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Research at the Institute of Atomic Energy of the National Nuclear Center of the Republic of Kazakhstan
(IAE NNC RK) is focused on developing effective technologies for the management of spent nuclear
fuel (SNF) from the BN-350 fast reactor. Among the approaches under consideration is a dilution and
immobilization technology developed for irradiated uranium—graphite fuel from the Impulse Graphite
Reactor (IGR). The process involves dry mixing of highly enriched uranium (HEU) fuel with depleted
uranium dioxide, followed by immobilization through cementation. This study presents a comprehensive
assessment of radiation conditions throughout the technological cycle of HEU fuel processing. Radiation
field analysis at each processing stage is essential for establishing design requirements, optimizing facility
operation, and ensuring personnel protection. Monte Carlo simulations performed using the MCNP code
were employed to evaluate dose distributions and support radiation safety justification of the facility
design. Based on the simulation results, several design modifications were implemented to improve
shielding effectiveness and reduce occupational exposure. The proposed approach introduces a systematic
methodology for radiation field assessment under conditions of incomplete information on fuel distribution,
providing a conservative framework for safety analysis. Given the absence of direct international analogues
for the management of irradiated HEU graphite fuel, the developed methodology offers both practical value
for the IGR fuel immobilization project and potential applicability to future SNF management technologies

for the BN-350 reactor.

Keywords: spent nuclear fuel, management, measured effective dose, radiation situation.

1. Introduction

Currently, the IAE NNC RK is designing a fuel
dilution and immobilization facility (hereinafter re-
ferred to as the facility) for the IGR research reac-
tor [13]. This facility is planned to process the IGR
reactor fuel, which was unloaded in 1966. The main
facility areas include temporary storage for daily fuel
batches, the immobilization area (fuel and “dilutant”
grinding and cementation process), and the barrel
drying area (matrix solution hardening process).

According to international recommendations
for the design and operation of processing facili-
ties [14], all processes must comply with the basic
safety principles: protection of people, prevention
of nuclear materials criticality, control of emissions,
and environmental protection. The facility operation

requires a multi-level system of protective barriers
(defense in depth), with emphasis on the ALARA
principle: keeping radiation doses to personnel and
the public “as low as reasonably achievable.” The
assessment of radiological impact associated with
different fuel management options (e.g., reprocess-
ing versus direct disposal) is well presented in [15].
The article [16] describes a spent nuclear fuel repro-
cessing plant divided into four production areas and
presents methods for assessing the risks associated
with the reprocessing process. These methods make
it possible to predict which areas pose the greatest
hazards and therefore require enhanced control and
protection. Fuzzy comprehensive assessment and
probabilistic statistical analysis methods are used to
calculate the risk level for each assessment unit and
each production area.
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For the monitoring and control of operating
nuclear reactors, various detection modules are be-
ing developed [5]. In study [6], the relationship be-
tween radon accumulation in indoor environments
and the concentration of its decay products in soil is
investigated in order to provide a comprehensive as-
sessment of public health impacts. The article [7] is
devoted to the development of a low-cost alpha and
gamma spectrometric system for experimental phys-
ics and field applications, such as radiation detection
and environmental monitoring of nuclear facilities.

The article [8] presents a method and a frame-
work for optimizing the allocation of radiation moni-
toring resources based on an analysis of nuclear in-
cident risks and the relative importance of facilities
at a spent nuclear fuel (SNF) reprocessing plant. The
study provides a theoretical and technical basis for
safety management and operational decision-making
at SNF reprocessing plants.

In recent years, significant progress has been
achieved in the development of nanostructured ma-
terials within the framework of modern physical
research. In particular, carbon-containing nanoma-
terials synthesized via electric arc discharge exhibit
a high degree of graphitization and a nanoscale struc-
ture (on the order of tens of nanometers), leading to
enhanced thermal stability and electrical conductiv-
ity [9]. Such properties make them promising can-
didates for application in radiation-resistant systems
and functional components operating under extreme
conditions.

Moreover, studies on carbon nanowalls have
shown that their morphology and surface structure
can be precisely controlled, which directly affects
their physicochemical properties. This tunability is
particularly important for processes involving inter-
action with radionuclides, including sorption, surface
binding, and barrier functions [10]. The high specific
surface area of such nanostructures further expands
their potential applicability in nuclear technologies.

The article [11] presents calculation approaches
for estimating personnel radiation doses during the
following technological stages: unloading, disman-
tling, and processing. The calculations accounted for
neutron and photon sources SNF, photon sources in
control rods, and photon sources in structural ma-
terials, including the reactor vessel and fuel assem-
blies. When calculating dose rates from neutrons and
secondary gamma photons, direct calculations us-
ing MCNP-4B produced acceptable results in most
cases, with an acceptable level of methodological un-
certainty. However, for problems involving photon
sources, direct MCNP-4B calculations yielded unsat-

isfactory results due to strong radiation attenuation.
To reduce statistical dispersion, several variance-
reduction techniques were applied, including the as-
signment of different importance values to cells and
the use of the weighted window iteration method.

When assessing the safety of a reprocessing facil-
ity, it is also necessary to take into account the na-
tional context: what standards and legislative features
are in place in the country. Article [12] examines is-
sues of state regulation of safety, as well as the policy
and practice of handling accumulated and generated
radioactive waste in the Republic of Kazakhstan. The
Republic of Kazakhstan does not have industrial fa-
cilities for reprocessing SNF, and the main focus is
on the safe storage, conditioning, and accounting of
nuclear materials. The developed infrastructure of
the NNC RK and international cooperation provide
support for the radiation monitoring system and the
improvement of the regulatory and technical frame-
work. The national approach is based on the princi-
ples of multi-level protection and risk assessment to
ensure long-term nuclear and radiation safety.

The present study is based on Monte Carlo simu-
lations performed to assess radiation conditions in
various areas of the facility and to establish require-
ments for the design, construction, and operation of
process equipment, as well as to ensure adequate
radiation protection of personnel. A particular chal-
lenge of the considered system is the uncertainty as-
sociated with the spatial distribution of irradiated fuel
within the technological equipment. To address this
issue, a set of conservative fuel distribution scenarios
was developed and analyzed.

The calculations made it possible to identify the
most unfavorable operating conditions, determine the
factors having the greatest influence on dose forma-
tion, and evaluate the effectiveness of the proposed
shielding solutions. The results were subsequently
used to support design decisions and optimize the
radiation protection measures incorporated into the
facility project. The proposed approach may also be
useful for radiation safety assessments of other facili-
ties involved in the handling and processing of spent
nuclear fuel under conditions where the exact distri-
bution of radioactive materials cannot be determined
with sufficient accuracy.

2. Methodology

The irradiated graphite fuel from the IGR reac-
tor has an enrichment of up to 90% in *>U, which is
classified as highly enriched uranium (HEU), and in
order to remove the material from TAEA safeguards,
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it is planned to reduce the fuel enrichment in U to
5%. The dry mixing method was chosen as the de-
sign solution for the HEU fuel dilution stage. This
method involves the joint grinding of the fuel and
depleted uranium dioxide to a fraction of =200 um
in specified ratios. Next, the diluted fuel is immobi-
lized by cementation. Cementation of irradiated, now
low-enriched uranium (LEU) fuel is carried out in a
type “A” barrel (55 gallons) with a built-in mixer, in
accordance with the developed technological regu-
lations and using the established matrix recipe [13].
The concentration of fuel in the cement matrix does
not exceed 50 ppm of 23U [14,15].

