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Abstract. This study investigates the characteristic X-ray spectra of iron using Bragg diffraction with a LiF crystal and a
goniometer setup. The primary objective was to measure the wavelengths of K-series spectral lines, resolve fine structure
in higher-order diffraction, and compare experimental results with theoretical values. Using a Cu X-ray tube and Geiger-
Miiller detector, spectra were recorded for both first- and second-order diffraction. In the first-order diffraction, clear Ko
and KP peaks were observed at wavelengths of 194.7 pm and 176.6 pm, respectively. In the second-order diffraction,
finer resolution enabled the separation of the Ko line into Ko and Ko components, with a measured splitting of 0.38 pm
and an intensity ratio of 1.9, closely matching theoretical expectations. These results demonstrate the effectiveness of X-
ray diffraction in analyzing atomic structure and validating quantum predictions. The experiment successfully addressed
the research objective and highlighted the importance of high-resolution spectral measurements in identifying atomic
energy transitions. Limitations include instrumental resolution and background noise, which may affect the precision of
peak detection. Future work could focus on improving spectral resolution and extending the analysis to other elements or
detector types.

Keywords: characteristic X-ray radiation, Ko doublet splitting, Bragg diffraction, iron spectrum analysis, X-ray
spectroscopy.

1. Introduction

X-ray spectroscopy is a fundamental technique in materials science and atomic physics,
enabling the investigation of electronic structures and elemental compositions. Among the various
X-ray emissions, the characteristic K-series lines, particularly the Ka lines, are of significant interest
due to their element-specific energies and intensities. These lines result from electronic transitions to
the K-shell (n=1) from higher energy levels, predominantly the L-shell (n=2), and are instrumental in
qualitative and quantitative analyses of materials.

The Ko emission line is not singular but comprises two closely spaced components: Ko and
Koa.. This splitting arises from the spin-orbit interaction in the L-shell, leading to slightly different
energies for the transitions from the 2ps/> and 2pi/2 levels to the 1s level. Accurate measurement of
this doublet provides insights into the electronic structure and is crucial for applications requiring
high-resolution spectral data.

Advancements in X-ray spectroscopy have led to the development of sophisticated techniques
and instruments capable of resolving fine spectral features. High-resolution spectrometers, such as
double-crystal and wavelength-dispersive systems, have been employed to distinguish between
closely spaced spectral lines, including the Ko doublet. Studies have demonstrated the capability of
these instruments to measure the energy separation and intensity ratios of the Ko and Ko lines with
high precision [1].

Recent research has focused on the application of these high-resolution techniques to various
elements, including iron, to understand their electronic structures better. For instance, investigations
into the Kf spectra of elements from calcium to germanium have provided valuable data on the spin
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doublet energies and the effects of shake-off processes on spectral line shapes. These studies have
highlighted the importance of accounting for satellite lines and instrumental broadening in spectral
analyses [2].

Authors [3], [4] systematically investigated the Kp x-ray spectra of elements from calcium to
germanium, utilizing a high-resolution antiparallel double-crystal x-ray spectrometer. They reported
that each Kf1,s natural linewidth was corrected using the instrumental function, and the spin doublet
energies were obtained from the peak position values in the Kf1,3 x-ray spectra. The study emphasized
the necessity of correcting for instrumental broadening to accurately determine the natural linewidths
and spin doublet energies.

Researchers [5], [6] measured the Ka and Kf x-ray lines from photon excitation in selected
elements from magnesium to copper using a high-resolution double-crystal x-ray spectrometer with
a proportional counter. They obtained the KB/Ka intensity ratio for each element after correcting for
self-absorption, detection efficiency, and crystal reflectance. The study found that the KB/Ka intensity
ratio increases rapidly from magnesium to calcium but becomes slower in the 3d elements region,
attributing this behavior to the correlation between 3d and 4s electrons.

In another study, scientists [7], [8] investigated the Ko x-ray satellite spectra of germanium,
arsenic, selenium, and bromine by photoionization. They employed a wavelength-dispersive
spectrometer with a LiF 420 crystal to measure the energies and relative intensities of the Ka x-ray
satellites. The study compared the energy shifts and relative intensities with theoretical estimates and
examined their dependence on atomic number.

These studies underscore the advancements in high-resolution x-ray spectroscopy and the
importance of correcting for various factors to accurately resolve and analyze the Ka doublet in iron
and other elements.

Despite these advancements, challenges remain in accurately resolving the Ko doublet in iron
due to factors such as instrumental broadening, overlapping spectral lines, and the presence of satellite
lines. Additionally, variations in experimental setups and data analysis methods can lead to
discrepancies in the measured energy separations and intensity ratios. There is a need for standardized
methodologies and high-precision instruments to overcome these challenges and achieve consistent,
accurate results.

It is hypothesized that employing a high-resolution x-ray spectrometer with appropriate
corrections for instrumental broadening and satellite line contributions will enable accurate resolution
of the Ka doublet in iron. By systematically analyzing the spectral data and applying necessary
corrections, the true energy separation and intensity ratios of the Ko and Koz lines can be determined
with high precision.

The primary objective of this study is to accurately resolve the Ka doublet in iron using high-
resolution x-ray spectroscopy. Specific goals include:

Measuring the energy separation between the Ko and Ko lines in iron.

¢ Determining the intensity ratio of the Kou to Ko lines.

¢ Applying corrections for instrumental broadening and satellite line contributions to enhance
measurement accuracy.

e Comparing the experimental results with theoretical predictions and previous studies to
validate the methodology.

By achieving these objectives, the study aims to contribute to the standardization of
methodologies in x-ray spectroscopy and improve the accuracy of spectral analyses for iron and other
elements.

2. Methods

An X-ray tube with an iron (Fe) anode served as the primary radiation source. The emitted
characteristic radiation was angularly resolved using a monocrystalline lithium fluoride (LiF) crystal,
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functioning as a monochromator [9], [10]. All components were part of the XR 4.0 modular X-ray
system.

The experiment aimed to investigate the fine structure of the Ka doublet in iron. The X-ray
tube was operated at an anode voltage of 35 kV and an anode current of 1 mA. Radiation emitted
from the Fe anode was collimated and directed at a mounted LiF crystal. The Bragg-diffracted
radiation was detected using a Geiger—Miiller counter tube, with intensity recorded as a function of
angle using a goniometric scan.

The system was configured in a 2:1 coupling mode. The angular step width was set to 0.1°,
ensuring sufficient resolution for distinguishing the Kou and Koz lines. A full spectral scan was
recorded across a 4°-80° range with a gate time of 2 seconds per point. For high-resolution acquisition
of the Ka doublet, a focused scan between 70° and 77° was conducted, also with a gate time of 2
seconds per point.

