4 Particle analysis

Particle analysis is a method that automatically identifies
particles in the field of view based on the BEI compositional
contrast and performs elemental analysis by EDS for each
LGHQWLÀHGSDUWLFOH$IWHUDQXPEHURISDUWLFOHVLQDÀHOGRIYLHZ
is are acquired, each particle is classified by the size, shape
and elemental composition. It is also possible to automatically
analyze in a large area by stitching many fields of view using
stage movement.
In chapter 2.2, the elemental analysis of one inclusion was
discussed in detail. However, there are a lot of tiny inclusions
in the steel. Thus, it is needed to statistically analyze these
inclusions. Particle analysis was demonstrated at an incident
voltage of 15 kV and a probe current of 1.8 nA in a large area of
ƫPðƫPZKLFKZDVVWLWFKHGE\ðÀHOGVRIYLHZ
EDS spectrum of each inclusion was automatically acquired
for 1.0 second and total acquisition time for all inclusions was
56 minutes. As a result, it was possible to calculate the size
and element composition for 775 inclusions. Each inclusion
ZDVFODVVLÀHGE\WKHIROORZLQJFRQGLWLRQV)LUVWWKHLQFOXVLRQ
FRQWDLQLQJ PRUH WKDQ  PDVV RI 7L LV 7LFODVV 1H[W WKH

Fig. 9 SXES spectra of steel inclusions.
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SXES spectrum of titanium (Ti) and nitrogen (N) segregated portions is
displayed with red line, and the standard spectrum of TiN is displayed with
black line. When compared with the EDS spectrum, it can be seen that the
energy resolution is high and the N-Kα line and Ti-Ll line can be separated.

inclusion containing more than 0.1 mass% of Al or calcium is Al
and Ca-classes. The inclusion containing more than 0.1 mass%
of S is S-class. The inclusion containing more than 5.0 mass%
of Mn is Mn-class. Finally, the inclusion containing more than
0.1 mass% of Si is Si-class. The distribution of inclusions in
the whole field of view is shown in Fig. 10(a). There are 2
inclusions of Ti-class, 3 inclusions of Al,Ca-class, 40 inclusions
of S-class, 245 inclusions of Mn-class and 485 inclusions of SiFODVV$YHUDJHVL]HRILQFOXVLRQVLVƫP2RI7LFODVVƫP2
RI$O&DFODVVƫP2RI6FODVVƫP2 of Mn-class and
ƫP2 of Si-class (Fig. 10(b)).
2.5 EBSD analyses

EBSD is one of the analytical methods for crystalline
structures using SEM. EBSD patterns are able to be obtained
by projecting backscattered electrons diffracted by the crystal
planes of the specimen crystal onto the screen (Fig. 11) [4]. It
is possible to obtain the crystal orientation map by scanning the
specimen surface with an electron beam because the information
of the crystal orientation is obtained from EBSD patterns. In
addition, EBSD enables us to acquire not only crystal orientation
but also crystal species, crystal grain size, shape and distortion.
Therefore, it is widely used for analysis of metals, ceramics as
well as steels.
5HFHQWO\ &026 VHQVRUV KDYH EHHQ XVHG LQVWHDG RI &&'
VHQVRUV IRU FDSWXULQJ (%6' SDWWHUQV %\ &026 VHQVRUV WKH
acquisition time is dramatically improved because the count rate
IRUFDSWXULQJ(%6'SDWWHUQVKDVEHHQUDLVHG2QWKHRWKHUKDQG
a large probe current of several 10 nA to 100 nA is required in
order to obtain clear EBSD patterns in high-speed acquisition.
EBSD crystal orientation mapping in the steel was carried
RXWE\XVLQJ6\PPHWU\ 2[IRUG,QVWUXPHQWV ZKLFKLVHTXLSSHG
ZLWK&026VHQVRUVDWDQLQFLGHQWYROWDJHRIN9DQGDSUREH
current of 100 nA. First, a large area crystal orientation map of
2.35 mm × 2.64 mm was acquired, which automatically stitched
ðILHOGVRIYLHZZLWKDVWHSVL]HRIƫP(%6'SDWWHUQV
were obtained at high-speed with around 2600 patterns per
second, and the acquisition time for total number of acquisition
points (6,253,709 points) was for 54 minutes (Fig. 12(a)). High
VSDWLDO UHVROXWLRQ FU\VWDO RULHQWDWLRQ PDS RI  ƫP ð 
ƫP ZDV DFTXLUHG ZLWK D VWHS VL]H RI  QP (%6' SDWWHUQV
were also obtained at high-speed with around 2,600 patterns
per second, the acquisition time for total number of acquisition
points (4,853,952 points) was 31 minutes (Fig. 12(b)). The
combination of the latest EBSD system and JSM-IT800 enables
us to acquire the crystal orientation maps of the steel in a large
area or with high spatial resolution at high-speed.

Fig. 10 Particle analysis results of steel inclusions.
(a)

● Si class
● Mn class
● S class

(b)

Class

Color

Number of
particles

Average of
size [μm2]

Si

Red

485

0.008

Mn

Yellow
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0.03

S

Blue

40

0.02

Al,Ca

Green

3

5.1

Ti

Purple

2

1.3

● Al,Ca class
● Ti class

(a) Distribution of inclusions. (b) The number and size of inclusions.
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Fig. 11 Positional relation between a specimen and an EBSD detector in a SEM chamber.
EDS

(a)

Objective lens

(b)

EBSD detector

Specimen
EBSD pattern

(a) The positional relation between a specimen and an EBSD detector in a SEM chamber. EBSD patterns are projected onto the screen of the EBSD detector.
(b) EBSD patterns of silicon single-crystal (111) plane.

Fig. 12 Crystal orientation maps of iron matrix grains in a steel material.
(a)

(b)

001

101

(a) Large area map. (b) High spatial resolution map.

111

Summary

Acknowledgments

In this paper, we showed the features of the new FE-SEM,
JSM-IT800, and analysis examples using this SEM, which has
capability of the diverse and high-quality high-throughput analysis.
Especially, about the EDS which has high affinity with the
FE-SEM, we constructed the “EDS integration system” which
integrates the control systems and GUI of the EDS with the
FE-SEM. In addition, we showed that the time for the whole
SEM operation can be greatly and efficiently improved by
using together with Zeromag function for quick positioning and
function of the SMILE VIEW™ Lab which enables users to
prepare reports with minimum operation.
We showed some analysis examples of the JSM-IT800 using
various analysis techniques for a steel specimen. Because the newly
developed EDS integration system enables us to perform the SEM
observation and the EDS analysis more easily and quickly, we can
expect that there will be more opportunities for measurements using
the SXES, the particle analysis and the EBSD. The JSM-IT800
is suitable not only for observations but also for various analyses
such as the EDS, the SXES, the particle analysis, and the EBSD.
Therefore, it is a high-performance multipurpose SEM which can
satisfy the demands of not only the quality control mentioned in this
paper but also other many applications.

:H ZRXOG OLNH WR WKDQN 0U 0DNRWR ,NDUDVKL RI 2[IRUG
Instruments for their great cooperation in the provision of data.