During operation (from 1962 to 1966), the fuel
received a dose of 4 x 10'8 n/cm? The maximum
temperature during reactor operation was approxi-
mately 2000 K, and the fuel burnup was less than
1%. Irradiated elements are expected to be handled
in the form of blocks (Figure 1) and rods, as well as
fragments thereof.

The estimated radionuclide composition and ac-
tivity of the fuel are presented in Table 1.

Table 1. Number and activity of nuclides in irradiated graphite
HEU fuel from the IGR reactor.

N Nuclide NO f(gﬁgzle)r Maint;z;)(iiation Q (asce‘[éxity),
1 ¥1Cs 9.65-10% B,y 7.03-10"
2 PSr 8.00-10% B 6.15-10"
3 51Sm 9.03-10" B 2.20-10'"
4 PTc 2.71-10% B 2.21-108
5 15SEu 1.36:10' B,y 6.04-107
6 3Zr 3.11-10% B 4.38-107
7 135Cs 3.00-10* B 2.86:107
8 121 5.93-10% B,y 8.30-10°
9 107pd 1.30-10% B 4.20-10°

Among the radionuclides listed in the table,
only *’Cs exhibits both a high gamma-ray emis-
sion yield and significant activity, making it the
dominant source of gamma radiation. Its activity
is 7.03x10'"' 57!, which is the highest among the ra-
dionuclides considered. During the decay of *’Cs,
metastable *"™Ba is produced, emitting gamma
photons with an energy of approximately 662 keV.
The remaining radionuclides are predominantly
beta emitters or possess insufficient gamma activ-
ity to make a significant contribution to the radia-
tion field.

6

The measured effective dose (MED) of gamma
radiation on the surface of uranium-graphite blocks
stored in the storage is approximately 2 - 2.5 uSv/h,
and at a distance of 10 cm from a single block of
irradiated fuel, it is approximately 0.33 uSv/h. The
nuclide '’Cs contributes most significantly to the
gamma radiation level. The activity of *’Cs in a sin-
gle graphite block weighing 2 kg was assumed to be
10® Bq.

To carry out the immobilization and dilution pro-
cess, preliminary work was performed to repackage
the spent fuel into daily containers. A total of 640
blocks were extracted and repackaged.

The technological scheme for diluting HEU fuel:
first, uranium-graphite blocks are pre-crushed and
ground. For this purpose, a jaw crusher will be used,
which allows the entire irradiated block to be loaded
and ensures grinding to fractions of 25-5 mm. Fur-
ther grinding of the fuel is carried out together with
depleted uranium dioxide in a ball mill or rotary fine
grinding mill. The next stage involves cementing, in
which the proportion of solid radioactive waste intro-
duced must not exceed 20%. The final stage involves
pouring and mixing the cement mixture into contain-
ers — 200-liter barrels — and then transporting them to
specialized storage facilities.

Figure 1 shows the design of the facility. The
rooms in the planned building are divided into zones
with different levels of radiation safety, each with cor-
responding access restrictions. The building design
have been developed taking into account radiation
protection requirements, including the use of protec-
tive barriers and structural elements to minimize ra-
diation exposure. HEU fuel will be stored in special
containers and equipment at all stages of operation;
open handling is not permitted. The technological
equipment is designed to be reliable and convenient
to operate, made of corrosion-resistant and radiation-
resistant materials that can be decontaminated, has
the necessary tightness, and provides the possibility
of using remote methods for equipment operation and
monitoring. Figure 1 shows rather the technological
chains in the process of processing blocks.

According to the project, personnel are restricted
to spending only limited amounts of time in rooms
with high radiation levels in order to ensure that per-
missible exposure levels are not exceeded.

This paper considers a radiation scenario describ-
ing the full processing cycle: from loading the graph-
ite block into the crusher to placing the cemented
LEU fuel into a container. At all stages of the cycle:
grinding, mixing, cementation will be conducted on
grinding installation (Fig. 2).
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Figure 1. Design of HEU fuel dilution and immobilization facility.

1 —service area; 2 — weight dispenser stand; 3 — turbine vacuum
cleaner; 4 — feeder and mill support; 5 — universal mill (point 3)
(A4); 6 — weight dispenser (point 4) (AS8); 7 — storage hopper
(A6); 8 — cyclone support; 9 — double cyclone (A5); 10 — jaw
crusher (A2); 11 —rotary valve; 12 — loading chamber support;
13 — adapter; 14 — feed chamber (point 1) (A1); 15 — pedestal;
16 — air filter; 17 — chute; 18 — electromagnetic dosing feeder
(point 2) (A3).

Figure 2. Grinding installation.

According to the technology, only two graph-
ite blocks will be processed per cycle, due to activ-
ity and permissible dose limits. However, the most
complex scenario takes into account the potential
for graphite dust to remain in various parts of the
equipment.

This discretization is not arbitrary, but reflects
the actual dynamics of fuel transport and accumula-
tion in the system. This demonstrates the reliability
of the model’s conservatism and the representative-
ness of the results.

During the calculations, the radiation sources
were specified in volumetric form as entire blocks
on the production line and as volumetric cylindrical
sources in the storage warehouse (barrels). This has
been corrected in the article.

Systematic uncertainties were taken into account
when defining the geometry. The fuel position was
selected at five points, corresponding to the maxi-
mum amount of fuel transported within the facility.
It was conservatively assumed that two fuel blocks
remain in the facility at all times as dust deposited
on the internal equipment. Therefore, it was assumed
that 0.5 blocks were always present at each calcula-
tion point.



Radiation safety justification of spent nuclear fuel...

Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 4-17

The facility was not modeled; the calculation ge-
ometry included only radiation shielding elements
(glass and screens) and building structures, specifi-
cally the room walls and metal barrels, which signifi-
cantly impact dose distribution.

Uncertainties in the fuel composition were also
considered when developing the scenario (graph-
ite was specified without additional impurities that
have an absorbing effect), and the activity of a single
graphite block was chosen to be maximum. Various
scenarios were considered, taking into account the
uncertainty in the geometry, shielding, and fuel dis-
tribution within the facility.

When conducting calculations, the facility was
not modeled in detail as having complex industrial
geometry. This is due to conservatism; all the facility
components are made of stainless steel, which serves
as an additional absorbing element. However, when
constructing the models, we took into account that
this could affect scattering, shielding, and the overall
formation of dose fields.

The adopted approach represents a generalized
methodology for handling incomplete source term
information, where discrete conservative scenarios
are used to approximate the envelope of possible fuel
distributions.

Such an approach allows the identification of
bounding radiation conditions without requiring de-

tailed real-time material tracking, which is often un-
available at early design stages.

