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ABSTRACT: Three-dimensional electron diffraction (3DED) has evolved into a mainstream method for nanocrystal structure determination,
with widespread applications in structural biology, pharmaceutical research, functional materials, and Earth and planetary sciences. Here we report
GIGED-1pro (Guangzhou Institute of Geochemistry Electron Diffractometer, first generation, professional version), a self-developed dedicated
instrument for rapid nanocrystal structure determination. The instrument comprises a 120 kV Schottky thermal field emission gun as the electron
source, a vertical column geometry, a 4-axis goniometer stage (drift <200 nm over a +50° tilt range), and a Dectris Quadro hybrid pixel direct electron
detector. It integrates TEM imaging, continuous rotation electron diffraction

(cRED) acquisition, and an automated data processing pipeline. Single-crystal GIGED-1 pro, a Dedicated Instrument for
’

structure determination of natural fluorapatite and calcite confirms that the Nanocrystal Structure Determination
instrument is capable of de novo structure solution of submicrometer mineral

crystals. Batch phase screening was Vali‘dated l.lSiI‘lg C‘hang’e-é lu.nar regolith as.a @ S":el':?f:c'g:i':::s
complex unknown system. Unsupervised hierarchical clustering of 43 valid [ Yo Gt

diffraction datasets successfully identified six mineral phases: cristobalite, Voltage 120k
clinopyroxene, olivine, andesine-labradorite, anorthite, and ilmenite. No priori - <tlnm
phase assumption was required, and only trace powder was dispersed on a TEM Data Acquisition | Continous
grid. These results demonstrate that GIGED-1pro, through its dedicated and Made Rotation
integrated design, achieves full-workflow coverage from nanocrystal structure B — ;:::: e 0%
determination to unbiased batch phase screening for mineralogical samples, ; CEm
demonstrating potential as an effective tool for low-consumption structural ey || R
characterization of precious extraterrestrial returned samples and deep-Earth ,m(::,%::
nanominerals. Its core design as a general-purpose nanocrystal electron e Software
diffraction platform may potentially be applicable to structural biology, —_— L Camera :::::

pharmaceutical development, and functional materials research, though
experimental validation in these additional fields remains for future work.

INTRODUCTION number of nanometer-scale (<1 pm) materials central to modern
scientific inquiry. In Earth and planetary sciences, this limitation is
Single-crystal X-ray diffraction (SCXRD) has long been the gold particularly acute: deep-Earth high-pressure minerals are typically

standard for structure determination, yet it carries one fundamental submicrometer in grain size?, and extraterrestrial returned samples
constraint: the requirement for crystals of sufficient size such as lunar regolith grains collected by the Chang'e-5 and
(typically >5 pm)"2. This size threshold excludes an increasing Chang'e-6 missions have been reduced to micro- to nanoscale
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(c) Data collection strategy and dynamical effects
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Fig. 1 Comparison of single-crystal X-ray diffraction (SCXRD) and three-dimensional electron diffraction (3DED). (a) Crystal size threshold for sufficient
signal-to-noise ratio, showing the regime where 3DED overcomes the size limitation of SCXRD. (b) Ewald sphere construction illustrating the difference in
reciprocal space sampling between X-ray and electron diffraction. (¢) Schematic comparison of data collection strategies and dynamical effects, highlighting

the continuous rotation approach of 3DED.

dimensions through natural space weathering and meteorite
impacts®. The precious nature of these samples demands analytical
methods that extract maximal phase and structural information
with minimal consumption.

Three-dimensional electron diffraction (3DED) overcomes this
bottleneck by exploiting the electron—matter interaction that is 3 to
4 orders of magnitude stronger than X-rays, enabling diffraction
from nanometer-thick crystals (Fig. 1). The key methodological
advance was continuous rotation electron diffraction (cCRED)>, in
which a precision goniometer drives continuous crystal rotation
while a high-speed detector synchronously records diffraction
patterns, reducing dataset acquisition time from hours to minutes
or even seconds. This development enabled de novo structure
determination from protein microcrystals of hundreds of
nanometers (termed MicroED by the structural biology
community) and rapidly extended to organic small molecules,
inorganic materials, and minerals’.

Commercial dedicated instruments have subsequently emerged,
including the Eldico ED-1 (160 kV, horizontal column, five-axis
goniometer)® and the Rigaku Synergy-ED (200 kV, JEOL electron
optical system)®!? (Table S1). However, these solutions are not
designed for Earth and planetary samples and share common
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limitations. First, sample stages are not optimized for complex
nanocrystals, causing crystals to drift out of the illumination area
during continuous rotation and limiting effective tilt range''.
Second, existing designs prioritize single-crystal scenarios over
batch phase analysis of complex multiphase mixtures encountered
in Earth and planetary sciences.

