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X-ray imaging of atomic nuclei
Jie Xu, Jia He, Yi Ding and Jun Luo*

ABSTRACT Optically imaging atomic nuclei is a long-sought
goal for scientific and applied research, but it has never been
realized so far. We integrate aberration-corrected scanning
transmission electron microscopy (STEM), the brems-
strahlung generation of X-ray photons, and the energy-dis-
persive X-ray spectroscopic (EDS) receiving and mapping of
the photons into a newmicroscopy method of optical imaging,
by which atomic nuclei of different materials are successfully
imaged with X-ray photons. Moreover, this imaging method is
shown to be workable with different STEM instruments and be
capable of distinguishing atomic nuclei of different elements
and resolving imaged size differences of atomic nuclei with the
order of magnitude as small as 1 pm. Therefore, it is a general
method that can image atomic nuclei and their evolutions in
materials science, chemistry and physics.

Keywords: atomic nuclei, X-ray imaging, bremsstrahlung,
aberration-corrected scanning transmission electron microscopy

INTRODUCTION
Super-resolution optical imaging methods, such as
scanning near-field optical microscopy (SNOM), stimu-
lated emission depletion (STED) microscopy and sto-
chastic optical reconstruction microscopy (STORM),
have been playing important roles in materials science,
chemistry, physics and biology [1–6]. For instance, the
spatial resolutions of SNOM, STED and STORM reach 1,
20 and 20 nm, respectively, leading to the optical reveal
of nanodimension with great details [3–6]. However, to
date, no methods of optical imaging can observe atomic
nuclei.
Atomic nuclei not only are the cores of substances but

also directly participate in bremsstrahlung (namely de-
celeration radiation), nuclear magnetic resonance (NMR),
nuclear scattering, and spontaneous and induced nuclear
reactions including nuclear fission, fusion, spallation and
decay, all of which are significant for scientific research
and practical applications, such as nuclear power, nuclear

medicine and NMR imaging [7,8]. Therefore, extensive
efforts have been devoted to studying atomic nuclei for
over 100 years [7,8]. However, using photons to image
atomic nuclei has never been realized so far. This diffi-
culty is due to that it is highly challenging to achieve
simultaneously the emission of photons from atomic
nuclei or their related effects, the reception of the pho-
tons, the distinguishment of the photons from those
emitted by the electrons around the atomic nuclei, and
the precise positioning of the atomic nuclei [3–6].
Fortunately, aberration-corrected scanning transmis-

sion electron microscopy (STEM) can provide an op-
portunity. Its electron beam is capable of positioning
sample sites with the pm-scale precision, and the inter-
actions of the electron beam with the atomic nucleus and
the electrons of an atom can emit bremsstrahlung X-ray
photons and characteristic ones, respectively [9–17].
Moreover, the bremsstrahlung and the characteristic X-
ray photons can be received and distinguished by the
detectors of energy-dispersive X-ray spectroscopy (EDS)
in aberration-corrected STEM [9–17]. The above func-
tions can be performed simultaneously by modern in-
struments of aberration-corrected STEM [9–14].
However, up to now, no studies have been reported on
integrating these functions together to realize the X-ray
imaging of atomic nuclei (ANXRI).
Herein, we propose and realize a new microscopy type

of optical imaging for ANXRI by integrating aberration-
corrected STEM, the bremsstrahlung generation of X-ray
photons, and the EDS receiving and mapping of the
photons. By this ANXRI method, atomic nuclei of dif-
ferent materials are successfully imaged. Moreover, this
imaging method works with different STEM instruments
and has the abilities to distinguish atomic nuclei of dif-
ferent elements and resolve imaged size differences of
atomic nuclei at the pm scale. This work offers oppor-
tunities for imaging atomic nuclei and their evolutions in
materials science, chemistry and physics.
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EXPERIMENTAL SECTION

Materials
The samples of Pd, Pt-coated nanoporous gold (NPG),
denoted as NPG–Pd–Pt, and NPG without Pd or Pt were
synthesized by dealloying, copper under-potential de-
position and galvanic replacement reactions, the details of
which have been previously reported [9,11]. The SrTiO3
sample is standard SrTiO3 purchased from Hefei Ke Jing
Materials Technology Co., Ltd, China, and its thinning
was done by mechanical polishing and then argon ion
milling in a Gatan instrument of Precision Ion Polishing
System 691.