3. Calculation methodology

The calculations were performed in 3D geometry
using the MCNP6 code. Conservative approaches
and assumptions were applied in setting up the tasks
and modeling. The Visual Editor and Excel were
used for visualization.

Due to the lack of detailed data on fuel distri-
bution at each point of the grinding installation,
the following assumptions were made to simplify
the calculation. The fuel distribution was evaluat-
ed at five key locations corresponding to the maxi-
mum amount of fuel during its movement through
the facility: point 1 — the loading throat of the jaw
crusher; point 2 — the electromagnetic metering
feeder; point 3 — the mill; point 4 — the receiving
hopper of the weigh feeder; point 0 — the bottom
of the barrel.

A conservative assumption was made that two
fuel blocks that two fuel blocks, in the form of dust
settled on the internal equipment, remain in the in-
stallation at all times. Thus, it is assumed that 0.5
blocks are constantly present at each calculation
point. Table 2 presents five scenarios for fuel place-
ment at the service area and site.

Table 2. HEU fuel location in the installation of fuel dilution and immobilization.

. Option
Scenario
Point 1 Point 2 Point 3 Point 4 Point 0 (Barrel)
1 2.5 block 0.5 block 0.5 block 0.5 block -
2 1.5 block 1.5 block 0.5 block 0.5 block -
3 0.5 block 1.5 block 1.5 block 0.5 block -
4 0.5 block 0.5 block 0.5 block 2.5 block -
5 0.5 block 0.5 block 0.5 block 0.5 block 2 blocks evenly distributed

in the cement matrix

For dose field calculations in MCNP, the F4 tally
was employed, followed by dose conversion from
particle flux to effective dose. The conversion was
performed using photon fluence-to-effective dose co-
efficients for air corresponding to the anterior—poste-
rior irradiation geometry (AP, eng). The adopted ef-
fective dose conversion coefficients were taken from
On the Approval of Hygienic Standards for Radiation
Safety Requirements (02/08/2022).

Photon libraries mcplib84, included in MCNP6
and based on the ENDF/B-VI.8 nuclear data files,
were used in the calculations. The selection of this
library was motivated by its status as a standard and
validated dataset, ensuring reproducibility and com-
parability of the simulation results.

Dose calculations were performed using the
MCNP code (Monte Carlo method) [16, 17]. The
models were constructed considering the area where
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the equipment is located and the facility as a whole.
For a conservative assessment, the installation itself
was not explicitly modeled was not modeled, but ra-
diation protection elements and building structures
that have a significant impact on dose distribution
were included in the calculated geometry.

During the modeling, a minimal number of ob-
jects was specified — only walls, blocks, and, in the
second version of the project, radiation protection
screens.

The radiation sources were specified as volume
sources with constant energy characteristics. Five
scenarios were considered, differing in the position
of the sources and the configuration of the protective
elements. For each scenario, the dose fields at the ser-
vice area and the site as a whole were calculated. For
each scenario, at least 10'? particles were simulated,
which ensured a statistical error of no more than 10~
near the sources.

The first version of the project assumed the ab-
sence of radiation-protective screens near the grind-
ing unit equipment, and the absence of mobile radi-
ation-protective screens when the barrel is full at the
mixing unit and in the holding area.

4. Results and discussion

Nuclear safety at the fuel dilution and immobi-
lization facility is ensured by limiting the number of
fissile materials based on its isotopic composition. In
accordance with [18], the designed building is not
classified as a nuclear hazard area, since the total

mass of #°U present at any given time in the pro-
duction facilities where nuclear materials are handled
does not exceed 300 g.

To analyze the radiation situation within the fa-
cility, two volumetric dose fields were constructed:
one at floor level “0” and the other at service area
level “+3” (1.5 m above floor level). The calculation
results made it possible to identify areas with in-
creased radiation and formed the basis for the design
of a multilayer radiation protection system located in
the most vulnerable areas of radiation propagation.

The results are presented in figures 3a — 8a in the
form of effective dose distribution maps constructed
on the basis of dose function data [19] in planes cor-
responding to working levels. As a result of calcula-
tions for areas where work with HEU fuel is carried
out, it was proposed to strengthen radiation protec-
tion measures and use the following to protect per-
sonnel:

- from the grinding equipment - RZM Abris-1,
RZM Abris-2, RZM Abris-3 radiation protection
mats;

- from the filled barrel at the mixing unit - ZS-
311A mobile radiation protection screens;

- for filled barrels at the filled barrel storage area -
7S-321A mobile radiation protection screens.

The project also provides for the organization of
dosimetric control. The effective dose distribution
maps after strengthening protective measures are
shown in Figures 3 and 8 with index b. In Figures
3-8, a darker shade of color corresponds to a higher
dose value.

b)

Figure 3. Scenario 1: a) initial version; b) final version.



Radiation safety justification of spent nuclear fuel... Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 4-17

a) b)

Figure 4. Scenario 2: a) initial version; b) final version.

a) b)

Figure 5. Scenario 3: a) initial version; b) final version.

o

a) b)

Figure 6. Scenario 4: a) initial version; b) final version.
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a) b)

Figure 7. Scenario 5: a) initial version; b) final version.

The initial version of the project provided were relocated to a separate room with additional
the placement of a total of 15 barrels containing  lead plate shielding. Figure 8 shows the arrange-
cemented LEU fuel. After the calculations, the  ment of barrels with cemented LEU fuel in the
number of barrels was reduced to 5, and they initial design.

AR RERR Y

a) b)

Figure 8. Initial placement of barrels containing cemented LEU fuel: a) central hall; b) barrel storage room.

Table 3. Maximum MED value in key positions, uSv/h.

Scenarios for the simultaneous presence of spent nuclear fuel at points

Distance, m
1 2 3 4 5
Mixing barrel
0,02 (close to the barrel) 7.14 8.62 10.10 18.49 122.00
0,5 (from the barrel) 4.55 5.38 6.20 9.69 17.64
1 (from the barrel) 3.28 3.78 427 6.07 7.64
2 (from the barrel) 2.04 2.26 2.47 3.15 3.01
3 (from the barrel) 1.48 1.60 1.71 2.06 1.79
4 (from the barrel) 0.81 0.81 0.81 0.81 0.81
Service area for the grinding plant
0,02 (inside the loading chamber) 5137.56 3102.08 1056.90 1049.10 1038.55

11
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Continuation of the table

Scenarios for the simultaneous presence of spent nuclear fuel at points

Distance, m ’ 5 3 p 5

0,02 (close to the loading chamber) 194.94 134.55 65.73 56.26 48.73
0,5 (from the loading chamber) 31.16 27.91 21.47 16.51 11.95
1 (from the loading chamber) 13.26 13.16 11.97 8.90 6.29
2 (from the loading chamber) 4.73 4.95 4.90 3.90 2.65