The measurement system included an Fe-anode X-ray tube, precision-mounted LiF crystal,
and a Geiger—Miiller counter integrated with the XR 4.0 goniometer. Beam collimation was achieved
using a 2 mm diaphragm. All equipment was interconnected and operated through the XR 4.0 expert
control system from the Gulmay Company (Figure 1).

Geiger-Miiller
counter tube

Characteristic Ky
radiation

\ Bragg angle

0

X-ray

LiF crystal
tube

-

Bragg angle 0
Xeray Computer
goniometer

X-ray goniometer

Figure 1 — Experimental set up

The XR 4.0 “Measure X-ray” software was used to automate and synchronize the data
acquisition process, controlling the stepwise movement of the goniometer and recording intensity
data (Figure 2). The USB data link enabled real-time transfer and logging.
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Figure 2 — Measure X-ray software interface
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Peak identification was performed using Gaussian fitting routines applied to intensity versus
angle data. Bragg’s equation:
nA = 2dsinf 1)
Here, n - is the diffraction order (set to 1), d - is the interplanar spacing of the LiF crystal,
and 6 - is the measured Bragg angle. Statistical uncertainty in the angle measurements was
propagated through this equation to determine the uncertainty in energy separation. Curve fitting and
statistical analysis were performed in MATLAB R2023a, using built-in functions for nonlinear least
squares regression.

3. Results and Discussion

When high-energy electrons strike a metal target—in this case, an iron anode—two primary
mechanisms contribute to the observed X-ray spectrum: bremsstrahlung (continuous radiation) and
characteristic X-ray emission. The latter occurs when incident electrons ionize inner-shell electrons
(typically from the K-shell), and outer-shell electrons transition down to fill these vacancies. The
energy difference between levels is emitted as an X-ray photon with a well-defined energy. These
transitions result in characteristic lines, notably the Ko and K lines for iron.

Figure 3 presents the measured X-ray spectrum of iron using first-order diffraction. The
experimental conditions were as follows: anode voltage Ua = 35 kV, anode current la =1 mA, scan
step 0.1°, integration time 2 s/p, and scanning range 4° to 80°. Figure 1 shows several prominent
peaks. The most intense peak occurs at 28.9°, corresponding to the Ka line, while a smaller peak at
26.0° represents the Kf3 line. Two additional peaks are observed at higher angles—61.0° and 74.3°—
corresponding to the second-order reflections of Kf3 and Ko, respectively. These peaks arise from the
electron transitions. The Ka line — transition from the L-shell (n=2) to the K-shell (n=1), split into
Kou and Koz due to spin-orbit coupling; Kf line — transition from the M-shell (n=3) to the K-shell.

R(35kV)
Imp/s

A o
28.9
2986.0
2500 imp/s
2000
1500} 726.00l | , | AT
1234.0 ~ Vimp/s
imp/s
500 ' ' ' 61.0 ;52.0 ‘
imp/s
10 20 30 40 50 60 70 80 °

Figure 3 — First-order X-ray emission spectrum of iron measured with LiF crystal

Second-order diffraction (n=2) effectively doubles the diffraction angle for the same
wavelength, allowing finer resolution of closely spaced lines like Ko and Koo.

The intensity of the Ka peak is significantly higher than that of KB due to higher transition
probability. Moreover, the ratio of Kou to Koz intensity is theoretically ~2:1, since Kou results from a
transition with higher statistical weight (2ps/2 — 1s1/2) than Kaz (2pi1/2 — 1s1/2). Using Bragg’s law,
the experimental angles were converted to wavelengths, shown in Table 1.
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Table 1 — Wavelengths of the K, and Kj; lines calculated with the aid of the experimental values

d(Ko)/° a(Kz)/° A(K,) /pm M(Kg)/pm
n=1 28.9 26.0 194.7 176.6
n=2 74.3 61.0 193.9 176.15
Mean value: 193.8 176.48

Table 2 presents the measured wavelengths of the Ka and Kf lines of iron obtained from the
first- and second-order diffraction using a LiF crystal. The first-order diffraction results show distinct
K« and Kp peaks, with wavelengths of 194.7 pm and 176.6 pm, respectively, demonstrating clear
separation of the characteristic lines. In the second-order diffraction, the enhanced resolution enables
separation of the Ka doublet into Ko (193.70 pm) and Koz (194.08 pm), with a measured splitting
of 0.38 pm and an intensity ratio of 1.9, in good agreement with theoretical predictions. These data
validate the reliability of Bragg diffraction in resolving fine spectral features of characteristic X-rays.

Table 2 — Wavelengths of the K, and Kj lines calculated with the aid of the energy values

A(Kq1)/pm A(Kq2) /pm l(Kﬁ)/pm
193.6 193.99 175.66

To resolve the fine structure of the Ka line, a focused scan was performed in the range 70°—
77°, shown in Figure 4.

R(35kV)

Imp/s
A ﬂ Rate at35kV
800 [ | - | [

600

400|———

200 ' —

0 e
71 72 73 74 75 76 77
Figure 4 — Second-order X-ray spectrum showing Ko and Koz doublet

In Figure 4, two distinct peaks are resolved at 74.1° — A(Kou) = 193.70 pm and 74.5° —
MKoz) = 194.08 pm. The observed splitting AL = 0.38 pm, in excellent agreement with theoretical AL
= 0.37 pm. The intensity ratio [(Kou)/I(Ka2) = 1.9, consistent with the expected ratio due to transition
probabilities.

The experimental spectrum of iron confirms the presence and energy structure of
characteristic K-series lines. The high agreement between experimental and theoretical values
demonstrates the reliability of Bragg diffraction using LiF crystals for X-ray spectroscopy. The
resolution of the Ko doublet in second-order diffraction highlights the precision of angular control
and the benefit of longer gate times for low-intensity peaks. The observed intensity ratios further
validate quantum mechanical predictions of transition probabilities. Thus, this experiment not only
confirms atomic energy level structure but also demonstrates how X-ray spectroscopy can be used as
a diagnostic tool for material identification and electronic structure analysis.



Technobius Physics, 2025, 3(2), 0030

4. Conclusions

1. The characteristic X-ray spectrum of iron was successfully measured using a LiF crystal
and Bragg diffraction, clearly resolving the Ko and K3 lines.

2. The experimental wavelengths obtained for the first-order diffraction were A(Ka)) = 194.7
pm and A(Kp) = 176.6 pm, closely matching the literature values.