These limitations point to a clear requirement: an instrument
that integrates high-precision electron diffraction hardware with
fully automated data processing software within a unified platform,
enabling researchers to complete the entire workflow from crystal
search and batch acquisition to automated indexing and phase
identification within a single interactive interface.

This paper reports GIGED-1pro (Guangzhou Institute of
Geochemistry  Electron
professional version), a self-developed dedicated instrument for

Diffractometer, first generation,
rapid nanocrystal structure determination. The hardware
comprises a 120 kV Schottky thermal field emission gun, a vertical
column geometry, a four-axis goniometer stage (drift <200 nm
over £50° tilt), and a Dectris Quadro hybrid pixel detector. The
software system integrates instrument control, queue acquisition,
automated data processing compatible with PETS2'? and
DIALS!3, and an unsupervised hierarchical clustering analysis
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(a) Electron-optical configuration
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(b) Data acquisition and processing workflow
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Fig. 2 Overall instrument design of GIGED-1pro. (a) Electron-optical configuration showing the vertical column geometry, with the 120 kV Schottky field
emission gun at top, double condenser lenses, objective lens, four-axis goniometer stage in the specimen chamber, and Dectris Quadro detector at bottom. (b)
Data acquisition and processing workflow, illustrating the closed-loop integration from instrument control and queue acquisition through crystal selection

and centering, data collection to structure refinement.

module for multi-particle phase classification. We validate the
instrument at two levels: single-crystal structure determination of
natural fluorapatite and calcite demonstrates de novo structure
solution capability for submicrometer mineral crystals; batch
analysis of 43 Chang'e-6 lunar regolith grains via unsupervised
clustering identifies six mineral phases (cristobalite,
clinopyroxene, olivine, andesine—labradorite, anorthite, and
ilmenite) without a priori phase assumptions, requiring only trace

powder dispersed on a TEM grid.

INSTRUMENT DESIGN

Design philosophy and overall architecture. The design of
GIGED-1pro follows two core principles. First, dedication. The
mechanical structure, electron optics, and software system are all
optimized around the continuous rotation electron diffraction
experimental mode, rather than adding diffraction acquisition
functionality onto a general-purpose TEM platform. Second,
integration. Instrument control and data processing run on a
unified software platform, eliminating data conversion barriers
between the acquisition and analysis ends and enabling full-
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workflow automation from crystal centering to phase

identification.

The instrument adopts an overall vertical column geometry (Fig. 2a),
with the electron beam propagating from top to bottom and the
specimen plane perpendicular to the incident beam direction. The
instrument comprises four subsystems: (i) the electron optical
system, including a 120 kV Schottky thermal field emission gun,
double condenser lenses, objective lens, and projector lens system;
(i1) a high-precision four-axis goniometer stage, installed in the
specimen chamber between the upper and lower objective pole
pieces; (iii) a Dectris Quadro hybrid pixel direct electron counting
detector, mounted below the specimen; and (iv) the software
system, providing functions for instrument control, data
acquisition, automated processing, and mineral phase clustering
analysis.

Electron optical system. The choice of 120 kV accelerating
voltage is based on the following considerations: this energy is
sufficient to produce diffraction resolution better than 0.8 A in
common rock-forming minerals and inorganic crystals, meeting
the basic requirements for mineral crystal structure determination;
simultaneously, compared with 200 kV or 300 kV, the 120 kV

Atom. Spectrosc. 2026, 47(6), XXX—XXX.



electron beam offers potential advantages for radiation-sensitive
samples such as volatile-bearing minerals and high-pressure
minerals?; as lower accelerating voltage may reduce radiation
damage rates, though direct comparative experimental evidence is
not available in the present study. The electron optical column
adopts a double-condenser plus objective lens configuration,
where the parallel beam illumination area can be continuously
adjusted within a diameter range of approximately 0.1 to 5 um by
varying the condenser lens current, accommodating the diffraction
acquisition needs of grains of different sizes. The instrument
provides two operating modes, TEM imaging and diffraction: in
imaging mode, the lens system images the specimen plane onto
the detector plane, used for grid browsing and grain searching; in
diffraction mode, the lens system projects the diffraction pattern of
the specimen plane onto the detector plane, used for diffraction
data collection. Switching between the two modes is
accomplished through a single operation.