Boundary of the site

In front of the wall (along the perimeter of

the room 32) 0.98 1.02 1.12 1.13 0.82
E)Zlgl“gzt?e wall (along the perimeter of 0.0028 0.0032 0.004 0.0039 0.0025
Behind the leaded windows 0.66 1.20 1.46 1.99 1.13
Behind the partition wall 0.05 0.09 0.12 0.05 0.05
Center of the site
Zone A 1041.69 1057.63 3106.78 5136.69 1045.22
On the border of the first RPM 835.22 846.67 2489.22 854.43 835.90
Zone B After the first RPM 407.83 417.94 1210.07 424.01 408.87
Before the second RPM 11.05 13.40 23.69 19.99 11.34
Zone € After the second RPM 9.67 11.83 20.78 17.72 9.91
* RPM — On the border of the first radiation protection mats
The first shielding layer significantly reduces the ~ Table 4. MED values near a group of 5 barrels.
radiation level, by more than a factor of two com-
pared to the initial values. The second layer further Distance, m MED value puSv/h
decreases the dose. However, its effectiveness is
lower, which is attributed to the fact that irradiation 0.02 (close to the barrels) 151.06
in this region occurs from all directions rather than 0.02 (close to the RPM) 81.22
predomipqqtly frqrn a single side. . . 0.5 (from the RPM) 30.11
The initial design called for 15 drums of immobi-
lized spent nuclear fuel to be placed in the reprocess- I (from the RPM) 15.88
ing room. Following radiation safety calculations, the 2 (from the RPM) 6.34

number of drums was reduced to five, and they were
moved to a separate room with additional shielding
in the form of lead plates.

The effective dose rate from a group of five
drums of the mixer containing the spent nuclear fuel
matrix solution was calculated, taking into account
the installation of lead plate shields. The results are
presented in Table 4.

12

The maximum values of the MED along the
OX axis are presented in the form of graphs in
Figure 9. The numerical values of the MED are
presented in logarithmic form at the site and ser-
vice area.
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Analysis of the causes of maximum dose genera-
tion

An analysis of the distribution of the maximum
effective dose rate (EDR) shows that the nature of
the radiation field is determined not only by the total
activity of the sources, but primarily by their spatial
location relative to the working areas and the effec-
tiveness of their shielding.

The highest DER values are observed in the im-
mediate vicinity of the grinding unit loading cham-
ber and in the central part of the section, where the
arrangement of the graphite blocks creates the most
intense local gamma field. Thus, the maximum DER
inside the loading chamber reaches 5137.56 uSv/h
(scenario 1), while at a distance of 0.5—1 m, the level
decreases by more than an order of magnitude. This
indicates the dominant influence of the geometric
factor and the law of radiation attenuation with dis-
tance, as well as the high sensitivity of dose loads to
the local concentration of radioactive material.

A different mechanism for dose field generation
is observed for the mixing drum. The maximum value
(122 pSv/h) is achieved only in scenario 5 when lo-
cated close to the barrel; however, at a distance of 1-2
meters, the difference between the scenarios decreases
significantly. This indicates that the effect of fuel re-
distribution is localized, and the dose increase is due
to the formation of a limited area of increased activity
located in close proximity to the work position.

Additional analysis demonstrates the high effec-
tiveness of engineered barriers. Despite significant
radiation levels inside the central hall, the dose rate
decreases by several orders of magnitude behind pro-
tective walls and shields. For example, behind the
perimeter wall of the central hall, the values are only
(2.5-4.0)x107® uSv/h, confirming the sufficient effec-
tiveness of biological shielding and the localization
of radiation exposure within the process zone.

Thus, the determining factor in the formation of
maximum doses is the localized accumulation of the
source in an unfavorable geometric configuration,
and not solely the total mass or activity of the fuel.
This confirms the need to analyze material redistri-
bution scenarios as a key element of a conservative
radiation safety assessment.

A comparison of the scenarios shows that the
most conservative (worst-case) scenario depends on
the control zone under consideration, as the maxi-
mum doses occur in different HEU configurations.

For the loading chamber of the milling facility,
the worst-case scenario is Scenario 1, in which the
DER inside the chamber reaches 5137.56 uSv/h, and
close to the chamber, 194.94 uSv/h. This is likely due
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to the configuration in which the source is located as
close as possible to the loading area, ensuring mini-
mal geometric attenuation and the absence of inter-
mediate shielding elements.

In the central part of the section, the highest va-
lues are observed for Scenario 4, where the DER in
Zone A is 5136.69 pSv/h, significantly exceeding al-
ternative configurations. Similarly, at the boundary of
the first radiation shield, the maximum is realized in
scenario 3 (2489.22 uSv/h), and after the first shield,
also in scenario 3 (1210.07 uSv/h). This indicates a
pronounced dependence of the dose field on the spa-
tial redistribution of the source and the relative posi-
tion of the protective shields.

Scenario 5 for the mixing barrel requires spe-
cial attention, as it leads to a sharp local maximum
(122 pSv/h) in the immediate vicinity of the equip-
ment, despite the absence of extreme values at other
control points. Therefore, this scenario should be
considered a local worst-case scenario for equipment
maintenance operations, although it is not the most
radiation-intensive on a site-wide scale.

Overall, the results show that there is no single
worst-case scenario for the entire facility. The most
conservative estimate is achieved by analyzing a set
of scenarios, since different fuel configurations lead
to maxima in different critical zones. This approach
is more physically sound than choosing a single li-
miting case and provides a conservative assessment
of radiation safety with incomplete information on
the fuel distribution.

The obtained results demonstrate a pronounced
dependence of dose fields on the spatial distribution
of radiation sources and the configuration of techno-
logical equipment. The highest dose rate values are
observed near regions with localized material accu-
mulation, confirming the key role of geometry and
non-uniform radionuclide distribution in shaping
the radiation environment. In this context, the total
source activity appears to be a less decisive factor
than its spatial localization.

The installation of additional radiation shielding
reduced dose rates by approximately a factor of two
in the most highly loaded working area (Zone B),
whereas in the less loaded area (Zone C), the shield-
ing effect was limited to approximately 10—15%.
These values are consistent with findings reported
in previously published studies, where Monte Carlo
simulations demonstrated that local shielding config-
urations in spent nuclear fuel handling systems can
reduce dose fields from several tens of percent up to
multiple-fold decreases, depending on system geo-
metry and shield placement [20].
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An important factor determining radiation
shielding effectiveness is the spatial configuration of
sources and shielding structures. As reported in the
literature, even when identical shielding materials
are used, variations in their arrangement and relative
geometry with respect to the source can result in sig-
nificant redistribution of dose fields and changes in
local dose maxima [21]. In this regard, the observed
difference in shielding effectiveness among various
facility zones can be explained by a combination of
geometric factors, shielding by structural compo-
nents, and heterogeneous source distribution.

It should be noted that the computational model
is based on a number of conservative assumptions
related to the simplified representation of equipment
geometry and the absence of a detailed description of
internal structural elements. In addition, the source
distribution was defined through scenario-based as-
sumptions due to insufficient initial information re-
garding the actual fuel configuration during repro-
cessing. Such an approach enables the derivation of
upper-bound dose estimates sufficient for radiation
safety justification and engineering decision-making.

Thus, the calculation results confirm the appli-
cability of the scenario-based Monte Carlo approach
for radiation environment assessment under condi-
tions of incomplete input data and demonstrate the
importance of accounting for geometric factors in the
design of radiation protection systems.