3. Second-order diffraction allowed high-resolution separation of the Ko doublet, yielding
MKou) = 193.70 pm, MKoz) = 194.08 pm, with a splitting of 0.38 pm and an intensity ratio of 1.9,
consistent with theoretical expectations.

4. The study confirmed the theoretical basis of X-ray emission from inner-shell electron
transitions and demonstrated the effectiveness of Bragg spectroscopy for precise spectral analysis.

5. The research addressed its primary aim: to measure and interpret the fine structure of iron’s
X-ray emission, validating atomic models of electronic transitions.

6. The findings can be applied in material identification, crystallography, and atomic structure
studies, especially in laboratory-based X-ray spectroscopy.

7. Limitations include resolution constraints at higher diffraction orders and statistical
uncertainties in peak fitting. Future work may involve automated spectral deconvolution and studies
on other elements for comparative analysis.
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Abstract. This study investigates the crystal structures of sodium chloride and caesium chloride through powder X-ray
diffraction using the Debye-Scherrer method. The primary objective was to determine lattice types, calculate lattice
constants, and estimate the number of atoms per unit cell based on experimental diffraction ring data. Powdered samples
were exposed to X-rays, and the resulting ring patterns were analyzed to assign Miller indices and derive interplanar
spacings. The evaluation of ring positions and intensities revealed that sodium chloride crystallizes in a face-centered
cubic structure, while caesium chloride adopts a body-centered cubic arrangement. The calculated lattice constants were
562.0 pm for sodium chloride and 409.6 pm for caesium chloride, both in good agreement with standard reference values.
Additionally, the number of atoms per unit cell was determined to be approximately four for sodium chloride and two for
caesium chloride, consistent with their respective crystal symmetries. The study confirms the reliability of basic X-ray
diffraction techniques for structural identification in ionic solids and highlights distinct diffraction trends corresponding
to different cubic symmetries. These findings reinforce the effectiveness of the Debye-Scherrer approach in
crystallographic education and rapid phase analysis, while also identifying opportunities for enhanced resolution through
extended exposure or high-intensity sources.

Keywords: X-ray diffraction, Debye-Scherrer method, crystal structure, sodium chloride, caesium chloride, lattice
constant.

1. Introduction

Crystalline solids possess periodic atomic arrangements that define their physical properties
and play a central role across materials science, solid-state physics, and crystallography. X-ray
diffraction (XRD) is a powerful technique to probe these arrangements, and the Debye-Scherrer
method, which analyzes powder samples, is particularly useful for determining structural properties
such as lattice parameters and plane orientation through diffraction rings [1], [2], [3].

In cubic ionic crystals, determining whether a material adopts a face-centered cubic (fcc) or
body-centered cubic (bcc) lattice is vital for understanding ionic packing density, stability, and phase
behavior. Sodium chloride (NaCl) crystallizes in an fcc (rock-salt) structure, while caesium chloride
(CsCl) exhibits a B2 (simple cubic with centered cation) structure often referred to as bcc-like [4],
[5]. Distinguishing between these lattices using Debye—Scherrer data provides both educational and
practical insights, especially when reflections overlap.

Nevertheless, contemporary challenges in Debye—Scherrer usage persist. Studies such as [6]
have enhanced resolution to distinguish polymorphic alkali halides but reported ambiguities in
indexing weaker peaks. [7] examined CsCl under thermal cycling, highlighting the influence of peak
broadening on lattice constant determination. Automated indexing frameworks like those proposed
by [8] have improved assignment reliability, yet they often fail when limited to low-angle data.
Additionally, pressure-induced transitions (e.g., NaCl—CsCl phase change) underscore the method’s
sensitivity but also its complexity under dynamic conditions [9]. While advanced sources like
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synchrotron radiation and machine-learning platforms offer high precision [10], [11], conventional
laboratory Debye—Scherrer setups remain more accessible and cost-effective [12].

A significant gap remains: there's no widely adopted, stepwise, reproducible protocol for
accurately identifying fcc and bcc structures from basic powder camera data and simple
measurements. Past research often assumes ideal peak clarity or requires advanced tools, limiting
practical application in teaching or routine materials evaluation.

We hypothesize that by systematically analyzing ring diameters, sin?(6) quotients, lattice
constants, and unit-cell densities from Debye—Scherrer patterns of NaCl and CsCl, one can reliably
distinguish fcc from bcc structures using only standard laboratory equipment.

Therefore, this study aims to:

1. Obtain diffraction data from powdered NaCl and CsCl samples using the Debye—Scherrer
method.

2. Assign Miller indices, compute lattice constants, and estimate the number of atoms per unit
cell.

3. Demonstrate that these analyses can reveal crystal structure reliably and reproducibly in
educational or QC laboratory settings.

This work provides a clear, physically grounded workflow that reinforces crystallographic
fundamentals and highlights the practical utility and limitations of simple XRD techniques.

2. Methods

2.1 Materials and Sample Preparation

Sodium chloride (NaCl, 99.5% purity, 250 g) was used as the crystalline sample for X-ray
structural analysis. To prepare samples of suitable optical thickness, the NaCl was first pulverized
using an agate mortar. The powdered sample was then loaded into a holder created from punched
standard printer paper (2-3 layers) sealed with transparent adhesive tape to form a shallow
containment cavity. This setup allowed precise control of sample thickness in the range of 0.2-0.4
mm (Figure 1).

a) sample preparation b) adding the powder  ¢) making the surface  d) attaching the diaphragm
smoother tube
Figure 1 — The process of NaCl samples preparation

Thickness within this range was critical to balance between sufficient edge absorption
visibility and avoidance of excessive beam attenuation. Prepared samples were stored in sealed
containers with silica gel to prevent moisture absorption, consistent with standard procedures for
hygroscopic materials.

2.2 Experimental Setup

All measurements were performed using the XR 4.0 expert X-ray analysis system (Gulmay
Ltd., UK), which included the XR 4.0 structural analysis upgrade set, XR 4.0 Plug-in Cu X-ray tube,
and integrated control interface. The X-ray tube was operated at maximum capacity, with an anode
voltage of 35 kV and an anode current of 1 mA, as per manufacturer guidelines.
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Prior to initiating the experiment, the goniometer was removed from the internal chamber. A
1 mm-diameter diaphragm tube was installed in the beam outlet of the plug-in unit to limit the
divergence of the primary beam. The X-ray-sensitive film was loaded into a light-proof film holder,
which was positioned 35 mm from the NaCl crystal surface on the optical bench. The film plane was
carefully aligned to remain parallel to the crystal face to ensure uniform angular resolution across the
diffraction pattern. This fixed geometry was essential for consistent ring projection and accurate post-
exposure evaluation.