High-precision four-Axis goniometer stage. During continuous
rotation, the crystal must be stably maintained within the electron
beam illumination volume throughout the entire tilt range,
imposing stringent requirements on stage positioning accuracy
and stability. The instrument adopts a four-axis goniometer design:
the X and Y axes are orthogonal translation axes in the horizontal
plane for grain positioning; the Z axis is the height axis along the
electron beam direction for specimen plane eucentric adjustment;
the a axis is the continuous tilt axis, serving as the rotation
diffraction data acquisition axis, with tilt speed continuously
adjustable in the range of 0.1 to 10° s™.. Over a £50° tilt range, the
measured spherical drift is less than 200 nm, meeting the
requirement for nanoscale grains to remain stably illuminated over
the full tilt range. The stage is compatible with standard 3 mm
diameter TEM grids and FIB grid holders.

Detector system. The detector is a Dectris Quadro hybrid pixel
direct electron counting detector (Dectris Ltd., Baden-Déttwil,
Switzerland), mounted below the specimen via a vacuum insertion
port. This detector features zero-noise readout, single-electron
sensitivity, and a maximum frame rate of 2250 fps (16-bit mode).
Its high-speed frame readout -capability and zero-noise
characteristics fully meet the data acquisition requirements of
continuous rotation electron diffraction. Under typical acquisition
conditions, a single +50° dataset is collected in tens of seconds to
minutes.

Software system. The instrument software system follows the
traditional XRD data processing workflow (Fig. 2b). The bottom
layer handles hardware control and status monitoring of the
electron optical system, stage, and detector, supporting a queue
acquisition mode: the operator browses the specimen grid in
imaging mode, marks target grains, and generates an acquisition
queue, after which the instrument automatically completes grain
translation, mode switching, rotation acquisition, and data storage.
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The middle layer implements an automated diffraction data
processing pipeline, compatible with commonly used 3DED data
processing software such as PETS2'? and DIALS!3. The top layer
integrates a hierarchical clustering analysis (HCA) module based
on unit cell parameters, supporting automated phase classification
of batch grains.

Compatibility and extensibility. GIGED-1pro was designed
from the start with physical interfaces and software adaptation
space reserved for multimodal integration and functional
expansion, to meet the diverse analytical needs of Earth and
planetary sciences.

The specimen chamber reserves an energy-dispersive X-ray
spectroscopy (EDS) detector port on the upper side of the pole
piece, compatible with standard Si(Li) or silicon drift detectors
(SDD). EDS and 3DED can be performed sequentially at the same
location: 3DED first determines the crystal structure and phase
identity of the nanograin, followed by EDS acquisition to obtain
elemental composition information for the same region, enabling
cross-validation of trace and unknown phases within
compositionally complex multiphase mineral assemblages. The
EDS port installation position and take-off angle design comply
with  detector geometric  specifications,
accommodating mainstream detector models without requiring
structural modifications to the column.

manufacturers’

The instrument stage adopts a specimen holder interface
compatible with Thermo Fisher TEMs, enabling compatibility
with various functional specimen holders. The currently validated
standard room-temperature holder is suitable for routine powder
and focused ion beam (FIB) lamella analysis. On this basis, the
instrument interface has reserved the corresponding electrical and
control adaptation space for cryogenic and in-situ heating
specimen holders. A cryogenic environment can effectively
suppress electron beam-induced thermal damage and inelastic
scattering background, which is critical for 3DED experiments on
volatile-bearing minerals (such as hydrous silicates and carbonates)
and organic matter '4. The in-situ heating—diffraction combination
is expected to enable simultaneous tracking of structural phase
transitions and valence state evolution of individual nanomineral
grains during heating.

APPLICATIONS

Single-Crystal structure determination. To validate the
instrument's performance in standard structure determination tasks,
two natural minerals, fluorapatite [Cas(PO4)3F] and calcite
[CaCO:s], were selected as test samples. Fluorapatite belongs to the
hexagonal crystal system, with high symmetry, moderate unit cell
dimensions, and the simultaneous presence of light elements (F, O)
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Fig. 3 Representative 3DED reciprocal space slices of fluorapatite (a and b) and calcite (¢ and d) obtained with GIGED-1pro.

and medium-atomic-number elements (Ca, P), making it an ideal
standard for evaluating electron diffraction resolution and light-
atom localization capability. The studied fluorapatite sample is the
same as reported in literature'®, collected from Scientific Drilling
Project borehole YSDP-4. Calcite belongs to the trigonal system
with space group R-3c¢, which, in contrast to the R-3 space group
of dolomite, allows testing of the ability of electron diffraction to
distinguish between the closely related R-3¢ and R-3 space groups.
The calcite sample was collected from a coral reef in the South
China Sea. Both mineral samples were prepared as FIB-thinned
lamellae, the details of sample preparation procedures were
described in literature'®. The samples were mounted on normal
FIB grids, and loaded into the instrument stage.