The results obtained in this work show that the
distribution of radioactive material within the process
equipment has a significant influence on the radiation
conditions at the facility. In particular, local accumu-
lations of fuel may lead to substantially higher dose
rates than those predicted from the total fuel inven-
tory alone. This observation should be taken into ac-
count when developing shielding systems and select-
ing equipment layouts.

The performed calculations demonstrate that the
use of several conservative fuel distribution scenarios
makes it possible to assess radiation conditions under
limited information about the actual location of ra-
dioactive materials. Such an approach can be applied
at the design stage to identify potentially unfavorable
operating conditions and to evaluate the effective-
ness of proposed radiation protection measures.

The obtained results were used to support en-
gineering decisions related to shielding design and
personnel protection. The methodology developed in
this study may also be useful for radiation safety as-
sessments of other spent fuel handling and process-
ing facilities where uncertainties in material distribu-
tion are present.

5. Conclusion

This section should summarize the main findings
of the study in a concise and clear manner, directly
reflecting the stated objectives. It should highlight
the scientific novelty and key contributions without
repeating detailed results. Authors should indicate
the practical significance and potential applications
of the work, as well as its limitations. Where appro-
priate, brief recommendations for future research
may be included.

An assessment of the radiation situation during
the dilution process of HEU graphite fuel from the
IGR reactor was performed based on the layout of
the grinding and immobilization equipment in the
designed facility. Due to the lack of quantitative in-
formation on the fuel distribution at each point of
the installation, five scenarios representing different
simultaneous distributions of HEU fuel blocks were
considered:

Scenario 2: The maximum number of HEU fuel
blocks (1.5 blocks) is located in the feed hopper of
the jaw crusher and in the electromagnetic dosing
feeder. At the remaining two positions — the mill and
the receiving hopper of the weigh feeder — 0.5 HEU
fuel blocks are assumed at each location.

Scenario 3: The maximum number of HEU fuel
blocks (1.5 blocks) is located in the mill and in the
electromagnetic dosing feeder. At the other two posi-
tions — the loading throat of the jaw crusher and the
receiving hopper of the weigh feeder — 0.5 HEU fuel
blocks are assumed at each location.

Scenario 4: The maximum number of HEU fuel
blocks (2.5 blocks) is located in the receiving hopper
of the weigh feeder. At the remaining positions — the
feed inlet of the jaw crusher, the mill, and the elec-
tromagnetic dosing feeder — 0.5 HEU fuel blocks are
assumed at each location.

Scenario 5: The maximum number of HEU fuel
blocks (2 blocks) is uniformly distributed within the
cement matrix inside the barrel, while 0.5 HEU fuel
blocks are assumed at each of the other positions.
The research results were used to revise the facility
design and justify the use of additional equipment to
ensure normal operation of the technological process.

Based on the calculation results, the following
modifications were implemented:

1. Three SRZ-6 lead glass windows (lead equiva-
lent of 12 mm) were added for monitoring the tech-
nological process.

2. Radiation protection screens made of

- SRZ-Z lead glass (lead equivalent of 2.5 mm)
were installed in the loading chamber;
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- RZM Abris mats were added in the service area.

3.With regard to the barrels containing cemented
LEU fuel:

- The number of barrels with spent nuclear fuel
was reduced, and the barrels were relocated to a sepa-
rate room.

- In the barrel storage room, 10 mm thick lead
plate shields were installed on three sides of the bar-
rel storage area.

In conclusion, this study extends beyond a con-
ventional engineering assessment by proposing a
systematic methodology for evaluating radiation
fields under conditions of incomplete information on
fuel distribution.

The work introduces a conservative, scenario-
based modeling framework that enables the repre-
sentation of uncertain fuel configurations in complex
technological systems. It demonstrates that peak dose
formation is governed primarily by localized fuel ac-
cumulation rather than by the total fuel mass, thereby
refining the understanding of key radiological driv-
ers. In addition, the study provides a quantitative as-
sessment of shielding effectiveness, directly linking
Monte Carlo simulation results with design optimiza-
tion decisions.

Importantly, the proposed approach is transfer-
able and can be applied to a wide range of spent
nuclear fuel management systems. Overall, the meth-

odology offers not only site-specific insights but also
a generalized framework for radiation safety analysis
in fuel processing facilities.

The facility design was subjected to expert re-
view. It was concluded that the designed dilution fa-
cility complies with the safety requirements specified
in the technical documentation, as well as with the
applicable rules and regulations of the Republic of
Kazakhstan governing the use of nuclear energy.
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Ultrafast femtosecond laser processing provides a versatile platform for precision micro- and nanoscale
modification of wide-bandgap materials such as diamond. In this work, the formation of microscale and sub-
micron surface features on high-pressure high-temperature (HPHT) single-crystal diamond and chemical
vapor deposition (CVD) diamond films is investigated using high-repetition-rate femtosecond laser pulses.
Systematic experiments examined the influence of laser fluence, pulse energy, and spatial pulse overlap
on ablation morphology, feature dimensions, and material response. Arrays of craters, microchannels, and
reservoir structures were fabricated through localized ablation, demonstrating the capability of femtosecond
laser processing for flexible surface microstructuring of diamond. Differences in ablation behavior between
HPHT single-crystal and polycrystalline CVD diamond were analyzed in terms of structural and electronic
properties. The depth of laser-machined features was determined using an acetate replication technique
followed by scanning electron microscopy. Results show a strong dependence of feature geometry and
ablation efficiency on processing conditions, with single-crystal diamond exhibiting deeper ablation and
sharper features at comparable fluence. These findings highlight the role of nonlinear absorption and defect-
mediated carrier dynamics in ultrafast laser—diamond interactions and suggest applications in diamond-
based microfluidic devices, field-emission structures, and advanced electronic and photonic systems.

Keywords: femtosecond laser, laser ablation, diamond micromachining, laser nanomachining, ultrafast

laser processing.

1. Introduction

Femtosecond laser micro- and nanomachining
has emerged as a powerful technique for precision
material processing due to its ability to deposit ener-
gy on timescales shorter than thermal diffusion with-
in the lattice. As a result, energy confinement within
the focal volume enables highly localized structural
modification and material removal with minimal
heat-affected zones and excellent spatial precision
[1-4]. These characteristics make ultrafast laser pro-
cessing particularly attractive for the fabrication of
microscale and nanoscale structures in materials that
are otherwise difficult to machine using conventional
techniques. Recent studies have also investigated
nanostructured materials and their optical proper-
ties in related contexts [S]. Wide range of materials
including silicon nanostructures and carbon-based
coating have been explored for technological appli-
cations [6].
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Laser—matter interaction in wide-bandgap mate-
rials under ultrafast excitation is governed by strong-
field ionization processes including multiphoton ion-
ization, tunneling ionization described by Keldysh
theory, and avalanche ionization driven by impact
excitation [7-9]. Under sufficiently high intensities,
these processes generate a dense electron plasma
within the focal volume. Subsequent energy transfer
from the excited electron system to the lattice can
lead to a variety of material removal mechanisms,
including Coulomb explosion, phase explosion, and
rapid melting followed by vaporization [10, 4]. The
relative contribution of these mechanisms depends
on laser parameters such as pulse duration, fluence,
and repetition rate, as well as on the electronic and
structural properties of the material.