The exposure was conducted under total darkness for a preset duration of 2.5 hours. Time
tracking was performed automatically by the XR 4.0 software interface, which displayed a countdown
timer and bar-graph progress. Post-exposure, the film was developed according to standard
photographic chemical processing guidelines provided by the film manufacturer. The sequence
included developer immersion, water rinsing, a 10-minute fixative bath, a final rewash, and air-
drying.

2.3 Data Acquisition and Processing

The exposed films were analyzed using manual ring measurements, converted to diffraction
angles using established geometric relationships for flat film geometry. The data acquisition was
facilitated by the XR 4.0 software suite, which also recorded system parameters, exposure conditions,
and environmental data (Figure 2).

a) selecting parameters b) starting a program
Figure 2 — X-Ray equipped special software

Uncertainty propagation was applied to angular measurements using standard error formulas,
and regression analysis was carried out using MATLAB R2023a, applying nonlinear least squares
fitting routines to extract structural parameters.

3. Results and Discussion

The structural characteristics of sodium chloride (NaCl) and caesium chloride (CsCl) were
analyzed using Debye-Scherrer powder diffraction. The results are presented in the order of
experimental procedures, beginning with the assignment of diffraction rings to lattice planes based
on measured ring diameters and corresponding Bragg angles.

The NaCl sample (Figure 3a) displays a well-defined series of concentric rings with variable
intensity. Up to seven rings are distinguishable, with higher intensities noted for the second and third
reflections, consistent with the fcc (face-centered cubic) symmetry. In contrast, the CsCl pattern
(Figure 3b) also reveals seven rings, albeit with a different intensity distribution. The first reflection
in CsCl is significantly more intense, a feature typical of bcc (body-centered cubic) lattices where the
(100) reflection is forbidden and the (110) family dominates the low-angle region.
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a) NaCl b) CsClI
Figure 3 — Debye-Scherrer pattern: sample thickness: 0.4 mm; exposure time: 2.5 h

The results of evaluation of the Debye-Scherrer rings of NaCl are summarized in Table 1.

Table 1 — Evaluation of the Debye-Scherrer rings of NaCl. Distance between the sample and film
32 mm + 0.5 mm film thickness. Wavelength: A(K,) =71.1 pm.

N Intensi D 0,° sin 8, N hk d
0. ntensity , mm , Sin; N , pm a, pm
1 very weak 14.7 6.5 1.00 1.00 011 318.9 552.4
2 very strong 16.8 7.1 1.27 1.25 002 283.8 567.3
3 very strong 245 10.2 2.64 2.64 022 198.7 562.3
4 strong 30.6 12.7 3.84 3.82 222 163.1 564.3
5 weak 36.1 145 5.12 5.12 004 141.2 564.2
6 medium 42.1 16.3 6.41 6.41 024 125.9 563.1
7 weak 47.5 18.2 7.78 7.75 224 1145 560.5

The data in Table 1 show a systematic increase in ring diameter and diffraction angle with
each successive reflection. The sin?(0) ratios correspond well with theoretical predictions for a fcc
lattice, particularly when the first reflection is indexed as the (111) plane. The Miller indices are
consistent with the fcc selection rules, showing only combinations where the sum of indices is even
or odd, but not mixed. The lattice constant calculated from these reflections averages a = 562.0 + 4.7
pm, which aligns closely with the known literature value of 563.9 pm [13].

The structural analysis was then extended to CsCl using the same Debye-Scherrer method.
The results are summarized in Table 2, listing the measured ring diameters, glancing angles,
interplanar distances, and assigned lattice planes.

Table 2 — Evaluation of the Debye-Scherrer rings of CsClI. Distance between the sample and film:
30 mm + 0.5 mm film thickness. Wavelength: A(K,) = 71.1 pm.

N Intensi D o by N kI d
0. ntensity , mm o, Sin 0, N , pm a, pm
1 very strong 155 7.1 1.00 1.00 011 287.7 407.4
2 very weak 194 8.7 - - 002 206.2 412.3
3 very strong 22.4 10.0 1.94 2.01 002 204.7 409.3
4 strong 27.9 12.4 2.97 3.00 112 166.8 408.6
5 weak 32.8 14.3 3.94 4.00 022 144.8 409.7
6 medium 37.9 15.8 4,92 5.00 013 129.7 410.4
7 weak 42.6 17.7 5.93 6.00 222 118.2 409.5

The progression of ring diameters and corresponding 6-values for both NaCl and CsCl
displays a clear and regular increase, as expected from Bragg’s Law for cubic crystal systems. In the
case of NaCl, the ratios 2% align well with the theoretical sequence 1:1.33:2.66:4.00:5.33:6.66:8.00,

sin 6,

which corresponds to the allowed reflections in an fcc lattice. Notably, all observed (hkl) indices
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follow the selection rule for fcc crystals: only reflections with either all even or all odd indices appear.
This, combined with the calculated average lattice parameter of 562.0 + 4.7 pm, supports the
conclusion that NaCl crystallizes in the face-centered cubic structure, in agreement with the standard
literature value of 563.9 pm [13], [14].

In contrast, the CsCI results exhibit a different behavior. The reflections do not adhere to the
even-only or odd-only selection rules. Instead, the Miller indices include combinations such as (011),
(112), and (013), which are characteristic of a bcc lattice, where allowed reflections must satisfy the
condition that the sum A+k+l is even. This explains the absence of the (100) reflection and the
dominance of other even-summed planes. The sin?(8) quotient progression of 1:2:3:4:5:6
corresponds well to theoretical bcc expectations, and the mean lattice constant of 409.6+1.7pm
closely matches the reference value of 411.0 pm [13], [14].

Overall, both data sets demonstrate high internal consistency and conformity with established
crystallographic models. The patterns and lattice constants extracted from the Debye-Scherrer rings
match not only theoretical expectations but also previously published experimental values [13], [14].
The clarity of the second and third rings in NaCl and the first in CsCl reinforces the known differences
in scattering behavior and atomic packing factors between fcc and bcc structures.

4. Conclusions

The structural analysis of powdered NaCl and CsCl using Debye-Scherrer diffraction
successfully confirmed their respective crystal systems: NaCl adopts a fcc lattice, while CsCI forms
a bec lattice.

For NaCl, seven diffraction rings were clearly observed, with sin?(8) ratios following the
expected fcc pattern. The calculated average lattice constant was a = 562.0 & 4.7 pm, consistent with
the known value of 563.9 pm.

CsCl exhibited a characteristic bcc reflection pattern with even-summed Miller indices,
yielding a mean lattice constant of a = 409.6 + 1.7 pm, matching the standard 411.0 pm.