55

JEOL NEWS │ Vol.55 No.1 (2020)

References
>  @ ´2EVHUYDWLRQDQG$QDO\VLVDW/RZ$FFHOHUDWLQJ9ROWDJH
Using Ultra High Resolution FE-SEM JSM-7900F”,
+LURQREX 1LLPL <XVXNH 6DNXGD 1DWVXNR $VDQR
Shunsuke Asahina, -(2/1HZV, vol.54, no.1, July, (2019).
[ 2 ] “Development of a sub-eV resolution soft-X-ray
spectrometer for a transmission electron microscope”,
0 7HUDXFKL + <DPDPRWR DQG 0 7DQDNDJournal of
Electron Microscopy, 50(2), pp101-104, (2001).
>  @ ´1HZO\ 'HYHORSHG 6RIW ;UD\ (PLVVLRQ 6SHFWURPHWHU
SS94000SXES”, M. Takakura, T. Murano, and H.
Takahashi, -(2/1HZV , vol. 50, no. 1, July, (2015).
>  @ ´ 2 U L H Q W D W L R Q  L P D J L Q J   7 K H  H P H U J H Q F H  R I  D  Q H Z
PLFURVFRS\µ%/$GDPXV 6,:ULJKWDQG..XQ]H
Metall. Trans . A, 24A, 819-831, (1993).

JEOL NEWS │ Vol.55 No.1 (2020)
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Electron Probe Micro Analyzers
Kazunori Tsukamoto, Yuma Tanaka, Shinya Fujita,
Norihisa Mori, Takaomi Yokoyama, Shiori Kamijo
SA Business Unit, JEOL Ltd.

An electron probe microanalyzer (EPMA) is widely famous for a high-sensitive analytical instrument to detect
some trace elements at about the 10 ppm level with a wavelength dispersive spectrometer (WDS), which can
provide higher signal-to-noise ratio with about 100 times superior detection limit than an energy-dispersive X-ray
spectrometer (EDS). To obtain such a higher performance of EPMA, all users have needed a basic and advanced
training and had to learn all crystal properties (detectable energy ranges, energy resolution and sensitivity) in all
WDSs. So, we have developed a new EPMA based on the concept of “provide easier and faster high-precision trace
microanalysis” for all analysists who need higher quality/quantity analysis than EDS in all over the world. This paper
introduces the JXA-iSP100 (integrated Super Probe) and the JXA-iHP200F (integrated Hyper Probe) in which highprecision trace microanalysis can be made easier and faster with various integrated functions, as we allude to in the
equipment nickname "i".

Introduction
An electron probe microanalyzer (EPMA) is an analytical
instrument to provide qualitative/quantitative analysis by
detecting characteristic X-rays emitted from elements in a
small (micro) surface area excited by a focused electron beam
[1]. EPMA is one of the important tools to analyze elemental
distribution of industrial materials and to evaluate its physical/
chemical properties with elemental maps in scale of submicrometers to over several centimeters.
JEOL started developing EPMAs in the late 1950s, which was
not so long time after the R. Castaing’s thesis was issued [2].
Since then, we have continued with the development of many
revolutionary technologies, such as the stage scan mapping
analysis, synthetic layered dispersion elements (LDE), larger
crystals, and Field Emission Electron Probe Microanalyzer (FEEPMA). For example, it has become common for people to use
the stage scan mapping function to analyze large areas today.
But this method was developed by JEOL in 1970s for trace
element mapping of centerline segregation in continuous casting
steel, which required a few square cm analysis areas with a fast
GULYLQJVSHFLPHQVWDJH>@,Q-(2/GHYHORSHGWKH¿UVW
practical layered dispersion element crystals (LDE) which is a
layered synthetic microstructure (LSM) for EPMAs. The LDE
series dramatically improved the sensitivity of light element
analysis [4]. The FE-EPMA was developed in the early 2000s
collaborating with National Institute for Materials Science.
Many people had long believed that the 1-micron scale was the
limit of spatial resolution in an EPMA since we achieved submicron scale spatial resolution analysis by equipping the EPMA
with a Schottky electron gun which can provide high brightness
and high probe current even at lower kVs [5].

In this article, we introduce the newly developed EPMA
series, the JXA-iSP100 (integrated Super Probe) and the JXAiHP200F (integrated Hyper Probe). It is realized that both
instruments have excellent features, ultimate performance with
“ease of use” and expandability with various kinds of "integrated
functions" such as integration of SEM observation and analysis,
WDS and EDS analysis for which the "i" in the model name
refers to.

Outline of Instrument
Regarding the newly developed EPMAs; JXA-iSP100 and
iHP200F, the external appearance is shown in Fig. 1 and the
VSHFL¿FDWLRQVLQTable 1, respectively. JXA-iSP100 attaches the
high-quality electron gun with LaB6RU:¿ODPHQWHPLWWHUVDV
a general use EPMA. JXA-iHP200F, as a higher performance
EPMA, allows more stable and higher spatial resolution using
-(2/RULJLQDOGHVLJQHG³LQOHQV´6FKRWWN\W\SH¿HOGHPLVVLRQ
gun and always optimum aperture angle control system (ACL)
corresponding to the probe currents.
These EPMAs are controlled by one PC system which
provides various integrating functions EDS, WDS,
cathodoluminescence detector and external JEOL XRF system.
These data are easily output into an accomplished format. First
new function; “Easy EPMA” makes it possible to take WDS
results with the standardized measuring condition as little as 4
steps. Second new function, reasonable WDS setting procedure
is sequentially supported by quicker EDS and XRF results. This
combination method provides a reasonable accurate result in a
limited time. Third new function; WDS trace analysis program
supports to efficiently set the optimum WDS measurement
conditions corresponding to the required trace contents.

〉〉3-1-2 Musashino, Akishima, Tokyo, 196-8558, Japan | E-mail: ktsukamo@jeol.co.jp
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These EPMAs are equipped with convenient handling
functions such as; auto loading of the specimen holder, a stage
navigation system in which the colored image of mounted
specimen is taken by the inserted CCD camera, JEOL SEM’s
IT-series original function; “Zeromag” where the interesting
analyzing point of view is smoothly searched from CCD to SEM
images without switching, and “EDS live analysis” function
which provides an elemental information with observing SEM
image. These new handling functions kindly help from sample
installation to searching the interesting analysis area. Moreover,
in order to maintain the optimum calibration condition for
WDS, newly designed built-in lump of 18 standards and new
calibration procedure makes it possible to perform the steady
and correct periodic calibration.
Improvements in basic performance

The JXA-i+3) SURYLGHV  ȝ$ DV D PD[LPXP SUREH
current. The stability of probe current is guaranteed under
± 0.3%/hr. and ± 1.0%/12 hrs. This performance is improved by
a newly designed electron gun chamber attached with a getter

pumping system for ultra-high vacuum quality. Regarding the
electron optical control system, new engine has been developed
so that the spatial resolution for secondary electron image has
been improved to 2.5 nm at 30 kV.
EPMA control system

EPMA control system is constructed by two kinds of interface
windows so-called “SEM Center” (Fig. 2) and “PC-EPMA2”.
“SEM Center” is popularly used for recent JEOL SEM’s series,
which provides various kindly handling functions. Including
the recent “SEM Center” functions, EPMA can be utilized
for easy operating functions such as “automatic specimen
loading”, kindly operating functions for electron images, JEOL
EDS analysis such as real time “Live analysis”, “Live map”
intuitively provide elemental information with distribution,
as well as an instant and quick WDS results are performed by
the standardized procedure so-called “Easy EPMA” function.
For fully fledged and flexible EPMA applications; qualitative,
quantitative, line scan, mapping analyses, etc., PC-EPMA2 is
performed for accurate and reliable data.