Characterizations
The STEM images and the EDS signals for ANXRI were
obtained using the aberration-corrected STEM modes of
JEOL JEM-ARM 300F at 300 kV and FEI Titan Cubed
Themis G2 300 at 200 kV. JEOL JEM-ARM 300F contains
two EDS detectors, each of which has an active area of
100 mm2. FEI Titan Cubed Themis G2 300 contains four
EDS detectors, each of which has an active area of
30 mm2. The corresponding EDS mapping was per-
formed with their standard softwares. In the EDS detec-
tion, the STEM instrument of JEOL JEM-ARM 300F itself
gives the characteristic EDS peaks of Ti and Fe, FEI Titan
Cubed Themis G2 itself gives the ones of Fe and Co, and
the grids to hold samples give the ones of Cu. The elec-
tron energy-loss spectroscopy (EELS) measurement of the
SrTiO3 thickness was performed using an EELS spectro-
meter of Gatan Enfinium ER 977 installed in FEI Titan
Cubed Themis G2 300, the well-established EELS theory
and the Gatan DigitalMicrograph (DM) software [9,18].

Calculations
All calculations were performed with density functional
theory (DFT) in the DMol3 code. The Perdew-Burke-
Ernzenhof functional was used to treat the generalized
gradient approximation. A double numerical plus polar-
ization (DNP) was used as the basis set. The spin-un-
restricted method was used for all calculations. The
convergence tolerance of energy is 2×10−5 Ha, and the
maximum force and displacement are 0.004 Ha Å−1 and
0.005 Å, respectively. The real-space global orbital cutoff
radius was set to be 5.0 Å. The interval of the grid used to
calculate the Coulombic potential distributions was set to
be 0.1 Å, which is the maximum value of the interval
available in the software and corresponds to the highest
grid resolution. This limited grid resolution caused the
slight asymmetry of the Coulombic potential distribution

of each atomic nucleus. For the cell optimization, the
Brillouin zone was sampled by 10 × 10 × 10 k-points.

RESULTS AND DISCUSSION
Based on our previous studies with STEM and EDS [9–
12], our idea about the ANXRI method was originally
inspired by the working mechanism of atomic force mi-
croscopy (AFM) [19]. As displayed in Fig. 1a, b, when
AFM is working, its tip scans the surface of a sample and
is displaced by the interaction between the tip and the
surface. The tip displacement at each scanned position is
recorded, and mapping the displacements at all scanned
positions gives a topographic image or even an atomic-
resolution image of the sample surface [19].
An incident electron in the electron beam of STEM is

like an AFM tip. Similar to Fig. 1a and b, Fig 1c and d
show that when the electron beam scans an atomic nu-
cleus and its vicinity, the interaction between some in-
cident electrons and the nucleus decelerates the electrons,
causing bremsstrahlung and thus the emission of corre-
sponding X-ray photons [13]. The photons represent the
energies lost by the incident electrons and can be received
and recorded by EDS detectors, which produce con-
tinuous count backgrounds for EDS spectra [13]. The
EDS-recorded X-ray photon counts are like the recorded
displacements of an AFM tip. Thus, if we map the photon
counts at all scanned positions around the nucleus center,
an image of the nucleus can be obtained. Moreover, si-
milar to adjusting the force between the tip and the
sample surface in AFM, when bremsstrahlung X-ray
photons with higher (or lower) energies are employed for
mapping, an atomic nucleus image with smaller (or lar-
ger) diameters can be attained, as shown by the boxed
images in Fig. 1c and d. This is because higher-energy
photons are emitted when the electron beam is closer to
the nucleus center and thus lose higher energies. It should
be noted that the main idea with the Coulombic field and
its energy distribution in Fig 1c and d is based on the
quantum mechanics. It will be confirmed later by calcu-
lations of DFT, which is recognized to be a computational
quantum mechanical modelling method.
Experimentally, we used aberration-corrected STEM