Diamond is a particularly compelling platform
for ultrafast laser processing due to its exceptional
physical and electronic properties. The growth and
structural properties of diamond films produced by
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CVD methods have been widely investigated [11].
Diamond exhibits the highest known thermal con-
ductivity among bulk materials, extreme mechani-
cal hardness, chemical inertness, and a wide elec-
tronic bandgap of approximately 5.5 eV [12]. These
properties make diamond attractive for a wide range
of advanced technologies, including high-power
electronics, quantum photonics, radiation detectors,
field-emission devices, and microfluidic systems
[13-17].

In this work, we investigate femtosecond laser
microstructuring of high-pressure high-temperature
(HPHT) single-crystal diamond and plasma-en-
hanced chemical vapor deposition (PE-CVD) dia-
mond films using high-repetition-rate femtosecond
laser pulses. The influence of laser pulse energy,
spatial overlap, and material structure on ablation
morphology and feature formation is examined.
Particular attention is given to the role of nonlinear
absorption, incubation effects, and defect-mediated
carrier dynamics in determining ablation efficiency
and feature geometry.

2. Materials and methods

All surface features in this study were fabricat-
ed using a customized femtosecond laser ablation
system. The system consisted of a diode-pumped,
frequency-doubled Neodymium-doped Yttrium Or-
thovanadate (Nd:YVO,) pump laser operating at 532
nm (Verdi V18, Coherent, Inc.), which pumped a
Ti:Sapphire laser oscillator (Tsunami, Spectra-Phys-
ics, Inc.) and a regenerative amplifier (RegA 9000,
Coherent, Inc.). The system produced ultrafast laser
pulses at a central wavelength of 800 nm with a pulse
duration of approximately 200 fs, pulse energies up
to 4 wJ, and repetition rates as high as 250 kHz. The
repetition rates could be controlled by an external
transistor-transistor logic (TTL) pulse generator, di-
rectly connected to the amplifier.

The ablation time during experiments was con-
trolled using an externally triggered mechanical shut-
ter. Laser power was controlled by a neutral density
filter placed into the beam path. The laser beam was
focused onto the front surface of the samples us-
ing microscope objectives with numerical apertures
(NA) of 0.85 and 0.90. Under these focusing condi-
tions, the resulting focal spot diameter was approx-
imately 0.55 pm. The objective was mounted on a
stage with adjustable Z-positioning to allow precise
focusing on the sample surface. The optical delivery
system also enabled direct observation of the ablation
region through a 10x eyepiece and a high-resolution
digital camera.

Precise sample positioning was achieved using
a piezoelectric nanopositioning stage (Mad City
Labs, Inc.) that provided nanometer-scale resolu-
tion with a travel range of 200 pm in the X-Y di-
rections and 100 pm in the Z direction. This stage
was mounted on a larger-range X-Y microstage
(McBain, Inc. precision stages equipped with Com-
pumotor, Inc. stepper motors and National Instru-
ments motor drivers). During the ablation process,
the microstage remained fixed while the piezoelec-
tric stage translated the sample at a scanning speed
of approximately 11 pm/s to generate the desired
micropatterns. Both positioning stages, as well as
the mechanical shutter, were controlled through
LabVIEW™ goftware. In addition to enabling the
fabrication of individual features on a variety of ma-
terials, this configuration allowed precise alignment
and placement of microstructures through software-
controlled positioning with nanometer-scale accu-
racy. A He:Ne laser was introduced to the system
for precise positioning purposes [18].

Figure 1 shows the experimental setup used for
femtosecond laser ablation of diamond film surfaces
[19]. Several corrective lenses were placed in the
beam path to compensate for beam divergence and to
match the beam size with the entrance aperture of the
objective lens. The placement and optical configu-
ration of these lenses were optimized using Zemax
software in order to minimize spherical aberrations
and preserve beam quality at the focus. This optical
arrangement enabled high precision during laser ab-
lation process and provided a flexible platform for
performing parametric studies of laser ablation and
micromachining across a broad range of operating
conditions.

All experiments were performed in a controlled
environment of a Class-1000 Clean Room. The sam-
ples were cleaned with acetone, methanol, and deion-
ized water in an ultrasonic bath prior to laser ablation.

While the width of features, such as small holes,
machined by femtosecond laser can be estimated
from the numerical aperture of the focusing objec-
tive lens, the depth cannot be directly measured dur-
ing laser machining. After ablation, sample surfaces
were cleaned again, and replicated with cellulose-
based acetate films. The acetate replication technique
provides a cost-efficient, reliable, and nondestruc-
tive method for depth estimation. However, its fi-
delity depends on the aspect ratio of the replicated
features. The reported depth values for high-aspect-
ratio features should be considered as approximate
lower bounds. Extended acetate film application and
drying times were used to maximize filling, and the
consistency of replica morphology in SEM images
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supports adequate, though potentially not complete,
penetration of the acetate material into these features
This technique and the validity of depth estimation
are described in detail in our previous work [18].
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The replicas and diamond samples were then sputter-
coated with carbon, platinum, or gold for conductiv-
ity and imaged with the Scanning Electron Micro-
scope (SEM).
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Figure 1. Schematic diagram of experimental setup for laser micro- and nanomachining.

In our experiments, we investigated two types of
diamond materials: single-crystal diamond synthe-
sized by the high-pressure high-temperature (HPHT)
process, and polycrystalline diamond films produced
by plasma-enhanced chemical vapor deposition (PE-
CVD) [20, 21], a technique widely used for the fab-
rication of diamond-based and diamond-like carbon
films for technological applications [22]. Ideal sin-
gle-crystal diamond is largely transparent at the la-
ser wavelength of 800 nm due to its wide electronic
bandgap (~5.5 eV). Consequently, energy deposition
under ultrafast irradiation occurs primarily through
nonlinear absorption mechanisms such as multi-
photon ionization and avalanche ionization [23]. In
contrast, polycrystalline CVD diamond films often
contain grain boundaries, defect states, and regions
of sp>-bonded carbon, which introduce sub-bandgap
electronic states that can enhance linear and defect-
assisted absorption at near-infrared wavelengths.
These structural differences significantly influence
carrier generation dynamics and energy coupling
during femtosecond laser irradiation, thereby affect-
ing the resulting ablation morphology and material
removal efficiency [24-26].

At a repetition rate of 250 kHz, the interval be-
tween pulses is 4 us. With the pulse width of 200 fs,
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the pulses are well-separated. Given the high thermal
diffusivity of single-crystal diamond (~1200 mm?s),
the thermal diffusion length within this interval far
exceeds the sub-micron focal spot, ensuring that heat
dissipates between successive pulses and that ablation
proceeds in a predominantly non-thermal regime. In
polycrystalline CVD diamond, grain boundaries and
sp?-bonded intergranular phases reduce the effective
thermal conductivity; however, the thermal diffusion
length during the 4 ps interpulse interval still sub-
stantially exceeds the focal volume dimensions. The
clean feature morphology and minimal heat-affected
zones observed in our SEM images (Figures 5, 6, 7
below) confirm that non-thermal ablation conditions
are maintained for both materials at this repetition
rate, consistent with recent studies of femtosecond
laser structuring of diamond at comparable repetition
rates [27, 28].