Fig. 1 External view of the JXA- SP100 and the JXA- HP200F

JXA-iSP100
㻌
integrated Super Probe

JXA-iHP200F
㻌
integrated Hyper Probe㻌

Table 1 Principal specifications of JXA- SP100 and JXA- HP200F

JXA- SP100
Electron GUN

W/LaB 6

In-lens Schottky Plus FEG
WDS: Be/B to U,

Elemental Analysis
Range

EDS: Be to U

Number of X-ray
Spectrometers

WDS: 1 to 5 EDS: 1

Accelerating voltage
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JXA- HP200F

0.5 kV to 30 kV

Probe Current
Current Stability

1 pA to 10 µA

1 pA to 3 µA

± 0.05%/hour, ± 0.3%/12 hours

± 0.3%/hour, ± 1.0%/12 hours

SEI Resolution at
Analytical WD

6 nm (30 kV)(W)
5 nm (30 kV)(LaB 6)

2.5 nm (30 kV)
20 nm (10 kV, 10 nA)
50 nm (10 kV, 100 nA)
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optical image at low Mag and the SEM image at higher Mag
RQO\E\FKDQJLQJWKHREVHUYDWLRQPDJQL¿FDWLRQ

Instrument Features
Features of the JXA-iSP100/JXA-iHP200F are introduced in
the order of:
“Setting”, “Analysis”, and “Self Maintenance”.
Setting - Processes from specimen exchange to
screening for areas of interest for analysis can be
performed quicker and easier.

Automated Specimen Loading and Stage Navigation
System functions
The automated specimen loading function (Fig. 3)
automatically drives the stage to the sample exchange position,
evacuates the sample exchange chamber, captures a stage
navigation image of the specimens in the holder, and loads the
specimen holder onto the stage with a single click.
With the Stage Navigation System (SNS), the whole sample
holder is imaged automatically at the time of sample exchange.
This provides an optical image to navigate stage movement for
¿QGLQJWKHVDPSOHRUDUHDRILQWHUHVWVRWKDWWKHWLPHUHTXLUHGWR
VHDUFKDQG¿QGWKH¿HOGRIYLHZFDQEHVKRUWHQHG,QDGGLWLRQ
with the Zeromag function (Fig. 4), which superimposes and
displays the specimen holder optical image and SEM image, it
becomes possible to seamlessly observe the specimen holder

Live Analysis / Live Map functions
The Live Analysis function of the EDS enables real-time
VFUHHQLQJRIPDMRUHOHPHQWVFRQWDLQHGLQWKH¿HOGRIYLHZZKLOH
observing the live SEM image (Fig. 5 6HDUFKLQJIRUWKH¿HOG
of view of interest is now easier, as major elements appear
in real time along with the secondary electron images and/or
backscattered electron images.
It also has the Live Map function which can confirm the
distributions of major elements in real time as an image (Fig. 6).
In the Live Map window, the elemental distributions are always
an overlay on the SEM image.
Since not only the secondary electron image and backscattered
electron images, but also the main elements and maps can
be displayed in real time, the efficiency of the searching for
analysis areas is greatly improved.
New Electron Optical System control engine
The implementation of the new electron optical system
control engine improves the accuracy and speed of the auto
focus function. High-resolution images can be acquired
VLPSO\E\XVLQJWKH³$XWR´EXWWRQ$Q\SRLQWVSHFL¿HGE\WKH

Fig. 2 “SEM Center” GUI of the JXA- HP200F/JXA- SP100

Stage Navigation System (SNS)

Live Analysis

Easy EPMA

Fig. 3 Auto-Sample Loading + Stage Navigation System

Automatic evacuation

Automatic acquisition
of the holder image

The holder is automatically
loaded onto the stage

Move to the desired
sample or field of view
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Fig. 4 Zeromag function

Seamless observation from sample/holder
optical image to SEM image

Fig. 5 Live Analysis function with Spectrum Monitor window

Fig. 6 Live Map window

Elemental distribution (maps)
overlaid on the SEM image

㻌
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mouse cursor can be focused as well. Auto focus is effective
even for backscattered electron images as the bandwidth of
the backscattered electron detector (BED-C, BED-T) is over
twice as high as previous models. Users can identify the major
elements in real time using the Live Analysis function described
HDUOLHUDQGVHDUFKIRUWKHWDUJHW¿HOGRIYLHZZKLOHYLHZLQJOLYH
backscattered electron images easier than in the past (Fig. 7).
The probe current is instantly set with the new auto probe
current function as well, using the setting history, in order
to improve ease of use. These auto focus and probe current
settings are enabled for the presetting of analysis conditions for
sequential analysis and they can be automatically performed
within an analysis sequence.
OM Auto Focus
The OM Auto Focus function for automatically adjusting the
specimen’s height is now provided as standard (Fig. 8). The
height of the specimen can be automatically adjusted via the OM
Auto Focus to the optimum analytical position by presetting it in a
sequence for sequential analyses or analysis of multiple points. It
also can be manually enabled from the specimen stage controller.
EPMA-OM Linkage System miXcroscopy TM (option)
Stage coordinates can be linked with Nikon optical
microscopes. This enables users to easily search analysis points
using polarized light observation and/or transmitted illumination
of the optical microscopes, and perform analysis using the
EPMA. This coordinate linkage can be connected to the JXAiSP100/JXA-iHP200F.

Analysis - Perform Efﬁcient and Accurate
Elemental Analyses Easier

Easy EPMA
“Easy EPMA” (Fig. 9) is the function that enables EPMA
analysis with a simplified four steps procedures: 1) select
analysis mode, 2) select measurement sensitivity, 3) register
analysis position(s), and 4) register element(s).
Selecting an analysis mode from “Qual”, “Line scan”, and
“Map” as well as the measurement accuracy and clicking “Set
electron optics condition” automatically sets the optimum
accelerating voltage and appropriate beam current. For
the analysis position, the center of the screen is selected in
TXDOLWDWLYHDQDO\VLVDQGWKHFXUUHQW¿HOGRIYLHZLVVHOHFWHGIURP
area (map) analysis.
EDS, XRF, EPMA Integration
We have also developed an integration function for
performing the trace element analysis with WDS, which loads
the identified elements information from inner EDS as well
as EDXRF (JEOL JSX-1000S), which can detect a few ppm
level trace elements including into a several square mm of
wide area. Using this function, EPMA beginner operators can
VWDUWWRPHDVXUHLWVVDPSOHHI¿FLHQWO\EHFDXVHWKHDSSURSULDWH
spectrometers and analyzing crystals of WDS are automatically
suggested based on this function (Fig. 10).
Our existing EPMAs can also perform the WDS/EDS
integration map, which enables comprehensive data analysis.
This system provides the maximum functionality for efficient
data acquisition for a wide area stage scan map where all of the

Fig. 7 Effect of the new auto function
(Specimen: Steel fracture surface, Accelerating Voltage: 15 kV, Magnification: ×3,000)

Fig. 8 OM Auto Focus being performed
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major elements can be mapped with EDS and up to five trace
calibration specimen sets are registered to the WD spectrometer
or minor elements can be mapped using WDS. An analysis
calibration program, WD calibration can be performed
JEOL
News 原稿書式
example is shown in Fig. 11. During data
acquisition,
EDS
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Fig. 9 Easy EPMA

①Select analysis mode
分析モードの選択
②Select sensitivity

JEOL News

③Register analytical
position
原稿書式

 EDS, XRF EPMA Integration
④Register
analysis
We created integration software for loading
analysis
results from a JEOL EDS via a simple operation as well as the
elements
JEOL XRF JSX-1000S which can analyze a several square mm field of view, at ppm levels, into the EPMA to perform
trace-element analysis by WDS.
Using this software, the EPMA analysis can be started efficiently by using the EDS or XRF data because the
appropriate spectrometers and analyzing crystals in the EPMA are automatically set based on the analysis results of the
Figure 9 Easy EPMA
EDS or XRF (Fig. 10).
Fig. 10 EDS, XRF-EPMA integration function