The number of atoms per unit cell was estimated as ~4 for NaCl and ~2 for CsCl, confirming
their fcc and bece identities based on density and unit cell volume calculations.

A major trend observed was the alignment of the sin?(0) quotient progressions with theoretical
expectations for each lattice type, validating the indexing and structure determination methodology.

The study successfully addressed the research objective by demonstrating that ring pattern
analysis and basic geometric measurements can be used to identify crystal systems, calculate lattice
constants, and confirm unit cell content in cubic ionic crystals.

These findings can support educational laboratory training in crystallography and may serve
as a reference protocol for rapid phase identification in powder samples using basic X-ray techniques.

A constraint of the study lies in the limited exposure times, which affected the visibility of
weaker high-order reflections. Future studies may incorporate synchrotron sources or longer
exposures for improved resolution of marginal rings.
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Abstract. This study presents a high-resolution scanning tunneling microscopy analysis of highly ordered pyrolytic
graphite, aimed at quantitatively characterizing atomic-scale surface features using both constant-current and constant-
height imaging modes. Building upon previous work, the investigation focuses on step height measurements and lattice
parameter evaluation across multiple scan areas. STM images captured in constant-current mode revealed clear atomic
terraces and hexagonal lattice patterns, with step heights measured at approximately 332.2-333.9 pm, closely matching
the theoretical monolayer thickness of graphite. Interatomic distances between nearest neighbors (~140 pm) and atomic
rows (~245-248 pm) were also consistent with known lattice parameters. In constant-height mode, tunneling current
profiles were recorded along line scans of 1.25 nm and 20.7 nm. These profiles exhibited periodic current modulations
corresponding to atomic corrugation, with amplitude variations of approximately 0.2 nA. The data confirm the STM’s
capacity to resolve both vertical and lateral atomic features with high precision. The study demonstrates the effectiveness
of combining imaging modes to extract complementary structural and electronic information from layered crystalline
surfaces. The results contribute a validated reference framework for STM calibration and underscore the technique’s
reliability in distinguishing atomic-scale topography and local electronic contrast.

Keywords: scanning tunneling microscopy, graphite, atomic terraces, constant height mode, tunneling current, LDOS.

1. Introduction

The ability to visualize and quantify atomic-scale features on solid surfaces plays a critical
role in advancing nanotechnology, materials science, and surface physics. Scanning tunneling
microscopy (STM) remains one of the most powerful tools for achieving atomic-resolution imaging
of conductive and semiconductive surfaces [1]. It enables not only topographic visualization but also
the investigation of local electronic properties via measurement of the tunneling current, which is
exponentially dependent on the tip—sample separation and the local density of states. One particularly
well-studied material for STM calibration and benchmarking is highly ordered pyrolytic graphite
(HOPG), whose layered hexagonal lattice provides an ideal test system for atomic-resolution analysis

[2].

Despite decades of research, challenges persist in accurately measuring atomic step heights
and interatomic distances, particularly when comparing results from different STM operation
modes—namely, constant-current and constant-height imaging [3], [4]. Constant-current mode, while
widely used for topographic imaging, introduces convolution between electronic and geometric
effects. Constant-height mode, in contrast, offers enhanced sensitivity to local variations in electronic
structure but demands a highly stable system and precise control. Bridging these imaging approaches
to extract robust, quantitative metrics of surface morphology and electronic contrast remains an
ongoing challenge.
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Recent original research has attempted to address these limitations. For example, [5]
employed high-resolution STM to characterize step edge formation on HOPG during controlled
etching, reporting variations in measured step heights due to tip convolution effects. Similarly, [6]
demonstrated that even with atomically flat terraces, discrepancies between apparent and actual
height values persist due to local density of states modulation. Furthermore, in a comparative study,
[7] analyzed STM profiles in both modes and concluded that while constant-height mode yields more
precise electronic contrast, it is susceptible to mechanical instabilities. These studies underscore the
need for systematic, side-by-side analysis of atomic step heights and lattice periodicities using both
imaging techniques on well-defined samples.

However, the literature still lacks a detailed methodological comparison using the same
sample area imaged in both constant-current and constant-height modes to directly quantify the
topographic and electronic contrast resolution. Moreover, most studies focus on isolated aspects—
either step heights or atomic contrast—without integrating these into a single comprehensive data set.
This represents a gap in the field, especially in the context of instrument calibration, measurement
reproducibility, and the interpretation of electronic structure in layered materials like graphite.

We hypothesize that a combined STM analysis of HOPG in both constant-current and
constant-height modes on the same scan regions can provide complementary insight into atomic-scale
surface topography and electronic variation, offering a higher confidence level in step height
measurements and lattice parameter resolution. We further assume that quantitative current profiling
in constant-height mode can capture subtle differences in the local density of states that are averaged
out in traditional constant-current imaging.

The goal of this study is to extend previous work by performing a comprehensive STM-based
analysis of HOPG surfaces at multiple scales, combining high-resolution imaging, atomic step height
measurement, and tunneling current profiling in both constant-current and constant-height modes.
This approach not only confirms the calibration accuracy of the STM system but also demonstrates
the method’s capacity to distinguish topographic and electronic features with atomic precision. The
novelty of this study lies in its integrative methodology and its application to a model system with
known crystallography, thereby contributing a validated reference framework for future STM-based
materials characterization.

2. Methods

2.1 Study Design and Continuity

This study is a continuation of our previous work on the application of STM for imaging
molecular assemblies on graphite and functionalized surfaces [8]. In this extended study, we focused
on high-resolution imaging of atomic terraces and interatomic distances on HOPG surfaces using
both constant-current and constant-height STM modes.

2.2 Materials and Sample Preparation

Highly oriented pyrolytic graphite (HOPG) was used due to its atomically smooth, layered
crystalline structure. To prepare clean surfaces, samples were cleaved using adhesive tape. STM tips
were fabricated from platinum—iridium (Pt-Ir) wire using mechanical fracture at a sharp angle,
producing a nanometer-sharp apex optimal for tunneling current detection.

2.3 Instrumentation and Measurement Conditions

Scanning tunneling microscopy was performed using a Nanosurf NaioSTM system (Nanosurf
AG, Switzerland), featuring active vibration isolation and closed-loop piezoelectric positioning in X,
y, and z directions with sub-nanometer resolution. Measurements were conducted in ambient air.

The microscope operated in both constant-current and constant-height modes. Key parameters
used throughout the study were bias voltage of 1.2 V; setpoint tunneling current of 1.2 nA; PID
feedback are P-gain = 1200, I-gain = 1500; scan time per line is 0.03 s.; resolution: 128 points per
line.
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For constant-height imaging, the z-feedback was disabled after tip stabilization, and tip—
sample distance was adjusted via the relative tip position from —25 nm to -0.14 nm.