Continuous rotation electron diffraction data were collected under
identical protocols: the o axis was continuously tilted at an angular
velocity of 1° s over the set range, and the detector synchronously
recorded diffraction patterns at a frame interval of 100 ms, yielding
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approximately 1000 frames per dataset with a total acquisition
time of about 2 minutes. The effective tilt range was —54° to +55°
for fluorapatite and —50° to +50° for calcite. The instrument
maintained automatic eucentric alignment throughout acquisition,
with no significant sample drift or electron beam defocus observed.

Raw diffraction frames were imported into the PETS2
software!? for diffraction spot detection, indexing, and three-
dimensional intensity integration. PETS2 applies ED-specific
background subtraction optimized for electron diffraction patterns.
After processing, the data were imported into the JANA2020
software!” for structure refinement, which considered the
dynamical effect. Crystal structures were solved using the charge-
flipping method'® combined with direct methods with SHELXT'.
Key data collection and refinement parameters for the two
minerals are summarized in Table 1, and representative reciprocal
space reconstructed slices are shown in Fig. 3.
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Fig. 4 Three-dimensional crystal structure of fluorapatite [Cas(PO4);F] solved with GIGED-1pro.

Table 1. Crystallographic data and structure refinement parameters for
fluorapatite and calcite

Parameter Fluorapatite Calcite
Crystal data
Chemical formula Cas(POas):F CaCOs
Crystal size (um) 36x43x0.1 4x4x0.1
Space group P6s/m R-3c
a(A) 9.5675 (13) 5.0072 (18)
c(A) 6.9120 (8) 17.350 (5)
V (A%) 547.95 (13) 376.7(2)
Data collection
Tilt range (°) —54 ~ +55 =50 ~+50
Collection time (min) 2 2
Indexing rate (%) 95.77 94.53
Collected / Unique reflections 5511/2225 3553 /886
Dynamical Refinement
Ri (I>30) 0.1220 0.1590
wR2 0.1880 0.2259
GoF (F?) 1.8164 22199

a

Fig. 5 Three-dimensional crystal structure of calcite [CaCOs] solved with
GIGED-1pro.
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Fluorapatite: Indexing yielded a hexagonal unit cell with a =
9.5675(13) A, ¢ =6.9120(8) A, VV'=547.95(13) A>. The indexing
rate is 95.77%, with 5511 collected reflections and 2225
independent reflections. Structure solution confirmed the space
group as P63/m, consistent with the standard crystallographic
characteristics of natural fluorapatite. Refinement converged to R
=0.1220 (I = 30), wR2 = 0.1880, GoF = 1.8164. The obtained
crystal structure is consistent with SCXRD literature values within
the normal error budget of the 3DED method (~5%) (Fig. 4).

Calcite: Indexing yielded a trigonal unit cell with a = 5.0072(18)
A, c=17.350(5) A, V=376.7(2) A3. The indexing rate is 94.53%,
with 3553 collected reflections and 886 independent reflections.
During space group determination, the charge-flipping initial
solution suggested R-3¢, while SHELXT solution pointed toward
R-3. Further refinement showed that R: converged to 0.1590 and
0.1749 (I = 30) for the R-3¢ and R-3 space groups, respectively.
CIF file validation for the R-3 space group indicated the presence
of additional symmetry, suggesting an upgrade of space group
symmetry; therefore, the space group was ultimately confirmed as
R-3c. Final refinement converged to R1 = 0.1590 (/ > 30), wR2 =
0.2259, GoF = 2.2199. The refinement results are consistent with
SCXRD reference values for natural calcite within the normal
error budget of the 3DED method (5%) (Fig. 5).

Together, the two sets of experimental results demonstrate that
GIGED-1pro can obtain diffraction data of structure-refinement
quality for two mineral types of distinctly different symmetry
(hexagonal and trigonal systems) under standardized acquisition
conditions. Data acquisition for both structures was completed
within 2 min, and the refinement R factors (R1 = 0.1220 for
fluorapatite and 0.1590 for calcite) are at the same level as values
reported from the Synergy-ED (Ri1 = 0.134) under similar
conditions. These validation experiments confirm that GIGED-
1pro, as a standalone electron diffraction structure determination
platform, is capable of de novo structure determination of
micrometer- to submicrometer-scale mineral crystals, with R
factors comparable to those reported for commercial instruments
such as the Rigaku Synergy-ED.
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Fig. 6 Representative TEM bright-field images of Chang'e-6 lunar regolith grains assigned to six mineral phases by hierarchical clustering analysis. (a) C1,
cristobalite; (b) C2, clinopyroxene; (c) C3, olivine; (d) C4, labradorite; (¢) C5, anorthite; (f) C7, ilmenite. Grains exhibit irregular blocky or platy morphologies

with nanometer-scale amorphous surface layers.