instruments to perform the ANXRI idea. Their electron
beams are superfine probes with diameters smaller than
individual atoms, such as 0.82 Å of JEOL JEM-ARM 300F
and 0.6 Å of FEI Titan Cubed Themis G2 300, and their
EDS spectra consist of characteristic count peaks and
continuous count backgrounds [9–14,20–28]. The peaks
mainly count the amounts of characteristic X-ray photons
emitted by the electrons of sample atoms, while the
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backgrounds count the amounts of only bremsstrahlung
X-ray photons emitted by the interaction between the
incident electrons and atomic nuclei of samples [9–14,20–
28]. It should be noted the bremsstrahlung radiation can
also occur between the incident electrons and the elec-
trons of sample atoms. When the incident electrons have
energies ≤ 300 keV, the electron-electron bremsstrahlung
is safely negligible compared with the electron-nuclei one
[16,17]. Thus, it is valid that our work does not consider
the electron-electron bremsstrahlung, because the in-
cident electrons in our work have the energies of 200 or
300 keV. Fig. 2a shows an elemental mapping image of
NPG–Pd–Pt [9]. This image clearly gives the elemental
distribution in each atom column by characteristic peak
counts of Au, Pd and Pt. In contrast, the counts in the E1
and E2 ranges in Fig. 2b are those of bremsstrahlung X-
ray photons. Thus, we used them to perform mapping for
the ANXRI idea. The results are shown in Fig. 2c and d.
The images in Fig. 2c and d have been filtered by the

Wiener method; this filtering has been widely used to

remove noise in images without artifacts induced
[9,11,24,25,28] (see raw images and details in Figs S1, S2
and Table S1). Many clear dots with high signal-to-noise
ratios exist in Fig. 2c and d. Comparing them with those
of Fig. 2a indicates that their positions are the same as
those in Fig. 2a. Further, the fast Fourier transform (FFT)
patterns of Fig. 2c and d are given in Fig. 2e and f, and
each of them contains six diffraction spots, which have
the same distribution as those of the FFT patterns of
Fig. 2a (see details in Fig. S1). These results manifest that
the dots in Fig. 2c and d have the same periodic structures
as that of the atom columns in Fig. 2a. As is well known,
any atom column has the same position as its corre-
sponding atomic nuclei. Moreover, Fig. 2c and d were
made by mapping the counts of the bremsstrahlung X-ray
photons produced by the interaction between atomic
nuclei and incident electrons. Therefore, the ANXRI idea
is realized, and Fig. 2c and d show the images of the
atomic nuclei in the atom columns of NPG–Pd–Pt.
Because the ANXRI images are actually EDS mapping

Figure 1 Working mechanisms of AFM and ANXRI. (a, b) Schematic images for the mechanism of AFM when the tip of its cantilever scans a valley
and a peak, respectively, on the surface of a sample. During the scanning, the tip is displaced, and its displacements are recorded with the laser beam,
giving the topographic curves in the boxes. (c, d) Schematic images for the proposed mechanism of ANXRI when two incident electrons of its electron
beam pass by two positions close to and closer to, respectively, the center of an atomic nucleus. The circles represent the Coulombic-field energy
distribution of the nucleus. Due to the Coulombic field, the two incident electrons are decelerated, producing bremsstrahlung and thus emitting X-ray
photons [13].
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images performed with the bremsstrahlung X-ray photon
counts, the physical meaning of their intensity/contrast is
the count of the bremsstrahlung X-ray photons emitted at
each scanned position on the sample. On the other hand,
it should be noted that different energy windows have
different energy ranges. The X-ray photons correspond-
ing to a specific higher-energy window have higher en-
ergies than those to a lower-energy window. The energies
of the bremsstrahlung X-ray photons are from those lost
by the incident electrons decelerated by the Coulombic
fields of atomic nuclei. When incident electrons are closer
to (or farther from) atomic nuclei, they are decelerated by
higher (or lower) energies of the Coulombic fields and
thus lose higher (or lower) energies to emit higher-energy
(or lower-energy) photons. These emission positions are
recorded by the scanning of the electron probe and used
for constructing the mapping images. Therefore, the
emission positions (namely mapping positions) of X-ray
photons in ANXRI images qualitatively reflect the energy
distributions of the Coulombic fields of atomic nuclei,
and the full widths at half maximum (FWHMs) of the