TM

7

Figure 10 Setting the WDS conditions using EDS, XRF-EPMA integration
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Using the WDS/EDS integration system, both WDS and EDS maps can be acquired at the same time, enabling
comprehensive data analysis. The system provides the maximum functionality for efficient data acquisition for a wide
area stage scan map where all of the major elements can be mapped with EDS and up to five trace or overlapped elements
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Analysis examples

To illustrate by an example analytical capability of XRFEPMA integration system, we analyzed natural rock sample from
the Okutama-Shiromaru mine including tokyoite micro grains.
Tokyoite is vanadate mineral and the chemical composition is
Ba2Mo3+(VO4)2(OH), which was certified as a new mineral.
Tokyoite is found as minute aggregate composed of very minute
LUUHJXODUJUDLQVXQGHUȝPLQWKHVDPSOHIURP6KLURPDUXPLQH
Pre-analysis screening with an X-ray Fluorescence
Analyzer XRF (XRF-EPMA Integration)
The rock sample from Shiromaru mine was mounted on hot
mounting resin, and surface polished with sandpapers and diamond
SDVWHV aȝP 7KLVVDPSOHZDVPHDVXUHGXVLQJ-6;6;5)
analyzer capable of analyzing an area of several mm2 in a short
time for major to trace elements (Fig. 14). With a measurement of 1
minute, trace elements such as V, Ba, Rb and Sr in the rock sample
were detected along with major elements (e.g. Si, Al. Ca and Fe).
The JXA-iSP100 and JXA-iHP200F can import result of
quantitative analysis of JSX-1000S, and automatically select the
appropriate analyzing crystals on the EPMA measurement for
WKHLGHQWL¿HGHOHPHQWVE\;5)
WDS-EDS Integration on the map analysis
WDS-EDS integration system enables acquiring elemental

maps by EDS simultaneously with WDS mapping. For example,
it is possible to assign the mapping of EDS for major elements,
and WDS measurement with high S/N ratio for trace elements.
This system can efficiently and rapidly analyze samples
consisting of the large number of elements.
Energy resolution of spectrometer is at issue of peak
interferences on X-ray emission spectrum. Tokyoite containing
9DQG%DWKH9.ĮOLQHDQG%D/ĮOLQHLQWHUIHUHZLWK7L.OLQH
on the EDS measurement, due to the cause of misidentifying
the characteristic X-rays of V as Ti. In the case of WDS,
wavelength resolution is high enough to separation of Ti, V and
Ba characteristic X-ray peaks (Fig. 15).
Automatic Phase Map Generation
Phase Map Maker software can generate map of phases
LQFOXGLQJDQDO\WHHOHPHQWVZLWKVLQJOHFOLFN3KDVHFODVVL¿FDWLRQ
is made by high-speed cluster analysis (HSCA) calculation. The
phase map can be created from simultaneously acquired EDS
and WDS map data. It is also possible to analyze the correction
of each element in detail using the corresponding scatter
diagrams (Fig. 16).
XRF and WDS-EDS integration system and Phase Map
Maker software are possible to make a sequential analysis from
the screening of the contained elements in the sample to the
LGHQWL¿FDWLRQRISKDVHVWUXFWXUHVDVTXLFNO\DQGHDVLO\

Fig. 11 Combined WDS and EDS maps collected with WDS/EDS integration
(Specimen: Basalt from Mt. Fuji, Accelerating Voltage: 15 kV, Magnification: ×500)

Fig. 12 Calibration specimens for WDS/
EDS mounted on the specimen
stage

Fig. 13 Example of the customer support
tool display
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Fig. 14 XRF results from JEOL JSX-1000S of a rock sample including Tokyoite
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Fig. 15 Combined WDS/EDS maps of a rock sample containing Tokyoite
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Fig. 16 Phase map and scatter plots of a rock sample containing Tokyoite using Phase
Map Maker

ȣP

 

Phase map by high-speed cluster analysis (HSCA)

Summary
The features of new EPMA JXA-iSP100 and JXA iHP200F
are summarized below.
Improvement of basic performance

The JXA-i+3)SURYLGHVȝ$RIPD[LPXPSUREHFXUUHQW
Probe current stability is ± 0.3%/hr. and ±1.0%/12 hrs. The high
probe current stability is due to an ion getter pump added to the
electron gun chamber in order to achieve an ultra-high vacuum.
A revised electron optics with the use of a new Electron Optical
System control engine has improved the secondary electron
image resolution to 2.5 nm at 30 kV.
Auto sample loader and stage navigation system

Auto sample loading system can be performed that processes
from specimen introduction to acquisition of auto stage
navigation image with just single click on mouse.
The stage navigation image shows the specimens positions
in the holder so that users can easily move to the specimen and
area of interest.
The Live Analysis function enables users to check elements in
WKH¿HOGRIYLHZLQUHDOWLPHZLWK('6ZKLOHREVHUYLQJWKHOLYH
SEM image. This allows easy surveying for elements and the
GHVLUHGDQDO\VLV¿HOGRIYLHZ
With the Zeromag function, an optical image of the sample
is overlaid on the SEM image and is seamlessly connected and
REVHUYHGZLWKFKDQJHVRIWKHREVHUYDWLRQPDJQL¿FDWLRQ
The EPMAs are equipped with an OM Auto Focus for
accurately adjusting the height of the specimen to the analytical
WD. The “ease of use” has been significantly improved with
probe current setting and SEM image auto focus of which the
accuracy and speed have been improved with the new Electron
Optical System control engine.
Fast and easy setting of EPMA analysis

“Easy EPMA” is a function that enables EPMA analysis with
a simplified four step procedures: 1) select analysis mode, 2)

Scatter plots of X-ray intensity of each element

select measurement sensitivity, 3) register analysis position(s),
and 4) register element(s).
Selecting an analysis mode from “Qual”, “Line scan”, and
“Map” as well as the measurement accuracy and clicking “Set
electron optics condition” automatically sets the optimum
accelerating voltage and beam current.
(30$DQDO\VLVLVVLPSOL¿HGLQ('6;5)(30$LQWHJUDWLRQ
system. Result of EDS or XRF analysis can be imported to
EPMA operation software, and automatically set the analyzing
crystals and detectors of EPMA. EDS measurement can
simultaneously be made with WDS mapping analysis, and both
data can be analyzed on the WDS/EDS integration system. In
the Phase Map Maker software, the phase map is automatically
generated with single click, and the identification of phase
structure and comparing correlation of multiple elements are
carried out with simple operation.
Easy maintenance

With 18 calibration standards, stored in place on the stage, the
spectrometer can be easily calibrated.
A maintenance notification appears when calibration or
maintenance is suggested; calibration and maintenance work can
be performed at an appropriate time.
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High-Sensitivity, High-Throughput
Analysis of Residual Pesticides
in Foods by JMS-TQ4000GC
Combined with Large-Volume
Injection Technique and Fast-GC
Method
Takao Fukudome

MS Business Unit, JEOL Ltd.