Although sp*bonded intergranular phases in
CVD diamond enhance sub-bandgap optical absorp-
tion, these regions simultaneously function as carrier
recombination centers and electron scattering sites
that attenuate avalanche ionization buildup, thereby
reducing the effective ablation efficiency relative to
single-crystal diamond at comparable laser fluence
[29, 30].
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3. Results and discussion

In this work, diamond surface micropatterning
is performed by localized material removal through
femtosecond laser ablation at a precisely defined
position on the surface. When an ultrafast pulse is
tightly focused on the target material, the extreme-
ly high peak intensity within the focal volume ini-
tiates nonlinear absorption processes, including
multiphoton ionization and avalanche ionization.
These processes generate a population of free elec-
trons that rapidly evolve into a dense microplasma
near the surface. The subsequent expansion of this
plasma results in the ejection of material from a
highly confined region of the target. Because the
energy deposition occurs on a timescale shorter
than thermal diffusion in the lattice, the interac-
tion proceeds largely in a nonthermal regime, often
referred to as “cold ablation,” which enables the
fabrication of micron- and submicron-scale struc-
tures with minimal heat-affected zones and high
edge fidelity [31-33].

A single ablation event typically produces an iso-
lated crater or hole at the location of the laser focus.
By translating the sample relative to the focal spot
or by sequentially triggering pulses at predefined co-
ordinates, multiple ablation sites can be arranged in
desired patterns or arrays. Such arrays provide a con-
venient platform for evaluating the spatial precision
and repeatability of the ablation process, as well as
parametric studies of feature morphology, laser pulse
energy, fluence, and repetition rate.

S-1257 7.00kV 11.2mm x470 SE 100um
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Figure 2(a) shows an array of ablation sites fab-
ricated on the surface of a chemical vapor deposition
(CVD) diamond film using a laser pulse energy of 0.8
wJ. Under these conditions, the resulting craters ex-
hibit diameters of approximately 750 nm with a cen-
ter-to-center spacing of about 3.5 um. Increasing the
pulse energy to 1.2 pJ produces the array shown in
Figure 2(b). At this higher energy, the ablation sites
expand significantly; to accommodate the expansion,
the approximate spacing between adjacent features
was kept at 4.5 um. The resulting craters showed di-
ameters of approximately approaching 2 um. Surface
structure between craters is notably different from
the original, indicating potential graphitization.

The altered surface texture between craters ob-
served in Figure 2(b) is attributed to partial sp*-to-
sp® phase transformation, commonly referred to as
laser-induced graphitization. Recent studies indicate
that under femtosecond irradiation near the ablation
threshold, this conversion is confined to a nanoscale
surface layer-typically tens to approximately 100 nm
in depth—and retains predominantly sp® character
with localized sp? domains [34, 35]. At the fluences
employed in the present work, the graphitized layer is
expected to be superficial and should not significant-
ly affect the mechanical or chemical properties rel-
evant to microfluidic or field-emission applications.
However, for electronic or photonic applications that
depend on pristine diamond surface properties, post-
processing steps such as oxidative etching may be
employed to selectively remove the sp? phase with-
out damaging the underlying sp? lattice [36].
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Figure 2. SEM scans of laser-machined CVD diamond surface at laser pulse repetition rate of 250 kHz:
(a) Laser Pulse Energy = 0.8 pJ; (b) Laser Pulse Energy = 1.2 pJ.
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We next examine the effects of crater spacing on
CVD diamond surface. In Figure 3, two patterns were
machined a laser pulse energy of 1.2 pJ. The spacing
between consecutive sites is approximately 3 um for
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Figure 3(a) and 2.5 um for Figure 3(b). The resulting
patterns indicate that higher laser pulse energies and
smaller hole spacing lead to feature overlap and form
a continuous pattern.
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Figure 3. SEM scans of laser-machined CVD diamond surface at laser pulse repetition rate of 250 kHz
and Laser Pulse Energy of 1.2 pJ: (a) Pattern spacing = 3 pum; (b) Pattern spacing = 2.5 pm.

The observed increase in feature diameter and
overlap with increasing pulse energy reflects the
strong dependence of femtosecond laser ablation on
deposited fluence. As the laser fluence exceeds the
material ablation threshold, the radial region within
the focal spot where the deposited energy surpasses
the threshold expands, resulting in a corresponding
increase in crater diameter. This behavior is consis-
tent with the logarithmic scaling of ablation diameter
with laser fluence observed in ultrafast micromachin-
ing of dielectric materials [2, 4]. In addition, higher
pulse energies generate denser plasma within the fo-
cal volume, leading to enhanced energy coupling and
increased material removal. These effects collective-
ly contribute to the expansion and eventual overlap
of adjacent ablation sites, enabling the formation of
continuous surface structures.

Following the laser patterning, the surface fea-
tures were replicated to investigate the depth and
structure of machined features. Figure 4 shows an
array of nanowires replicated from a corresponding
array of craters ablated on CVD diamond surface.

22

The original array was produced using a laser pulse
energy of 2.2 uJ with a spatial separation of 10 um
between ablation sites. The SEM images of replicat-
ed arrays were taken at 45 degree tilt for a better es-
timate of feature depth. The height of acetate replica
nanowires indicates that the craters in the original ar-
ray reached a depth of approximately 6 pm.

The features of desired configurations can be
fabricated by translating the sample through the fo-
cused laser beam incident on the surface. As men-
tioned above, arrays of holes or continuous patterns
are produced through the controlled overlap of in-
dividual ablation sites. It is also possible to create
other types of surface such as microchannels or res-
ervoir. Channels are formed by delivering multiple
consecutive laser pulses along a single path, result-
ing in continuous, well-defined structures. Figure 5
shows a microchannel fabricated on the surface of
the CVD diamond at laser pulse energy of 0.8 pJ
(a), and 2.2 W (b). The edges of the channel are
well-defined, with minimal debris, and its width
ranges between 1-2 pum.
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Figure 4. CVD Diamond. (a) Surface machined at E=2.2 pJ, and (b) Replica of the surface (45 degree tilt).
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Figure S. Microchannel machined on CVD diamond surface at (a) E=0.8 pJ,
and (b) E=2.2 pJ, with pulse repetition rate of 250 kHz.

Figure 6 shows a pattern of multiple vertical lines
ablated on CVD diamond with a horizontal line spac-
ing of approximately 4 pm and a feature width rang-
ing from 0.8 to 1 um. These structures were fabri-
cated using a laser pulse energy of 1.8 pJ.