intensity profiles of atomic nucleus images are actually a
measure on the distributions of the mapping positions.
Of the dots with high signal-to-noise ratios in Fig. 2c

and d, we randomly selected 20 dots to measure their
peak intensities (PIs) and the FWHMs of their intensity
profiles, which represent the individual imaged sizes of
the dots (see the measurement details in Figs S2, S3 and
Tables S1–S3). The positions of the 20 dots are depicted
in Fig. 3a and b. Their FWHM values are shown in Fig. 3c
and d, indicating that the FWHM values of the dots
corresponding to E1 are always larger than those to E2.
Moreover, these two sets of FWHM values show that
their differences have the average of 0.075 Å and the
standard deviation of 0.043 Å (see details in Table S3).
That is, the difference value between the individual im-
aged sizes of the atomic nuclei in Fig. 3a and b is 0.075 ±
0.043 Å, namely 7.5 ± 4.3 pm. These results are consistent
with the ANXRI prediction shown by Fig. 1c and d,
which is that mapping bremsstrahlung X-ray photons
with higher (or lower) energies produces an atomic nu-
cleus image with smaller (or larger) diameter.

Figure 2 Characterization and ANXRI results of NPG–Pd–Pt, which is a real-world catalyst [9], by JEOL JEM-ARM 300F. (a) Atomically resolved
elemental mapping image of the sample using the characteristic EDS peak counts of Au (green), Pd (red) and Pt (blue). Reproduced with permission
from Ref. [9]. Copyright 2017, Springer Nature. (b) EDS spectrum from the region in (a). The green-colored energy ranges denoted by E1 and E2 in the
background are from 3.53 to 4.29 keV and from 5.24 to 6 keV, respectively, and they have the same width of 0.76 keV (see the Experimental Section
and the caption of Fig. S1 for the origins of the characteristic EDS peaks of Ti and Fe and the criteria to choose the energy windows). (c, d) ANXRI
images of atomic nuclei obtained by using the counts in the E1 and E2 ranges in (b) for mapping. The images have the same scale bars as that in (a).
(e, f) FFT patterns of (c) and (d), in each of which six diffraction spots exist and two of them are indicated by arrows as examples.
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It should be noted that the sample thickness of NPG–
Pd–Pt is not uniform [9]. In contrast, the thickness of the
SrTiO3 sample is uniform (Fig. S9 and Table S6). Its
elemental mapping image is displayed in Fig. 4a, where
the positions of Sr and Ti/O atom columns are shown
clearly. With the E1 range in Fig. 4c, the atomic nucleus
image in Fig. 4b was obtained. In Fig. 4b, 128 dots were
selected to measure the FWHM values of their intensities
(Fig. 4d). Among the values, the ones corresponding to
the Sr columns are all larger than those of Ti/O (see more
details in Table S7). That is, the individual imaged sizes of
the atomic nuclei in the Sr columns are all larger than
those in the Ti/O. The atomic nucleus image made by the
E2 range in Fig. 4c gives the same result (Fig. S10c, d and
Table S8). These results are rational, because an Sr atomic
nucleus has more protons and neutrons than a Ti and an
O together, and the atomic nuclei of different elements
have different energy distributions of the Coulombic
fields, which will be shown later by DFT. As mentioned
before, the distributions of the mapping positions of X-