The Gas Chromatograph (GC) Triple Quadrupole Mass Spectrometer (TQMS), the JMS-TQ4000GC, has a
feature of high ion selectivity derived from tandem mass spectrometry same as conventional TQMS. In addition
to that, JMS-TQ4000GC has two kinds of SRM (selective reaction monitoring) modes called as high-speed and
high-sensitivity SRM mode that are achieved by JEOL’s unique short collision cell technology. The combination
of high-speed SRM mode of the JMS-TQ4000GC and Fast-GC method with large volume injection (LVI) technique
was applied for the analysis of residual pesticides in foods.
This combination method of high-speed SRM and Fast-GC with LVI technique could achieve the detection
of 1 ppb concentration level for residual pesticides that correspond to on-tenth of standard criterion in positive
list system with reducing the total measurement time to less than 15 minutes that corresponds to half of the
measurement time with conventional method.

Introduction
The criterion called ‘Positive list system’ that was introduced
by the ministry of health, labor and welfare, Japan in 2006 [1]
regulates the residual level in food for approximately 800 kinds
of pesticides. There are difficulties to detect the trace amount
of various kinds of pesticides in the complex matrix. This is
one reason why GC-TQMS system that can provide higher
selectivity than the GC-single quadrupole MS system is mainly
used for the residual pesticides analysis. On the other hands, the
high-through-put capability is also required for the residual
pesticides analysis in foods because many amount of samples
should be analyzed for the limited time period. In the case
of the pesticides analysis in water sample, FastGC technique
used to be used to improve the time consuming situation.
+RZHYHULWZDVGLIÀFXOWWKDW)DVW*&WHFKQLTXHZRXOGDSSO\
to the residual pesticides analysis with GC-TQMS because it
takes a certain period for ion transition in the collision cell of
conventional GC-TQMS system.
The unique features of the JMS-TQ4000GC (Fig. 1) are
the two kinds of SRM measurement mode called “highspeed SRM mode / high-sensitivity SRM mode” that could be
〉〉3-1-2, Musashino, Akishima, Tokyo, 196-8558, Japan | E-mail: tfukudom@jeol.co.jp
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achieved by JEOL’s unique collision cell technology (patent
No.: US8692191, EP2469578, US8604420). The “high-speed
SRM mode” could be useful for the screening analysis for many
kinds of target compound that gives weight to the high-throughput capability. On the other hands, the “high-sensitivity SRM

Fig. 1 External appearance of
JMS-TQ4000GC
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mode” should be applied for the measurement that gives weight
to the sensitivity and accuracy of measurement, and it is also
useful for the accurate quantitative analysis for the focused
target compounds that were sorted out by screening analysis
with the “high-speed SRM” mode. It was reported that the highthrough-put analysis at 10 ppb level corresponding the regulated
concentration level of the criterion could be achieved within 15
minutes by using the combination of Fast-GC technique and the
“high-speed SRM” mode of JMS-TQ4000GC [2]. The results
were reported in this article that the combination of high-speed
SRM mode and Fast-GC with LVI technique applied to the
measurement of the 1 ppb concentration level (equivalent to one
magnitude lower than 10 ppb) within 15 minutes.

Features of Hardware
Overview of “short collision cell”

sensitivity mode, the sensitivity enhancement can be expected
based on the effect of long noise elimination time that is induced
by long ion accumulation time though the switching speed of
SRM channels is limited up to 100 channels per second (Fig. 3).

Experiments
Outline

292 kinds of pesticides were measured by using the
combination of high speed SRM mode of JMS-TQ4000GC
and FastGC condition. The large volume of sample solution
(20 µL) could be applied to the GC-TQMS system because the
LVI-S200 (AiSTI SCIENCE) was installed to the GC injection
port as a large-volume injection system.
Samples

The overview of the short collision cell is illustrated in Fig. 2. The
length of this innovative short collision cell is 15 mm in total length,
which is as short as one-tenth of the conventional ion-guide. This
feature dramatically shortens the ion ejection time from the collision
cell, for compromising fast SRM measurement and avoiding the
interfering ions (cross-talk). Also, continuous ion accumulation and
instantaneous ejection of the accumulated ions within the collision
cell makes the ions into pulses, and data acquisition only for the
time of ejection of these ion pulses leads to accomplishment of noise
reduction and enhanced detection sensitivity.

Standard pesticide mixture solutions (PL1,2,3,4,5,6,9,10,11,
12,13; FUJIFILM Wako Pure Chemical Corporation) were used
for measurement. Spinach and a fruit tart as real sample were
processed according with STQ method. Two kinds of spiked
sample solution for spinach and fruit tart were prepared by
spiking the standard solution to the extracted solution so that the
final concentration of each pesticides could be 1 ppb and 100
ppb.
The 1,000 ng of polyethylene glycol (PEG300) was spiked
to the standard solutions for calibration curves to avoid the
adsorption of pesticides on the glass insert of GC injection port.

Ion accumulation

GC condition

For ion accumulation within the collision cell, the short
accumulation mode (High Speed mode) and the long
accumulation mode (High Sensitivity mode) are selectable.
In the High Speed SRM mode, the fast SRM measurement
up to 1,000 channels can be achieved though the sensitivity
enhancement is limited due to the short ion accumulation time
and the short noise elimination time. On the other hand, in high

Injection port: LVI-S200 (AiSTI SCIENCE) as a large-volume
injection system
Injection mode: Solvent Vent
Injection volume: 20 µL
Injection port temperature:
Ʌ PLQ →Ʌ ɅPLQPLQ →Ʌ Ʌ
min, 9 min)

Fig. 2 Overview of short collision cell

(Patents : JP5296505, US8692191, EP2469578, US8604420)
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2YHQɅ PLQ →ɅPLQ→Ʌ PLQ →Ʌ
min →Ʌ PLQ  WRWDOPLQ
Column: DB-5ms (Agilent Technologies), 20 m × 0.18 mm, 0.18 µm
Column control mode: Constant Flow
&ROXPQÁRZUDWHP/PLQ
MS condition

Triple QMS: JMS-TQ4000GC (JEOL)
Ionization condition: EI, 70 eV (50 µ$ Ʌ
*&LQWHUIDFHWHPSHUDWXUHɅ
SRM mode: High Speed

Results and Discussion
Total ion current chromatograms (TICCs) as measurement
results of the 1ppb standard solution, 1ppb spiked sample solution
of spinach and 1ppb spiked sample solution of fruit tart were
shown in Fig. 4. All pesticides were eluted within 15 min under
the FastGC condition described before. It means that 15 min total
measurement time under FastGC condition correspond to almost
half of the measurement time by using conventional GC condition
issued by Ministry of Health, Labor and Welfare, Japan [2].
The extracted ion chromatograms (EICs) for 4 kinds of

Fig. 3 Overview of ion accumulation

tŝƚŚĂƐŚŽƌƚĂĐĐƵŵƵůĂƟŽŶƟŵĞ
;,ŝŐŚƐƉĞĞĚŵŽĚĞͿ

ŶŚĂŶĐĞŵĞŶƚŽĨƐĞŶƐŝƟǀŝƚǇ
ŝƐůŝŵŝƚĞĚǁŝƚŚĂƐŚŽƌƚƟŵĞ
ĨŽƌƚŚĞŶŽŝƐĞĞůŝŵŝŶĂƟŽŶ

tŝƚŚĂůŽŶŐĂĐĐƵŵƵůĂƟŽŶƟŵĞ
;,ŝŐŚƐĞŶƐŝƟǀŝƚǇŵŽĚĞͿ

ŶŚĂŶĐĞŵĞŶƚŽĨƐĞŶƐŝƟǀŝƚǇŝƐ
ƐŝŐŶŝĮĐĂŶƚǁŝƚŚĂůŽŶŐƟŵĞ
ĨŽƌƚŚĞŶŽŝƐĞĞůŝŵŝŶĂƟŽŶ

Fig. 4 Total ion current chromatograms of standard solution at 1 ppb concentration and
the spinach and fruit tart samples to which the standard samples were spiked at
1 ppb concentration.