Batch processing and phase classification. The single-crystal
experiments described above validated the instrument's structure
determination capability for isolated crystals. However, the more
common scenario in Earth and planetary sciences is that the
analyst is confronted with a nanomineral assemblage composed of
unknown phases. In such scenarios, the analyst's primary task is
not full structure refinement of a particular grain, but rather rapidly
determining “which phases are present and in what proportions.”
To validate the instrument's performance in such batch phase
screening tasks, this study employed Chang'e-6 lunar regolith as a
real, unknown, complex system to test the practical utility of the
full workflow from acquisition to phase classification.

The Chang'e-6 returned sample represents the first soil material
ever collected from the lunar farside (South Pole—Aitken Basin)
by humankind®. Lunar regolith consists of various mineral
fragments, glass, and breccia clasts, characterized by fine grain
size and diverse phase assemblages, and, owing to the extremely
limited sampling mass, analytical methods must minimize sample
consumption as far as possible. These characteristics make lunar
regolith an ideal test sample for the target application scenario of
GIGED-1pro.

Sample preparation and data acquisition. A small amount of the
fine-grained fraction of the Chang'e-6 scoop sample
(CE6C0400YJFMO003) was directly dispersed in powder form
onto a standard 3 mm TEM grid, air-dried, and loaded into the
instrument. The grid was viewed in imaging mode at low electron
dose, and 59 nanograins with intact morphology and uniform
contrast were sequentially marked by XY coordinates and
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numbered, generating an acquisition queue. Representative grain
morphologies of the lunar regolith sample are shown in Fig. 6; grain
sizes range predominantly from 100 to 500 nm, with mostly
irregular blocky or platy morphologies. The grain surfaces are
generally covered by a nanometer-scale amorphous weathering
layer, and some grains exhibit micro-impact craters or melt
sputtering features, consistent with the impact metamorphism and
space weathering characteristics of lunar samples?!?,

3DED acquisition was performed on each grain according to the
queue sequence, with unified experimental conditions:
accelerating voltage 120 kV, Dectris Quadro detector, cRED
continuous rotation mode, camera length 260 mm, stage tilt speed
approximately 2° s™!, single-frame exposure time 250 ms. The tilt
range was dynamically adjusted for each grain according to actual
obstruction conditions, typically +40° to +60°. All 59 raw
diffraction datasets were acquired fully automatically within a
single experimental session, of which 43 were successfully
indexed via DIALS? and yielded usable experimental files, giving
a data processing success rate of 72.8%; the remaining 16 datasets
could not be successfully indexed, primarily due to excessively
thick amorphous surface layers on the grains.

Data processing and clustering analysis. After completing batch
indexing, systematic quality statistics were performed on the 43
valid datasets using the average signal-to-noise ratio //o(/) and the
half-dataset correlation coefficient (CCi2) as core metrics (Fig. 7).
Despite having undergone space weathering and impact
modification, most lunar regolith grains generally preserved
crystalline domains suitable for reliable indexing, and the datasets
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Fig. 7 Data quality statistics for Chang'e-6 lunar regolith batch analysis. (a)
Histogram of //o(/) distribution; (b) histogram of CC,, distribution.

Fig. 8 Hierarchical clustering dendrogram of Chang'e-6 lunar regolith
sample based on unit cell parameters.

maintained high self-consistency in internal consistency and
geometric refinement models. The dispersion of quality indicators
reflects the heterogeneity in the degree of crystal structural damage
across the sample.

Clustering analysis used the unit cell parameters of each grain
as input representations. To eliminate the arbitrary nature of
crystallographic axis selection (e.g., different grains may adopt
different axis orientation settings), the unit cell of each dataset was
first subjected to Niggli reduction, converting it into a unique
standard representation. The six independent components of the
Niggli-reduced cell metric tensor were subsequently mapped into

https://www.at-spectrosc.com/as/article/pdf/20260068i

a six-dimensional G6 vector space?*?>:
G =(a?, b* ¢ 2bc-cos a, 2ac-cos f, 2ab-cos y) )

where a, b, ¢ are the unit cell axis lengths and a, £, y are the unit
cell angles. This vector is equivalent to all independent
components of the unit cell metric tensor and provides a stable
characterization of lattice geometry differences while ignoring
axis permutations. The lattice distance between any two grains i
and; is defined as the normalized Euclidean difference in G6 space:

dy=\Gi = Gj|/ (IGil |G @

This normalization eliminates the dimensional effects of
varying unit cell sizes, allowing geometric differences between
tetragonal and trigonal crystal systems to be compared on roughly
the same scale as internal variations within the triclinic system. For
further standardization, all dj; values were linearly normalized to
the [0, 1] interval, yielding a normalized lattice distance matrix.