ray photons in ANXRI images reflect the energy dis-
tributions and thus are elemental sensitive. The FWHMs
are actually a measure on the distributions of the map-
ping positions and thus are also elemental sensitive.
Therefore, ANXRI is capable of distinguishing atomic
nuclei of different elements. This function is very useful,
because in most of nuclear scattering and reactions, not
the electrons in a material but only its atomic nuclei
change and evolve, which cannot be imaged and mon-
itored by characteristic EDS peaks.
Moreover, from the ANXRI results in Figs 3, 4b, d, and

Figs S5, S8 and S10, their corresponding imaged size
differences are measured to be 7.5 ± 4.3 pm (Fig. 3 and
Table S3), 16 ± 5 pm (Fig. 4b, d and Table S7), 4.7 ±
1.4 pm (Fig. S5 and Table S4), 10 ± 4 pm (Fig. S8 and
Table S5), and 16 ± 5 pm (Fig. S10c, d and Table S8). This
ability indicates that ANXRI is capable of resolving size
differences with the order of magnitude as small as 1 pm.
To check the above main idea and experimental find-

ings, we performed DFT calculations on Au and SrTiO3

Figure 3 Adjustment of the individual imaged sizes of the atomic nuclei of NPG–Pd–Pt. (a, b) Images of the atomic nuclei, which are identical to
Fig. 2c, d, respectively. In the images, 20 dots are randomly selected and then numbered. (c, d) FWHM values of the 20 dots. The black and the red
values were measured in (a) and (b), respectively. It should be noted that all the results in Figs 2 and 3 were achieved using JEOL JEM-ARM 300F on
NPG–Pd–Pt, which is a real-world catalyst with nonuniform thickness [9]. We re-performed the experiments with FEI Titan Cubed Themis G2 300
on the well-defined sample of SrTiO3 with uniform thickness and another type of real-world catalyst (NPG without Pd or Pt [9,29]). Their results also
give the images of atomic nuclei and are also consistent with the ANXRI prediction (Figs S4–S8 and Tables S4, S5).
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(Figs S11 and S12). The results indicate that when an
incident electron is close enough to the center of an Au
atomic nucleus, the Coulombic energy affecting the
electron increases dramatically, during which a 0.05 Å
reduction of distance corresponds to a Coulombic energy
increase of several keV. This finding supports the ex-

perimental ANXRI result that the individual imaged sizes
of Au atomic nuclei obtained by the two bremsstrahlung
energy ranges of 4.85–5.35 keV and 5.55– 6.05 keV have
the difference of 0.047 ± 0.014 Å (Figs S4, S5 and Table
S4). The calculation results of SrTiO3 are similar to the
above. They also show that the Coulombic energy dis-
tributions around the Sr, the Ti and the O atomic nuclei
are different from each other, suggesting that it is rational
to distinguish them by using ANXRI images.
It should be noted that in any imaging method, its core

idea makes use of an interaction between an imaging
probe and an imaged object. For instance, AFM uses the
tip displacement caused by the interatomic force between
a tip and a sample surface to image the surface (Fig. 1a,
b). High-angle annular dark-field (HAADF) imaging of
STEM is another example. It images atomic nuclei in
materials by collecting the incident electrons scattered by
the Coulombic fields of the atomic nuclei, and this scat-
tering is an interaction between the incident electrons and
the atomic nuclei. HAADF is also an imaging method of
atomic nuclei. Its way to realize the imaging is to collect
the scattered incident electrons, and thus it is not an
optical imaging method. Different from HAADF, the
ANXRI method images atomic nuclei by collecting X-ray
photons generated from the bremsstrahlung interaction
between the incident electrons and the atomic nuclei.
Therefore, ANXRI is an optical imaging method of
atomic nuclei using the bremsstrahlung interaction,
which is new and had never been reported before our
work. Moreover, because ANXRI is performed with
STEM, it can be a bridge between STEM and optical
microscopy.
Both of ANXRI and HAADF use the interactions be-