1 ppb
standard solution
with PEG300

Spinach sample
with 1 ppb standard
compounds

Fruit tart sample
with 1 ppb standard
compounds
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pesticides that were obtained from 1ppb standard solution and 2
kinds of spiked solution were shown in Fig. 5. Almost peaks of
292 pesticides on TICCs were overlapped and were not separate
enough at chromatographic point of view due to the very short
measurement time of FastGC condition. However, each peak
corresponding to the pesticides on EICs could be clearly detected
due to the high selectivity of SRM measurement by GC-TQMS.
$OWKRXJKWKHDEQRUPDOEDVHOLQHÁXFWXDWLRQDQGWKHVHYHUDOJKRVW
peaks that were not found in EIC of standard solution were
observed in EICs due to the huge amount of matrix compounds
in the real samples, the detection of those clear peaks for the
target pesticides suggested that the high speed SRM mode of
-0674*&FRXOGZRUNFRUUHFWO\ZLWKRXWDQ\LQÁXHQFHRI
cross-talk even under the high speed SRM switching condition.
Approximately 50 kinds of pesticides or more needed to be
monitored at the same time under this FastGC condition. Since

two kinds of SRM channels has to be monitored for 1 kinds of
pesticide, 100 SRM channels or more has to be monitored at
same time for more than 50 kinds of pesticides. In addition, high
speed SRM switching capability is required to keep the enough
data points for the very sharp shape peak by Fast GC condition.
For instance, if 5 data points per second as data acquisition
speed is necessary, the SRM switching speed more than 500
SRM channels per second is also necessary as the instrument
specification of GC-TQMS. For this reason, JMS-TQ4000GC
that can achieve the high speed SRM switching, 1000 SRM
channels per second was able to be applicable for this type of
measurement that requires both capability of multicomponent
analysis and FastGC simultaneously.
Concerning the two kinds of spiked samples (1ppb), the
GLVWULEXWLRQRIWKHFRHIÀFLHQWRIYDULDWLRQ &9 YDOXHVRISHDN
area corresponding to each pesticide were summarized in Fig. 6.

Fig. 5 SRM chromatograms of standard solution at 1 ppb concentration and the spinach
and fruit tart samples for 4 kinds of pesticides.

1 ppb
standard solution
with PEG300

Spinach sample
with 1 ppb standard
compounds

Fruit tart sample
with 1 ppb standard
compounds

Fig. 6 Distribution of coefficient of variation values of peak area corresponding to each
pesticide in the spinach and fruit tart samples to which the standard sample were
spiked at 1 ppb (n=8)
Spinach sample
with 1 ppb standard compounds

Fruit tart sample
with 1 ppb standard compounds
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The CV values corresponding to almost 90% of 292 pesticides
were below 20%. The CV values corresponding to 49% of 292
pesticides (in case of spinach) and 56% (in case of fruit tart)
were less than 10%.
The distribution of the detection limit values corresponding
to 292 pesticides that were estimated from the CV values were
shown in Fig. 7 for both of spinach and fruit tart samples.
The values of the instrumental detection limit for 81.5% of
292 pesticides (in case of spinach) and 83.6% (in case of fruit
tart) were able to achieve to less than 0.5 ppb. In addition, the
value of detection limit for the 97.6% of 292 pesticides in both
case of spinach sample and fruit tart sample were below 1ppb.
These results suggested that the FastGC measurement condition
consisted of the high speed SRM mode of JMS-TQ4000GC
and the large volume injection system of LVI-S200 (AiSTI
SCIENCE) could achieve enough sensitivity required for the
residual pesticides analysis in food.
The distribution of the coefficient of determination for
calibration curves of 292 pesticide was shown in Fig. 8. For the
calibration curves between 1 ppb and 100 ppb, the coefficient
of determination was found to be 0.990 or higher for 93.8% and
0.995 or higher for 86.3% of 292 pesticides.

and the large volume injection technique, it was found the total
analysis time could be reduced to 15 min. The CV values of
the peak areas of the spiked samples (1ppb) for 90% of 292
pesticides were less than 20%. And the detection limit value
estimated from those values of the spiked samples (1 ppb) were
below 1ppb for 97.6% of 292 pesticides. The coefficient of
determination of the calibration curves from 1ppb to 100ppb
concentration about 93.8% of 292 pesticides could be achieved
more than 0.990. Those results suggested the measurement
method by JMS-TQ4000GC combined with Fast GC and
the large volume injection technique was able to make high
sensitivity (the detection limit less than 1 ppb) consist with high
through put (15 min as total measurement time).
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Conclusion
As the result of multicomponent analysis of 292 kinds of
pesticides by JMS-TQ4000GC combined with Fast GC method

Fig. 7 Distribution of instrumental detection limits value corresponding to 292 pesticides
for spiked samples.
Spinach sample
with 1 ppb standard compounds

Fruit tart sample
with 1 ppb standard compounds

Instrumental detection limit

Instrumental detection limit

EHORZSSE

EHORZSSE

SSE

SSE
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PRUHWKDQSSE

PRUHWKDQSSE

Fig. 8 Distribution of the coefficient of determination for calibration curves of 292 pesticides.
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Mass Spectrometry Imaging using the
JMS-S3000 “SpiralTOFTM-plus” Matrix
Assisted Laser Desorption Ionization
Time-of-Flight Mass Spectrometer
7DND\D6DWRK06%XVLQHVV8QLW-(2//WG

Matrix assisted laser desorption/ionization (MALDI) is one of the soft ionization methods. By selecting a proper
compound to enhance the ionization efﬁciency (called “matrix”), various kinds of organic compounds can be ionized.
In 2010, JEOL released the JMS-S3000 “SpiralTOFTM”, which adopted a spiral ion optics system combined with
MALDI ion source. In recent years, MALDI-TOFMS (time-of-ﬂight mass spectrometer) has been widely used for mass
spectrometry imaging (MSI) to visualize the localization of target compounds on the sample surface. The SpiralTOFTM
is a suitable system for MALDI-MSI because it can achieve high mass-resolution even in low mass region, which was
difﬁcult by the conventional reﬂectron TOFMS. In 2019, JEOL has introduced the new “SpiralTOFTM-plus”, which has
improved the data acquisition speed while keeping the inherent high mass-resolution. This report presents the features
of the SpiralTOFTM-plus and the advantages in practical applications using this system.