Using the normalized distance matrix as input, an

agglomerative  hierarchical  clustering dendrogram  was
constructed via the unweighted pair group method with arithmetic
mean (UPGMA). The clustering threshold was initially estimated
by the midpoint distance method: merging all merge heights hy, in
the hierarchical tree, sorting them in ascending order, computing
adjacent differences Ahw= hm+1 — hm, and selecting the interval
midpoint corresponding to the maximum jump as the automatic

cutoff threshold:
a= (hmax + hmax-H) /2 (3)

This strategy identifies the most significant scale separation
points on the dendrogram height axis. However, we emphasize
that this automated estimation serves only as a starting point; the
user must manually inspect the dendrogram and histogram to
validate and adjust the threshold appropriately for specific dataset.
The final threshold of @ =0.2327 used in this study was determined
through such manual inspection, yielding seven clusters (C1 to C7)
(Fig. 8). The grain counts, data quality statistics, and representative
unit cell parameters of each cluster are summarized in Table 2.
Each cluster is analyzed below for its mineral phase assignment
basis.

The clustering results for the 42 valid mineral grains (excluding
C6 polycrystalline) indicate that the mineral assemblage of this
Chang'e-6 lunar regolith sample is dominated by plagioclase-
group minerals (C4 + C5 = 33 grains, 79%), followed by mafic
minerals (C3 olivine + C2 pyroxene = 7 grains, 17%), with trace
accessory minerals (C1 cristobalite + C7 ilmenite = 2 grains, 5%).

Notably, the entire analysis workflow was completed on a single
instrument, consuming only trace powder dispersed on a TEM
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Table 2. Statistics and mean data-quality metrics of HCA clusters for the Chang'e-6 lunar regolith sample (cutoff = 0.2327)

Cluster ID N  Mineral candidate Mean CC;; MeanI/o(I) Representative unit-cell parameters (A / ©)
C4 32 Plagioclase (andesine—labradorite) ~ 0.948 6.7 a=8.16, b=12.86, c=7.07; 0=94.32, f=115.63, =90.14
C3 5 Olivine* 0.931 9.1 a=4.81,b=10.51, ¢=6.33; a==y=90.00*
C2 2 Clinopyroxene 0.986 8.6 a=10.18, b=9.25, ¢=5.53; 0=89.81, f=108.41, y=89.80
C1 1 Cristobalite 0.965 129 a=b=4.95, c¢=6.94; 0==y=90.00
Cs 1 Anorthite (end-member) 0.939 272 a=17.65,b=12.78, c=14.91; 6=94.29, =116.94, y=91.05
Cc7 1 Ilmenite 0.965 129 a=5.04, b=5.04, c=13.84; 0=89.64, /=89.25, y=119.574
C6 1 Polycrystalline 0.978 5.2 —

Note: C6 is classified as polycrystalline material, excluded from mineral statistics. *Unit-cell parameters for some olivine grains were obtained with known

structural restraints.

grid, with no auxiliary techniques (such as powder X-ray
diffraction) employed for a priori phase assumptions. This result
demonstrates, from a methodological perspective, that the strategy
of batch nanocrystal structure determination via 3DED combined
with unsupervised clustering analysis offers unique advantages for
low-consumption, unbiased mineralogical screening of precious
extraterrestrial returned samples.

DISCUSSION

Comparison with existing 3DED solutions. Dedicated 3DED
instruments constitute a rapidly differentiating technical domain.
As summarized in the Introduction, the Eldico ED-18 and the
Rigaku Synergy-ED? are currently the most representative
commercial dedicated 3DED instruments, employing 160 and 200
kV accelerating voltages, respectively, but differing in their optical
design, detectors, and software ecosystems. The Eldico ED-1 is a
fully customized integrated diffractometer equipped with a Dectris
Quadro detector; the Synergy-ED integrates a JEOL electron
optical system onto Rigaku's mature single-crystal diffractometer
chassis, leveraging the advantage of Rigaku's X-ray single-crystal
diffraction software ecosystem.

From a design philosophy perspective, GIGED-1pro is most
similar to the Eldico ED-1: both are dedicated integrated designs
spanning from electron optics, detectors to software stack, rather
than retrofitting diffraction functionality onto a general-purpose
platform. The key differences lie in the accelerating voltage and
column geometry: the Eldico ED-1 uses 160 kV and a horizontal
column; GIGED-1pro employs 120 kV and a vertical column,
achieving a balance between radiation damage control and
instrument footprint compactness, offering potential advantages
for radiation-sensitive samples including volatile-bearing minerals
and high-pressure minerals.