tween incident electrons and atomic nuclei, which are
caused by the Coulombic fields of the atomic nuclei.
Thus, the sizes of atomic nuclei images given by ANXRI
and HAADF are both limited by the distributions of the
Coulombic fields and have similar orders of magnitudes
at around 1 Å (Figs 2c, d, 4b, and Figs S4a and S6a). In
addition, when an atomic nucleus is in a material, its
Coulombic field is inevitably affected by the electron
clouds of its own and adjacent atoms’. Nevertheless, this
is the true situation for atomic nuclei in materials. Thus,
the atomic nucleus images given by ANXRI and HAADF
reflect the true situation of atomic nuclei in materials.
An electron probe in aberration-correct STEM is very

fine but still has a size of 0.4–1 Å with tail. As a result,
when an electron probe passes by a position close to an
atomic nucleus, the distances from the incident electrons
in the probe to the nucleus are different from each other,

Figure 4 Characterization and ANXRI analysis of the SrTiO3 sample by
FEI Titan Cubed Themis G2 300. (a) Atomically resolved elemental
mapping image of the sample using the characteristic EDS peak counts
of Sr (red), Ti (green) and O (blue). Each Ti atom column contains O
atoms with the Ti/O ratio of 1:1, and thus it is denoted as Ti/O, for
which the overlay of green and blue gives cyan. (b) ANXRI image of
atomic nuclei obtained by using the counts in the E1 range in (c) for
mapping, which has the same scale bar as (a). The dots labeled by the red
and the blue numbers are located at the positions of Sr and Ti/O col-
umns, respectively, and the numbers of only four dots are drawn here
for clear visualization (128 dots are numbered; please see all 128 num-
bers in Figs S8 and S10a). (c) EDS spectrum from the region in (a). The
E1 and E2 ranges have the same width of 0.9 eV (see the Experimental
Section for the origins of the characteristic EDS peaks of Fe, Co and Cu).
(d) FWHM values of the labeled 128 dots, which all correspond to E1.
The dashed lines indicate the positions of the maxima and the minima.
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and the energies lost by the incident electrons are also
different from each other. Thus, the emitted brems-
strahlung X-ray photons have different energies. Never-
theless, the EDS detectors are capable of distinguishing
the bremsstrahlung X-ray photons according to their
energies, and thus the ANXRI method can choose
bremsstrahlung X-ray photons with specific energies to
perform the imaging, as shown by Figs 2–4. Therefore,
the influence of the probe size and tail can be negligible in
ANXRI.
Generally, different detector geometries can affect the

collection efficiency of EDS detectors on bremsstrahlung
X-ray photons [13]. Our work used two EDS detector
systems with different geometries, one in JEOL JEM-
ARM 300F and the other in FEI Titan Cubed Themis G2
300. The active areas of all the detectors relative to their
geometries have been optimized. Thus, the ANXRI ima-
ges taken with the JEOL and the FEI systems are all
atomic-resolution (Figs 2c, d, 4b, and Figs S4j, m and
S7d).
In EDS spectra, general bremsstrahlung backgrounds

are smooth continuum, such as the E1 and the E2 ranges.
In contrast, zone axis coherent bremsstrahlung (ZACB)
signals are small Gaussian-shaped peaks, similar to small
characteristic EDS peaks [13,15]. The aberration-cor-
rected STEM operation with a convergent electron beam
effectively reduces the intensities of small ZACB peaks
[13,15]. Thus, we did not employ ZACB peaks to perform
ANXRI.
The probe delocalization effects cause the interaction

between the electron probe and the probed atom column
to spread to a wider range and thus disturb the atomic-
resolution imaging and analysis. They can be reduced
greatly by the spherical aberration correction and the
probe channeling effect, especially when the probed
sample is oriented along a low-index zone axis [13,14].
These conditions were also used in our work. Therefore,
the probe channeling effect and the spherical aberration
correction contribute much to the atomic resolution of
the ANXRI images.
After their generation from a sample, bremsstrahlung