Introduction
In the Matrix Assisted Laser Desorption Ionization (MALDI),
co-crystals of the matrix and sample compounds are made by
spotting the mixture of their solutions on the target plate and airdried. The ultraviolet laser is irradiated on the co-crystal to ionize
the sample. By selecting the suitable matrix according to the
sample, it is possible to ionize variety kinds of organic compounds,
including proteins, peptides, nucleic acids, glycans, lipids,
drugs and synthetic polymers. Using MALDI, ions with widemolecular weight can be generated as singly charged ions. Also,
the MALDI is a pulsed ionization technique, and it is best match
WRFRPELQHGZLWKDWLPHRIÁLJKWPDVVVSHFWURPHWHU 72)06 
7KH0$/',LVGLIÀFXOWWRRQOLQHFRQQHFWZLWKDFKURPDWRJUDSK\
system (gas chromatography, liquid chromatography, etc.),
and separation of compounds included in sample depends on
WKHPDVVUHVROXWLRQRI72)06+RZHYHUPDVVUHVROXWLRQRI
FRQYHQWLRQDOUHIOHFWURQ72)06LVRIWHQLQVXIILFLHQWHVSHFLDOO\
IRUORZPDVVUDQJH,WLVHYHQVDLGWKDWWKHUHIOHFWURQ72)06
cannot be applicable to analyzing the compounds of molecular
ZHLJKW  RU OHVV $QRWKHU UHDVRQ LV WKDW WKH 3RVW 6RXUFH
'HFD\ 36' LRQVZKLFKRULJLQDWHGIURPVSRQWDQHRXVGHFD\DUH
detected as the noise in the low molecular range, thus making it
GLIÀFXOWWRGHWHFWPLQRUFRPSRQHQWV,QRUGHUWRVROYHWKLVLVVXH
-(2/LQWURGXFHGWKH0$/',72)06V\VWHPWKH-066
´6SLUDO72)TM” in 2010. With its unique spiral ion optics system,
WKH6SLUDO72)TM achieved a 17 m-long flight path in a limited
VSDFH7KXVWKH6SLUDO72)TM successfully provided ultrahigh
mass-resolution and ultrahigh mass accuracy. Another feature of
this ion optical system is consisted of four electrostatic sectors,

ZKLFKHQDEOHVWRHOLPLQDWH36'LRQVDQGPDNHVHDV\WRGHWHFW
PLQRUFRPSRQHQWV2ZLQJWRWKHVHIHDWXUHVDQGDGYDQWDJHVLW
became possible to perform analysis for the low molecular range
with high mass-resolution and high mass accuracy, which was
GLIÀFXOWWRGRZLWKWKHUHÁHFWURQ72)065HFHQWO\06, PDVV
spectrometry imaging), which can visualize the distribution of
organic compounds on the sample surface, is becoming practical.
0RVWRIWKHWDUJHWFRPSRXQGVIRU06,DQDO\VHVDUHORZPROHFXODU
FRPSRXQGV VR WKDW 6SLUDO72)TM has an advantage due to its
high analytical capability in the low molecular weight range.
,QWKHODWWHUKDOIRIWKH6SLUDO72)TM was upgraded to the
´6SLUDO72)TMSOXVµ7KLVSRZHUIXO6SLUDO72)TM-plus inherits the
IHDWXUHVRIKLJKPDVVUHVROXWLRQFDSDELOLW\RIWKH6SLUDO72)TM
DQGKDVLPSURYHGFDSDELOLWLHVRI06,,QWKLVUHSRUWWKHIHDWXUHV
DQGDGYDQWDJHVRIWKH6SLUDO72)TM-plus will be presented, along
with its effectiveness in practical analysis applications.

Features of SpiralTOFTM-plus
Figure 1VKRZVWKHDSSHDUDQFHRIWKH6SLUDO72)TM-plus and the
VFKHPDWLFRIWKHVSLUDOLRQRSWLFVV\VWHP7KH6SLUDO72)TM-plus
adopts a long-life solid-state laser for ionization, accomplishing
fast measurement. The sample ionized in the MALDI source is
accelerated to mass separation in the 8-shaped spiral ion optics
system which is composed of four electrostatic sectors with eight
stories. After one cycle, the ion trajectory is shifted perpendicular
WRWKHRUELWSODQHDQGWKXVWKHVSLUDORUELWLVIRUPHG7KHÁLJKW
SDWKRIRQHF\FOHLVPVRWKDWWKHWRWDOÁLJKWSDWKH[WHQGVWR
P,WLVÀYHWLPHVORQJHUWKDQWKDWRIWKHUHÁHFWURQ72)06
This demonstrates that high mass-resolution is achieved over a
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Fig. 1 Appearance of SpiralTOF TM -plus and schematic of a spiral ion optics system.

D

E

6SLUDOLRQ
RSWLFVV\VWHP

'HWHFWRUIRU6SLUDOPRGH
PIURPLRQVRXUFH

wide mass range. MALDI is one of the major ionization methods,
DVZHOODVHOHFWURVSUD\LRQL]DWLRQ (6, +RZHYHU0$/',LV
DOVRNQRZQWRFDXVHVSRQWDQHRXVIUDJPHQWDWLRQ FDOOHG36' 
by excessive internal energy generated at the ionization. The
kinetic energy of fragment ions becomes smaller than that of
SUHFXUVRULRQV6LQFHWKHHOHFWURVWDWLFVHFWRUVKDYHDQDELOLW\DV
DNLQHWLFHQHUJ\ILOWHUWKHLRQVGHULYHGIURP36'ZLWKUHGXFHG
energy cannot pass and these ions are ejected from the ion orbit.
$VDUHVXOWWKHQRLVHGHULYHGIURP36'LVQRWGHWHFWHGLQDPDVV
spectrum, and thus even trace components can be easily detected.

0$/', LRQVRXUFH

Fig. 2 Conceptual view of MALDI-MSI
(mass imaging).

,Q0$/',06,DWLVVXHVHFWLRQ WKLFNQHVVLVJHQHUDOO\µm
RUOHVV LVSODFHGRQDFRQGXFWLYH,72VOLGHJODVVDQGDPDWUL[
solvent is uniformly sprayed using an air-brush, from above
the glass. A laser beam is irradiated two dimensionally on the
sample surface for acquiring mass spectra from each pixel. After
data acquisition, localization of the target compound, which is
VSHFLÀHGE\WKHSHDNLQPDVVVSHFWUXPLVYLVXDOL]HG VHHFig. 2).
6HYHUDO06V\VWHPVDUHFRPPHUFLDOO\DYDLODEOHIRU0$/',06,
In Fig. 3, comparison is made between the mass resolution and
GDWDDFTXLVLWLRQVSHHG$VGHVFULEHGEHIRUHWKH6SLUDO72)TMSOXVSURYLGHVKLJKHUPDVVUHVROXWLRQWKDQWKHUHÁHFWURQ72)06
DQGWKH6SLUDO72)TM-plus can separate isobaric peaks. In terms
RIGDWDDFTXLVLWLRQVSHHGWKH6SLUDO72)TM-plus is comparable
WRWKHUHIOHFWURQ72)062QWKHRWKHUKDQG)7,&5RU)7
06 ZKLFK KDV KLJKHU PDVV UHVROXWLRQ WKDQ 72)06 LV DOVR
XVHGIRU0$/',06,+RZHYHUDQLQFUHDVHGGDWDDFTXLVLWLRQ
VSHHGZLOOOHDGWRUHGXFWLRQRIPDVVUHVROXWLRQ6LQFHWKHPDVV
UHVROXWLRQDQGGDWDDFTXLVLWLRQVSHHGLVLQGHSHQGHQWLQ72)06
6SLUDO72)TM-plus can achieve optimal combination of high
mass-resolution and high-speed acquisition.