2.4 Data Acquisition and Processing

Image acquisition was performed using Nanosurf EasyScan 2 software. Image processing and
topographical analysis were conducted using Gwyddion 2.63, which enabled plane correction, noise
filtering, and extraction of line profiles for terrace height and interatomic spacing measurements.

2.5 Measurement Protocol and Statistical Treatment

To capture atomic features, scan areas were reduced from 30 nm to 10 nm, and finally to 3
nm. Structural data, such as terrace step heights and atomic row spacing, were derived from multiple
line profiles. Each type of measurement was repeated three to five times to ensure reproducibility.
The mean and standard deviation were reported. Values were compared to known crystallographic
standards (e.g., graphene layer thickness ~ 334.8 pm) for validation.

Measurement errors can be caused by the scanning process itself, in particular due to the
temperature dependence of the piezoelectric device. However, more significant deviations are often
associated with improper z alignment along the z-axis or incorrect background correction. To ensure
consistency and accuracy, the relative deviation from the literature values should not exceed
approximately 2%; ideally, this error should be minimised even further. Upon completion of the
measurements, the average value of the data corresponding to each specified step size was calculated
to increase the reliability of the results using the formula:

— 1
m=—%1v (1)
Where, every v; value had divided the sum by the number of values. The standard deviation
was another statistical measure that had indicated the accuracy of the measurements:

1 . 5
s= =X j—m? ()
3. Results and Discussion

3.1 Atomic-Scale Imaging and Step Height Measurement

Figure 1 presents topographic STM images of HOPG at progressively reduced scan areas of
30 nm, 10 nm, and 3 nm. These images were captured in constant-current mode to visualize atomic
terrace steps and atomic lattices.
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Figure 1 — Cross section of atomic Figure 2 — Cross section of atomic
terraces at distance of Az = 332.2 pm terraces at distance of Az = 332.9 pm

In Figure 1, larger terrace features are visible, whereas at 10 nm and 3 nm, atomic resolution
is achieved, revealing the characteristic hexagonal pattern of the graphite surface. In Figure 2 cross-
sectional profiles drawn across these images show measured step heights of 332.2 pm and 333.9 pm
(1.2 pm), in close agreement with the theoretical monolayer thickness of graphite (334.8 pm).

This confirms the STM's capacity to resolve single-layer steps. The interatomic spacing
observed between rows and nearest neighbors (245-248 pm and ~140 pm, respectively) matches the
known graphite lattice constants, validating the calibration and imaging precision.
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3.2 Constant-Height Mode and Tunneling Current Profiles

As previous work has shown [8], every second atom has a neighbouring atom in the lower
layer. Each atom in the upper layer loses electron density to its nearest neighbour in the lower layer,
causing these atoms to appear darker in images obtained using STM. In contrast, atoms that do not
have a direct neighbour below retain their full electron density and appear as bright spots. As noted
earlier [8], it was useful to take measurements using linear scans rather than simple point-to-point
measurements, as this approach allowed for more accurate determination of the distance between
atoms. This trend also confirms trends in Figure 3. In this work, the desired structural information
was also obtained using cross-sections. By drawing a line through a series of atoms and measuring
the distance on the resulting graph, it was possible to choose whether to measure the distance from
one atom to another (from peak to valley, with an approximate distance (d=140 pm) or from one row
of atoms to another (from peak to peak or from valley to valley, with an approximate distance (d=245
pm; Figure 4).

In order to increase the accuracy of measurements and minimise systematic errors, the
distance between 5-10 rows of atoms was measured and then divided by the number of rows, which
gave the average distance between rows. Figure 2 shows STM results obtained in constant-height
mode with the z-feedback loop disabled. Tip—sample distance was controlled by modifying the
relative tip position.
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25.9 nm

Topography range
Raw data
Topography range

Raw dat
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Figure 3 — Cross section of atomic Figure 4 — Cross section through a row of

terraces at distance of Az = 686.1 pm atoms. Distance between lines: d=248.5
pm (hill to hill) z=15.3pm (hill-top to valley)

All images acquired thus far have been obtained using the constant current mode, in which
the tunneling current between the tip and the sample has been maintained at a constant value. Since
the tip—sample distance is proportional to the tunneling current, this distance has also remained
effectively constant. In this mode, the measurement signal has been the elongation of the z-piezo
element, which controls the vertical movement of the tip and closely follows the surface topography.
We now consider the constant height mode, an advanced scanning technique in which the height of
the tip above the sample surface is fixed at a predetermined value.

Figure 5 presents the STM graph presented, obtained in constant height mode, shows the
tunnel current profile along a line 20.7 nm long. In the initial section (0—6 nm), the signal remains
stable (~337 pA), which corresponds to a relatively flat surface. Further on, a sharp increase in current
(up to ~1 nA) is observed in the 6-10 nm section, indicating the presence of a step or a sharp change
in the density of states. In the 10-18 nm range, the curve stabilizes with minor fluctuations, reflecting
a more homogeneous upper region. At the end of the profile (18-20.7 nm), a small increase in the
signal is recorded, possibly associated with local features of the relief or electronic structure. This
type of current distribution indicates the presence of terraces and atomic steps on the surface of the
sample under study.

Figure 6 shows the profile of the tunneling signal along a line 1.25 nm long, taken from the
surface of graphite with atomic resolution.
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The amplitude of the tunneling current varies between 1.09 and 1.3 nA, which corresponds to
the relief formed by individual carbon atoms. The graph clearly shows periodic signal modulation
with a step of about 0.246 nm, which coincides with the interatomic distance in the hexagonal
graphene lattice. A total of about five maxima corresponding to five atomic columns are visualized
on the profile. The vertical dotted lines and black square markers indicate the boundaries of one
characteristic oscillation period, which can be used to estimate the height amplitude of the signal
(~0.2 nA). On the right is a scale of the section position on a two-dimensional topographic map of
the sample. Such a distribution of the tunnel current indicates high structural regularity and planar
uniformity of the graphite surface, and also confirms the reliability of the STM at the atomic scale.

4. Conclusions

1. STM imaging of HOPG revealed atomic terraces and step heights of 332.2-333.9 pm,
closely matching the theoretical monolayer thickness of 334.8 pm.

2. Atomic-resolution scans showed interatomic distances of ~140 pm between nearest
neighbors and ~245-248 pm between atomic rows, consistent with graphite’s lattice parameters.