Regarding column geometry, both vertical and horizontal
configurations have distinct implications for data collection. In a
horizontal column, the specimen plane is vertical, which may
facilitate certain in-situ experimental configurations but requires
careful consideration of specimen stability under gravity. In a
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vertical column like GIGED-lpro, the specimen plane is
horizontal, which is the conventional orientation for standard TEM
grids and may provide more stable specimen positioning during
tilt operations. The vertical geometry also simplifies the
mechanical design of the goniometer stage and reduces the
instrument footprint. Optical distortions can arise from lens
aberrations and geometric factors in both configurations. In
GIGED-1pro, optical distortions are addressed through: (1)
precise alignment of the electron optical column to minimize lens
aberrations; (2) calibration of the diffraction geometry using
known standards; and (3) software-based corrections during data
processing. The quality metrics achieved in our validation
experiments (indexing rates >94%, R1 values comparable to
literature) demonstrate that optical distortions are effectively
managed in the current design.

Considering both technical and application dimensions,
GIGED-1pro can be positioned between the Eldico ED-1 and
general-purpose  TEM diffraction solutions (multi-functional
imaging + diffraction): it uses a moderate accelerating voltage to
control radiation damage, an adjustable beam size to
accommodate multi-scale grains, integrated software to eliminate
manual operational bottlenecks, and lower operating cost and

footprint to enable laboratory-level deployment.

Positioning in earth and planetary sciences and cross-
disciplinary applicability. The specific analytical demands of
Earth and planetary sciences that motivated GIGED-1pro’s design
can be summarized in three dimensions. First, the extreme
preciousness of extraterrestrial returned samples. The Chang'e-5
and Chang'e-6 missions each retrieved less than 2 kg of drilled and
scooped samples?>?, and asteroid return samples (such as those
from Hayabusa2 and OSIRIS-REXx) are measured in milligrams to
grams?’?8, These samples constitute the irreplaceable material
basis for studying the evolution of the solar system, lunar volcanic
activity history, and the origin of the Earth-Moon system;
analytical methods must extract maximal information with
minimal consumption. A single GIGED-1pro experiment
consumes only trace powder dispersed on a TEM grid (equivalent
mass < 1 pg), with a preparation process requiring no additional
sample fixation or embedding steps. Compared with the
micrometer-scale single crystals required by SCXRD (typical
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crystal volume > 10 um?) or the tens of milligrams of powder
needed for powder XRD, the sample utilization efficiency is
improved by several orders of magnitude.

Second, the size barrier of deep-Earth nanominerals. Recently,
Lu et al. determined the crystal structure of bridgmanite via
3DED?, discovering that these deep-Earth mineral crystal
structures retain significant amounts of water, providing direct
crystallographic evidence for the hypothesis that large amounts of
water were long preserved in the early Earth’s deep mantle, and
fully demonstrating the irreplaceable value of 3DED in the study
of deep-Earth nanominerals. SCXRD and synchrotron single-
crystal diffraction are both limited by the crystal size threshold;
powder XRD faces difficulties in identifying overlapping peaks in
multi-phase mixtures. 3DED is currently the only technical path
capable of simultaneously resolving nanomineral crystal
structures at the lattice scale and single-particle level.

Third, the cross-scale characterization needs of critical-metal
host minerals. Critical metals such as invisible gold and platinum
group elements often occur as nanoparticles or lattice substitutions
within host minerals®*3!. Traditional EPMA and LA-ICP-MS can
provide average chemical composition information at the
micrometer scale but have insufficient spatial resolution for
submicrometer chemical heterogeneity; conventional two-
dimensional TEM can obtain high-resolution lattice images but
makes it difficult to establish the correlation between metal
element distribution and crystal structure in three dimensions. The
combined use of structural information from 3DED provided by
GIGED-1pro with STEM-EDS elemental mapping on the same
lamella holds promise for breakthroughs in this direction.

From a technical pathway perspective, the core problem that
GIGED-1pro addresses is providing a dedicated tool for the
“unknown sample, nanoscale, batch demand” working paradigm
of Earth and planetary sciences. Compared with traditional TEM
retrofit solutions, its advantages lie in: the software layer forms a
closed loop of batch acquisition, automated indexing, and
clustering analysis, eliminating manual operation bottlenecks; the
integrated optical design and lower accelerating voltage
significantly reduce radiation damage to volatile-bearing minerals
and glass.