X-ray photons may encounter the other parts of the
sample or some components of the STEM instrument,
and then some of the photons are absorbed, exciting the
sample parts or the STEM components to produce
fluorescence [13]. These effects reduce the amounts of the
bremsstrahlung X-ray photons reaching the EDS detec-
tors and thus degrade the signal-to-noise ratios of ANXRI
images. Further optimization of the STEM instruments
may suppress the effects.

Further, we measured the PI values in the ANXRI
images of SrTiO3, NPG–Pd–Pt and NPG, and the results
are presented in Table S9 and Figs S13 and S14. Table S9
indicates that the average and standard deviation of the Sr
PI values with E1 are 193 and 10, respectively. That is,
PISr,E1 = 193 ± 10. Besides, PITi/O,E1 = 140 ± 10, PISr,E2 = 174
± 11, and PITi/O,E2 = 131 ± 14. Therefore, PISr,E1/
PITi/O,E1 = 1.38 ± 0.12, and PISr,E2/PITi/O,E2 = 1.33 ± 0.16.
The two ratios equal each other within the error bars.
That is, within the current errors of measurement, the
change of the selected bremsstrahlung energies does not
alter the relative intensity among different atomic col-
umns. Further improvement of the EDS detectors would
reduce the errors. Besides, it is obvious that PISr,E1 >
PITi/O,E1, and PISr,E2 > PITi/O,E2. This conforms to the re-
ported bremsstrahlung model [13], which indicates that
the number of bremsstrahlung X-ray photons is propor-
tional to the average atomic number. Thus, the ANXRI
intensity can also be used to distinguish different ele-
ments. In addition, Figs S13 and S14 indicate that in the
ANXRI images of NPG–Pd–Pt and NPG, the changes of
the intensities and FWHM values against the thicknesses
are ruleless. Complex mechanisms may exist in the
thickness influence.

CONCLUSIONS
In this study, ANXRI is for the first time proposed and
realized by integrating aberration-corrected STEM, the
bremsstrahlung generation of X-ray photons, and the
EDS receiving and mapping of the photons. By ANXRI,
atomic nuclei in atom columns of NPG–Pd–Pt, NPG and
SrTiO3 including heavy metal, light metal and nonmetal
elements have successfully been imaged using different
STEM instruments. Moreover, the individual imaged si-
zes of the atomic nuclei are shown to be adjustable by
altering the X-ray energies. Further, ANXRI is capable of
distinguishing the atomic nuclei of different elements and
resolving the imaged size differences of atomic nuclei
with the order of magnitude as small as 1 pm. These re-
sults have been confirmed by DFT calculations. There-
fore, ANXRI is a general microscopy method of optical
imaging with the pm-scale precision to image and dis-
tinguish atomic nuclei. This work provides new oppor-
tunities for imaging and studying atomic nuclei and their
evolutions in materials science, chemistry and physics,
such as nuclear fission, fusion, spallation and decay.
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原子核的X光成像
许杰, 何佳, 丁轶, 罗俊*

摘要 原子核的光学成像是科学研究和应用研究长期追求的目标,
但迄今为止尚未实现. 本文中, 我们把球差校正的扫描透射电子显
微术(STEM)、X光子的韧致辐射产生以及对这些光子的能量色散
X射线光谱(EDS)接收和面扫绘图集成为一种新的光学成像显微方
法, 并通过该方法成功用X光子对不同材料的原子核实现成像. 而
且, 研究表明该方法能用不同的STEM设备实施, 也能区分不同元
素的原子核和分辨小至1皮米量级的原子核成像差异. 因此, 该方
法是一种能对原子核及其在材料科学、化学和物理中的演变进行
成像的通用方法.
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