3. Constant-height mode enabled detailed tunneling current profiling, revealing periodic
modulations with amplitudes of ~0.2 nA and step sizes corresponding to one atomic layer.

4. The study confirms STM’s capability to resolve both vertical and lateral atomic-scale
features with high precision.

5. These findings address the research goal of validating STM performance in resolving
graphite’s atomic structure.

6. Results can be applied for surface quality assessment and calibration of STM systems.

7. Limitations include reliance on ideal graphite samples; future work may explore defect
structures and other materials.
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Abstract. Laser confocal microscopy technique (60 ps laser pulse excitation at 445 nm) and a time-correlated single
photon counting (TCSPC) technique have been used to study photoluminescence (PL) in 710 MeV Bi ion irradiated
MgAI204 single crystals. It was shown that radiation defects produced by swift Bi ions give rise to luminescence with
peak at 1.9 eV. Gaussian deconvolution of the PL spectrum reveals that the band consists of three components: the first
with a peak at 1.8 eV, the second at 2.1 eV, and the third at 2.35 eV. For the spinel sample irradiated to a fluence of ® =
1x10" ions/cm?, both PL and time-resolved photoluminescence (TRPL) spectra were measured as a function of depth
within the irradiated layer using a confocal geometry. It was found that with increasing energy loss due to elastic
collisions, the PL peak undergoes a redshift, which is more pronounced compared to surface emission measurements.
Keywords: MgAI204 single crystals, confocal and time-resolved photoluminescence, radiation-induced defects, swift
heavy ions, tracks.

1. Introduction

Aluminum-magnesium spinel, MgAl:Oas, is one of the most extensively studied optical
materials due to its high radiation resistance, chemical and thermal stability, mechanical strength, and
optical transparency across a wide spectral range—from infrared to ultraviolet. These properties make
it suitable for use as an inert matrix for the transmutation of long-lived actinides, diagnostic windows
in fusion reactors, and in dosimetry applications when doped with transition 3d elements or rare-earth
ions to achieve desired optical properties, among other uses [1], [2], [3].

This potential for various applications has driven continuous and extensive research into the
structure and optical properties of spinel using various radiation sources, primarily neutron and low-
energy ion irradiation [3], [4], [5], [6], [7]. Notably, it has been found that MgAl.Os does not
amorphize under irradiation at temperatures above 300 K up to a radiation damage dose of
approximately 100 dpa [7]. At the same time, spinel—with a relatively low threshold for specific
ionization energy loss (~7.5 keV/nm) required to form latent tracks—is sensitive to swift heavy ion
irradiation that simulates the impact of fission fragments [8].

A detailed analysis of ion track morphology in spinel was carried out in [9], [10][13-16],
where the configuration of isolated ion tracks induced by 200 MeV Xe and 350 MeV Au ions in
stoichiometric spinel, MgO-Al.Os, was studied using high resolution transmission electron
microscopy with bright-field imaging (HR-TEM) combined with high-angle resolution X-ray
spectrometry. It was shown that a single ion track in spinel appears as a circle consisting of three
concentric defect zones. At the center, a phase transformation to a NaCl-type rock-salt structure was
observed (1 nm in radius). This rock-salt-like defect structure was surrounded by a strained region
(radius of 3 nm) and a cation-disordered zone (approximately 5-6 nm in radius). Multiple overlapping
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non-amorphous discontinuous ion tracks led to full amorphization of the irradiated layer in MgAl.Oa
[11].

X-ray diffraction analysis [10] revealed an order-disorder transition in MgAlLO. irradiated
with 765 MeV Kr ions at a high fluence of 10’ cm™ and partial amorphization, without any change
in the space group. However, there was no evidence of a phase transformation to a rock-salt structure,
as the electronic stopping power of 765 MeV Kr ions (Se ~ 14 keV/nm) is significantly lower than
that of 350 MeV Au ions (Se ~ 35 keV/nm).

As far as we know, photoluminescence of MgAl-Os irradiated with high-energy heavy ions in
the regime where electronic stopping exceeds the track formation threshold has not been reported.

The present paper deals with the photoluminescence and pulsed photoluminescence of spinel
crystals irradiated with 710 MeV bismuth when tracks are also created.

2. Methods

In this study, single crystals of stoichiometric MgAl>Oa4 spinel with a thickness of 500 pm and
(100) orientation, purchased from CRYSTAL GmbH (grown using the Czochralski method), were
used. The samples were irradiated with 710 MeV Bi ions at fluences ranging from 1x10'0 to 2x10'2
cm™2 at room temperature using the IC-100 cyclotron at FLNR, JINR, Dubna. The homogeneity of
the ion beam across the irradiated sample surface was monitored via horizontal and vertical beam
scanning and was better than 10%.

To exclude the influence of the unirradiated part of the crystal and to detect the stimulated
emission solely from the near-surface layer of the sample, we employed laser confocal microscopy.
As is well known, unlike standard photoluminescence measurement geometries, confocal microscopy
provides spatial localization of the excitation light beam and enables luminescence detection with a
spatial resolution of approximately 1 um. In our case, this allows measurements to be conducted
within the target layer, where structural modifications are predominantly driven by ionization energy
loss.

Photoluminescence (PL) spectra and kinetics were measured using an Ntegra Spectra confocal
scanning microscope (NT-MDT). The luminescence was excited by a picosecond laser diode head
(PDL 800-D, PicoQuant) operating at an excitation wavelength of 445 + 3 nm and a pulse duration
of approximately 60 ps. The spectra were collected from a subsurface layer no thicker than 2 um. The
optical system provided a depth resolution of 1.7 pm, as determined by scanning the laser spot across
the crystal edge and calculating the first derivative of the luminescence intensity. The decay of time-
resolved photoluminescence (TRPL) at selected wavelengths within the 500-650 nm spectral range
was measured using the time-correlated single photon counting (a time-correlated single photon
counting (TCSPC) technique) technique. Decay curves were analyzed using Easytag 2 software [9].
The signal from the photomultiplier tube (PMA 175, PicoQuant), along with the synchronization
signal from the diode laser, served as inputs for the TCSPC board (TimeHarp, PicoQuant). The
temporal resolution of the system was approximately 200 ps.