The core capabilities of GIGED-1pro (de novo structure
determination of submicrometer crystals, automated batch
acquisition, and unsupervised phase classification) may
potentially be applicable beyond geological samples. In structural
biology, the hardware requirements (continuous rotation electron
diffraction, low-dose acquisition, and high-speed detectors)
coincide with the instrument’s configuration, though experimental
validation is required. In pharmaceutical research, polymorph
screening, trace impurity phase identification, and chiral absolute-
configuration determination share the same common challenges
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of “minute samples, multiple candidate phases, rapid
identification™>%;  GIGED-1pro's queue
clustering analysis strategies could be potentially applied, pending
validation. For functional materials, zeolites, MOFs, and

acquisition and

perovskite  nanocrystal — synthesis products are often
submicrometer multiphase mixtures, and the need for batch phase
screening is methodologically isomorphic with lunar regolith
mineral analysis, though experimental demonstration in these
materials remains for future work. Therefore, although this paper
validates the platform with Earth and planetary science samples,
the design capabilities and software architecture of GIGED-1pro
serve the broader nanocrystallography research community, and
its cross-disciplinary applicability will be systematically expanded

in subsequent studies.

Current limitations and directions for improvement. GIGED-
1pro has demonstrated clear single-crystal structure determination
and batch phase classification capabilities in the above validation
experiments, but several limitations remain to be addressed in
subsequent iterations. In the Chang’e-6 lunar regolith experiment,
grid browsing, grain positioning, and queue establishment for the
43 datasets were all performed manually by an experienced
operator. Future work needs to enhance the software layer's
capability for automated grid scanning, incorporating image
segmentation or machine learning methods to achieve automatic
identification of target grains and regional qualification criteria
discrimination, minimizing manual operation. Additionally, the
current data processing pipeline (indexing — Geg extraction —
HCA clustering) operates as a sequential offline workflow, with
manual steps still present in data format conversion and parameter
transfer between stages. Ideally, indexing and quality assessment
should be triggered immediately upon completion of a single
dataset, with results pushed in real time to the clustering model,
achieving full online integration of the acquisition and analysis
ends.

As described above, the current acquisition strategy used
“availability of a single-crystal diffraction pattern” as the screening
criterion, deliberately excluding grains with excessively thick
amorphous surface layers or those already fully amorphized. The
widespread amorphous components in lunar regolith, including
glassy sputter produced by micrometeorite impacts, solar wind
irradiation amorphization products, and impact melt glass, were all
uncharacterized in the present analysis workflow. These
components precisely carry key information on lunar surface
space weathering and impact metamorphism processes**3. Our
group has previously employed electron pair distribution function
(ePDF) analysis to perform atom-scale characterization of two
representative impact glasses in Chang'e-5 lunar regolith,
revealing the atomic-level formation mechanisms of pyroxene
glass and fayalite glass under shock loading®*’, demonstrating
that the ePDF method possesses unique strengths for extracting
short-range ordered structures from lunar regolith amorphous
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components. In the future, the ePDF analysis module can be
integrated into GIGED-1pro's unified software stack, extending
the analytical scope from the identification of crystalline minerals
to the assessment of the structural state of all components
(crystalline + amorphous).

CONCLUSIONS

This paper reports the design, implementation, and experimental
validation of GIGED-1pro, a dedicated 3DED instrument for
nanocrystal structure determination. The instrument integrates a
120 kV Schottky FEG electron source, vertical column geometry,
4-axis stage (drift <200 nm over £50°), and Dectris Quadro hybrid

pixel direct electron detector within a compact laboratory footprint.

Under a unified cRED standard acquisition protocol, the structure
determination of fluorapatite and calcite both converged to
crystallographic ~ results consistent with the literature,
demonstrating that GIGED-1pro is capable of de novo structure
determination of submicrometer mineral crystals. Unsupervised
hierarchical clustering analysis of 43 valid datasets from Chang'e-
6 lunar regolith, with automated partitioning via G6 lattice
distance and UPGMA midpoint cutting, yielded seven clusters,
successfully identifying six mineral phases: cristobalite,
clinopyroxene, olivine, andesine—labradorite, anorthite, and
ilmenite. These results validate the integrated hardware—software
design of GIGED-1pro for mineralogical applications, specifically
single-crystal ~ structure

comparable to commercial dedicated diffractometers; (ii)

demonstrating: (i) determination
automated batch acquisition with real-time quality assessment;
and (iii) unbiased phase classification of complex multiphase
samples through closed-loop clustering analysis. Future work will
focus on expanding the validation suite to additional crystal
systems and sample types, integrating electron pair distribution
function analysis for amorphous components.
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