Improvements and Advantages of
SpiralTOFTM-plus
7KH6SLUDO72)TM-plus has improved the data acquisition speed
IRU 0$/',06, WR  WLPHV DW D PD[LPXP FRPSDUHG WR WKH
FRQYHQWLRQDO6SLUDO72)TM)XUWKHUPRUHWKH6SLUDO72)TM-plus
has increased the maximum number of pixels for measurement
IURP  SRLQWV WR  SRLQWV ,Q 0$/',06, WKH
sample preparation (making tissue sections and selecting matrix
selection) and confirmation of reproducibility take the most
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Intensity

Mass Imaging (MSI)

m/z

WLPH7KHSUHVHQWLPSURYHPHQWVRIWKH6SLUDO72)TM-plus has
greatly enhanced the efficiency of these processes due to an
improved data acquisition speed. In many cases in MALDI06,PHDVXUHPHQWWKHVL]HRIWKHSL[HOLVVHWWRµm due to
enough sensitivity to get. The increase of the maximum number of
SL[HOVRI6SLUDO72)TM-plus allows to acquire the data even from
a small sample of a few cm squares under the same acquisition
conditions. In Fig. 4 WKH PDVV LPDJHV RI 3&  >0.@(m/z
 DQG*DODFWRV\OFHUDPLGH &K >0.@(m/z  
from a a mouse brain tisseu section are shown. These two lipids
have only a mass difference of 0.1 u, which cannot be separated
ZLWKWKHUHÁHFWURQ72)06%\FRPSDULQJWKHVHWZRPDVVLDPJHV
PDGHE\6SLUDO72)TM-plus, it is clear that the two lipids have
GLIIHUHQWORFDOL]DWLRQ,QWKHFDVHRIXVLQJDUHIOHFWURQ72)06
which cannot separate two masses, it cannot provide proper
information of compounds and their localization. The size of
PHDVXUHPHQWUDQJHLVðPP,QWKHPDVVLPDJHVRQ
the top column, the mass-image pixel size is 20 µm, enabling
high-resolution mass images to be created. The number of pixels
LVDQGWKLVLQGLFDWHVWKDWWKH6SLUDO72)TM can only create
DPDVVLPDJHRIRQHÀIWKDUHDFRPSDUHGWRWKH6SLUDO72)TM-plus.
In the mass images on the middle column and bottom column
LQ)LJSL[HOELQQLQJVZHUHSHUIRUPHGZLWKðDQGð
WRPDNHWKHSVHXGRµm and 100 µm pixel mass images. The
QXPEHURISL[HOVZHUHDQGUHVSHFWLYHO\ OHIWVLGH
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Fig. 3 Correlation diagram between mass resolution and data acquisition speed for MALDI-MSI.
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Fig. 4 Mass images acquired with SpiralTOF TM -plus: PC(38:4) [M+K] + (m/z 848.557),
left side and Galactosyl ceramide(C24h:1) [M+K] + (m/z 848.638), right side.
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 ̭P

̭P
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and right-side). It is estimated that, the time requried to acquire
the data with these numbers of pixels is one hour and 22 minutes,
respectively. Although the mass images show a little unclear
FRQWUDVWLWLVVXIÀFLHQWWRFRQVLGHUWKHSUHSDUDWLRQPHWKRGVDQG
WRFRQÀUPWKHGDWDUHSRGXFLELOLW\7KHWLPHIRUGDWDDFTXLVWLRQ
which will be comparable to time for making tissue selction or
matrix application, will be shortened enough to eliminate bottle
QHFNWKURXJKWKH06,PHDVXUHPHQW

Conclusion
7KH6SLUDO72)TM-plus has maintained high mass-resolution
SURYLGHG E\ WKH 6SLUDO72) TM and has improved capabilities
RI0$/',06,'XHWRKLJKHUGDWDDFTXLVLWLRQVSHHGDQGWKH
LQFUHDVHGPD[LPXPQXPEHURISL[HOVWKH6SLUDO72)TM-plus has
DFKLHYHGPRUHHIÀFLHQWVWXG\XVLQJ0$/',06,WKXVSOD\LQJ
DVLJQLÀFDQWUROHLQYDULRXVPDVVVSHFWURPHWU\VWXGLHV
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Introduction of JEOL Products

GRAND ARM™ over GRAND ARM™
Atomic Resolution Analytical Microscope

JEM-ARM300F2

GRAND ARM 2
TM

A New Atomic Resolution Electron Microscope has been released!
The “GRAND ARMTM” has been upgraded.
This new “GRAND ARM TM2” enables observation at ultrahigh
spatial resolution with highly sensitive analysis
over a wide range of accelerating voltages.
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The newly developed FHP2 objective lens polepiece combines ultrahigh
spatial resolution and highly sensitive X-ray analysis
The FHP objective lens polepiece, for observation at ultrahigh spatial resolution,
has been upgraded.
① Highly sensitive X-ray analysis can be performed at ultrahigh spatial resolution. Compared with the previous FHP,
more than double the X-ray detection efﬁciency (Total solid angle of 1.4 steradians) can be achieved with the FHP2.
② Low optical coefﬁcients, low Cc coefﬁcient & low Cs coefﬁcient enable ultrahigh spatial resolution and
highly sensitive X-ray analysis to be performed over a wide range of accelerating voltages.
(Guaranteed STEM resolution: 53 pm @300 kV, 96 pm @80 kV)*
＊

This is the case when the STEM Expanding Trajectory Aberration (ETA) Corrector is incorporated.

The WGP objective lens polepiece enables ultrahighly sensitive X-ray analysis
and various types of In-situ experiments to be performed.
The WGP, which has a wide gap between its upper pole and its lower pole, is also available.
Because of a wide gap, the WGP enables,
① Large-sized SDDs to be brought closer to the specimen, allowing ultrahighly sensitive X-ray analysis to be performed.
(Total solid angle of 2.2 steradians)
② Thick special specimen holders are able to ﬁt within the polepiece gap, making it possible for various types of In-situ experiments to be performed

JEOL Cs corrector ＆ Corrector System Module (JEOL COSMOTM)
Cs correctors developed by JEOL are used on the GRAND ARMTM2.
Incorporating the FHP2 into this system can achieve a STEM spatial resolution of 53 pm, and using the WGP with this system can achieve a STEM spatial
resolution of 59 pm. (@300 kV) JEOL COSMOTM, Corrector System Module, makes it possible to execute aberration correction easily and quickly.

Cold Field Emission Electron Gun (CFEG) provided as a standard
CFEG, a highly stabilized cold ﬁeld emission electron gun with a smaller energy spread is equipped as
standard.

An enclosure not affected by external disturbances
This new enclosure is standard in order to reduce external disturbances such as air ﬂow, changes of room
temperature and acoustic noise.
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JEOL (EUROPE) B.V.
Lireweg 4, NL-2153 PH Nieuw-Vennep,
The Netherlands
Tel. 31-252-623500
Fax. 31-252-623501

TURKEY
Tekser A.S.
Kartal Cad. No: 55/3 Inonu Wah.,
Atasehir 34755, Istanbul, Turkey
Tel. 90-216-5736470
Fax. 90-216-5736475

USA
JEOL USA, INC.
11 Dearborn Road, Peabody, MA 01960, U.S.A.
Tel. 1-978-535-5900
Fax. 1-978-536-2205/2206
JEOL USA, INC. WEST OFFICE
5653 Stoneridge Drive Suite #110
Pleasanton, CA 94588, U.S.A.
Tel. 1-925-737-1740
Fax. 1-925-737-1749

VENEZUELA
GOMSA Service and Supply C.A.
Urbanizacion Montalban III
- Residencias Don Andres - Piso 7 - Apartomento 74
Avenida 3, entre calles 7 y 6
Montalban, Caracas, Venezuela
Tel. 58-212-443-4342
Fax. 58-212-443-4342

VIETNAM
TECHNICAL MATERIALS AND RESOURCES
IMPORT-EXPORT JOINT STOCK COMPANY(REXCO)
Hanoi Branch
SALES & SERVICE
155-157 Lang Ha Street, Dong Da District, Hanoi, Vietnam
Tel. +84 (43) 562 0516
Fax. +84 (43) 853 2511

370 Angus Crescent,
Northlands Business Park, 29 Newmarket Road
Northriding, Ranburg, Republic of South Africa
Tel. 27-11-462-1363
Fax. 27-11-462-1466
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