3. Results and Discussion

Luminescence was excited at a wavelength of 445 nm (2.75 eV) using pulses with a full width
at half maximum (FWHM) of less than 80 ps. Decay curves in the spectral range of 500—700 nm were
recorded using a system based on a PMA-175 detector and a TCSPC module, with a temporal
resolution of 300 ps. Figure 1 shows the PL dependence on fluence under irradiation with 710 MeV
Bi ions, measured in a standard geometry. A broad PL band is observed in the range of 450—750 nm
(2.76-1.6 eV). As the fluence increases, the luminescence intensity also increases. A slight redshift
of the emission peak is observed. Figure 2 presents the Gaussian decomposition of the PL spectrum
at a fluence of 2x10'? ions/cm?. It consists of three bands: the first with a peak at 1.8 eV and FWHM
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of 0.3 eV; the second with a peak at 2.1 eV and FWHM of 0.4 eV; and the third with a peak at 2.35
eV and FWHM of 0.23 eV.
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Figure 1 — Photoluminescence spectra of Figure 2 — Gaussian decomposition of the
MgAl:Os crystals irradiated with 710 MeV Bi photoluminescence spectrum of MgAl>O4
ions under excitation at Aex = 445 nm crystals irradiated with 710 MeV Bi ions

under excitation at Aex = 445 nm

For the MgAl2Os spinel sample irradiated to a fluence of ® = 1x10'2 cm2, depth-resolved PL
and TRPL spectra were measured using confocal geometry. Figure 3 shows PL spectra recorded on
a cross-sectional cleavage at depths of 2, 12, and 24 pm from the irradiated surface. It was found that,
with increasing energy loss due to elastic collisions, the PL peak shifts toward longer wavelengths.
This redshift is more pronounced than in surface emission measurements, indicating that it is caused
by defects generated via nuclear energy loss mechanisms.
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Figure 3 — Depth dependence of the photoluminescence spectra of an MgAl.Os single crystal
irradiated with Bi ions to a fluence of 1x10'?> cm™2. Excitation wavelength: Aex = 445 nm

A similar effect was previously observed in LiF crystals [ 18], where enhanced PL from F: and
Fs* aggregate color centers was detected. It was suggested that, at the end of the ion track—where
elastic collisions dominate—vacancy production contributes significantly. In MgAl:Os, intrinsic
luminescent centers include F* and F centers, antisite defects, and exciton-related emission.
According to [12], at high concentrations of F* and F centers, PL with a peak at 2.7 eV is observed,
attributed to radiative transitions from excited to ground states of F* and F centers. This 2.7 eV
emission is predominantly excited through absorption by F* centers, likely surrounded by a high
density of defects within their first and second coordination shells.
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X-ray excitation of MgAl.Oa crystals results in a broad emission band in the spectral range of
3.15-4.2 eV (295-354 nm), which, according to [12], is attributed to antisite defects (AD). The origin
of PL with a maximum at 5.3 eV remains unclear [13]. The most common impurities in the MgA1>O4
matrix are Cr** and Mn?" ions [13], as confirmed by the photoluminescence of the as-grown,
unirradiated MgAl:Os crystals shown in Figure 4.
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Figure 4 — Photoluminescence spectrum of an unirradiated MgAl.O4 crystal
excited at 2.78 eV (445 nm)

A sharp shift of the maximum from 2.1 eV at a distance of 12 um to 1.9 eV at the end of the
ion path, accompanied by a surge in intensity, indicates that the stopped bismuth ion created a
deformation field around itself. The track region is amorphized.

Figure 5 shows the kinetic decay curves measured at the same points as the PL spectra (Figure
4). The measurements were taken at the maximum of the PL band. The lifetimes of the excited states
were determined.
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A distinguishing feature of the PPL band at 1.9-2.1 eV is its strong intensity at room
temperature. The decay kinetics of the 1.9 eV band at T = 296 K can be described by a double-
exponential function with two distinct characteristic lifetimes, as presented in Table 1. Based on the
data in Table 1, it can be concluded that the characteristic decay times of both the fast and slower
components of the PPL signal are independent of depth within the measurement uncertainty.

Table 1 — Example of a table

Depth, £'mM t1, ns t2, ns
2 6.46+0.57 12.5+1.6
12 4,43+0.49 11.28+0.37
24 7.86+0.61 13.68+0.75

The formation of tracks in MgAlL:Os spinel crystals irradiated with 710 MeV ions is beyond
doubt, as track formation has been previously observed under irradiation with 100 MeV Xe, 200 MeV
Xe, and 340 MeV Au ions [8], [14], [15]. For instance, the track diameter for 100 MeV Xe ions is
reported to be 4.9-5.1 nm based on small-angle X-ray scattering data [15], which agrees well with
the size of the deformed region observed via transmission electron microscopy [2].

Figure 6 shows transmission electron microscopy images of radiation-induced microstructural
changes in spinel crystals irradiated with Bi ions to a fluence of 10" cm™, obtained at the Joint
Institute for Nuclear Research (JINR), Dubna.

a) Data measured at 100 nm b) Data measured at 10 nm
Figure 6 — High-resolution transmission electron microscopy images of latent ion tracks in
MgAlL:Os spinel irradiated with Bi ions

The track diameter for 100 MeV Xe ions, for example, is reported to be 4.9-5.1 nm based on
small-angle X-ray scattering data [26], which coincides with the size of the deformed region observed
by transmission electron microscopy [13, 23].

The observed photoluminescence is highly sensitive to structural disorder and is likely
associated with the emission from aggregate electronic color centers, such as F»?* centers in Al2Os,
which exhibit a luminescence peak at 2.2 eV [27]. These centers typically form at high fluences due
to track overlapping. The 1.9 eV luminescence enhancement near the end of the ion trajectory may
be related to the creation of vacancies.

4. Conclusions

A photoluminescence (PL) band at 1.9 eV is observed in MgAlL:O4 spinel irradiated with
710 MeV Bi ions. Gaussian deconvolution of the PL spectrum reveals that the band consists of three
components: the first with a peak at 1.8 eV and a full width at half maximum (FWHM) of 0.3 eV, the
second at 2.1 eV (FWHM = 0.4 eV), and the third at 2.35 eV (FWHM =0.23 eV).

For the spinel sample irradiated to a fluence of @ = 1x10'?ions/cm?, both PL and time-
resolved photoluminescence (TRPL) spectra were measured as a function of depth within the
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irradiated layer using a confocal geometry. It was found that with increasing energy loss due to elastic
collisions, the PL peak undergoes a redshift, which is more pronounced compared to surface emission
measurements.

A significant shift of the 2.1 eV peak to 1.9 ¢V at a depth of 12 um—near the end of the ion
range—accompanied by an intensity spike, indicates that the decelerated bismuth ion induces a local
deformation field.

The observed PL is extremely sensitive to structural disorder and is presumably associated
with the luminescence of aggregate electronic color centers, such as F2** centers with a peak emission
at 2.2 eV. These centers are typically formed under high fluence conditions due to overlapping ion
tracks. The 1.9 eV luminescence spike near the ion stopping range may be related to vacancy creation.
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