The observed feature widths of 0.8-1 um ex-
ceed the diffraction-limited focal spot diameter of
approximately 0.55 um. This broadening is attribut-
able to the extreme spatial pulse overlap achieved at
the scanning speed of 11 um/s and repetition rate of
250 kHz, corresponding to a pulse-to-pulse displace-
ment of approximately 0.044 nm and an effective
pulse overlap count on the order of ~12,500 pulses
per spot diameter. Under these conditions, incuba-
tion effects progressively reduce the effective abla-
tion threshold, allowing material removal to occur
across a wider region of the Gaussian beam profile
where the fluence exceeds the modified threshold.
Additionally, the above-threshold area of the beam

naturally extends beyond the 1/e* spot radius at the
pulse energy of 1.8 uJ employed. The combined ef-
fects of incubation-enhanced peripheral ablation and
above-threshold fluence widening are consistent with
established models of multipulse femtosecond laser
machining [37, 38].

The variation of laser processing parameters al-
lows fabrication of a wide range of structural designs
with specific properties on the surface or in the bulk of
a diamond. Careful selection of laser machining pa-
rameters produces well-defined microstructures, and is
directed towards micromachining of fully-integrated
assemblies, such as diamond emitters and fluidic de-
vices. Figure 7 shows a reservoir structure on the CVD
diamond surface. The reservoir was formed by trans-
lating the sample through the focused laser beam in a
pre-programmed square pattern at a laser pulse energy
of 3 pJ. The length of the sides of the feature is about
40 um and the depth is approximately 8.8 um.
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Figure 6. An array of microchannels
on CVD diamond surface machined at E=1.8 pJ.

The formation of surface features on single-crys-
tal diamond is examined next. Figure 8 shows an ar-
ray of craters machined at the laser pulse energy of
0.8 wJ and repetition rate of 250 kHz on the surface of

S-1648 5.00kV 12.0mm x2.10k SE

20.0um

(a)

single-crystal diamond, and its acetate surface replica
with the length of nanowires of approximately 5-7.
This length is achieved at considerable lower laser
pulse energies than in CVD diamond (Fig. 4).

Figure 7. A reservoir structure
on CVD diamond surface machined at E=3 plJ.

S-1667 7.00kV 21 .7mm x1.60k SE

(b)

Figure 8. Single-Crystal Diamond surface. (a) Machined with incident energy of 0.8 pJ per pulse
and repetition rate of 250 kHz, and (b) Array of nanowires from surface replication by acetate film.

Various surface features can be machined by
translating a nanostage with a mounted sample
through the focused laser beam. With the goal of
device fabrication, we generated a curved pattern
with sharp edges. The structure shown in Figure
9(a) was machined on HPHT single crystal dia-
mond at laser pulse energy of 0.8 pJ, producing
features with an estimated depth of 16-19 um.
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This is considerably higher than the depth of fea-
tures of 12-13 um, observed for CVD diamond at
similar laser pulse energies (Fig. 9(b)). The result-
ing structure exhibits well-defined morphology
and shows that the process enables fabrication of
curved features with high repeatability and spatial
precision. SEM images were taken at 45-degree tilt
for depth estimation.
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Figure 9. A curved structure machined on the diamond surface at E= 0.8 pJ.
(a) HPHT Single Crystal Diamond, and (b) CVD Diamond.

The plasma dynamics underlying femtosecond
laser ablation of wide-bandgap materials proceed
through several distinct stages. During the laser
pulse, nonlinear photoionization—including multi-
photon ionization and tunneling ionization—generates
seed free electrons in the conduction band. These
electrons gain kinetic energy from the laser field
through inverse bremsstrahlung absorption and,
once they exceed the ionization energy of the lat-
tice, trigger avalanche ionization that exponentially
multiplies the free electron density. Within hundreds
of femtoseconds, this process produces a dense,
transient electron plasma confined to the focal vol-
ume. Following the termination of the laser pulse,
the electron plasma transfers its energy to the lattice
on a picosecond timescale through electron-phonon
coupling. At fluences above the ablation threshold,
two primary material removal mechanisms may con-
tribute: Coulomb explosion, in which rapid electron
ejection leaves behind a positively charged surface
layer that undergoes electrostatic disintegration, and
phase explosion, in which rapid lattice superheat-
ing drives explosive decomposition of the material
into a mixture of vapor and nanoscale fragments [39,
40]. The subsequent expansion of the ablation plume
carries ejected material away from the surface, leav-
ing behind a well-defined crater. In single-crystal
diamond, the highly ordered sp? lattice supports effi-
cient avalanche ionization and dense plasma buildup,
leading to strong energy confinement and rapid, di-
rectional plume expansion. In polycrystalline CVD
diamond, grain boundaries and sp*-rich intergranular
regions act as carrier recombination centers and scat-
tering sites, attenuating the buildup of the electron

plasma and reducing the efficiency of energy cou-
pling into the lattice. This results in lower ablation
rates and less sharply defined features compared to
single-crystal material [29, 41].

The features produced on single-crystal dia-
mond are consistently deeper and exhibit sharper
morphology than those generated on polycrystalline
diamond under comparable irradiation conditions.
This behavior arises from fundamental differences
in the microstructure and electronic defect density
of the two materials. Single-crystal diamond con-
sists of a highly ordered sp*-bonded lattice with
minimal grain boundaries or impurity phases. In
contrast, polycrystalline CVD diamond films typi-
cally contain grain boundaries, structural defects,
and regions of graphitic or amorphous carbon.
These features can act as carrier recombination cen-
ters and scattering sites that reduce the efficiency
of avalanche ionization and limit the buildup of the
electron plasma responsible for material removal. In
single-crystal diamond, however, plasma expansion
and reduced defect-mediated energy dissipation, as
compared to polycrystalline material, contributes to
increased ablation efficiency and improved feature
quality. These findings further explain the deeper
and more well-defined structures observed in sin-
gle-crystal diamond [41].

The differences in bonding uniformity, defect
density, and nonlinear ionization pathways lead to
distinct ablation mechanisms in single-crystal and
polycrystalline diamond. These material-dependent
interaction processes directly influence feature mor-
phology, depth, and reproducibility during femtosec-
ond laser micromachining.
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4. Conclusion

This work demonstrates that femtosecond laser
ablation at 800 nm and 250 kHz repetition rate enables
precise, non-thermal microstructuring of both HPHT
single-crystal diamond and polycrystalline CVD dia-
mond films, producing well-defined craters, micro-
channels, and reservoir structures. Both CVD and
single-crystal diamond exhibit a strong dependence
of ablation behavior on laser pulse energy; however,
significant differences in feature size, depth, and mor-
phology were observed between the two materials.
Single-crystal diamond consistently produced deeper
and more well-defined structures, reflecting differ-
ences in nonlinear absorption mechanisms, defect
density, and plasma dynamics. These findings are con-
sistent with recent reports demonstrating that ultrafast
laser—diamond interactions are strongly influenced by
crystal structure and impurity content.

Surface graphitization observed between abla-
tion sites at higher pulse energies is confined to a
nanoscale surface layer and does not compromise

the structural integrity of the fabricated features for
microfluidic or field-emission applications. Feature
broadening beyond the diffraction-limited focal spot
results from extreme pulse overlap and incubation-
driven threshold reduction, offering a controllable
mechanism for tuning channel width through scan-
ning speed adjustment.

These results show that femtosecond laser micro-
machining is a viable single-step fabrication method
for diamond-based microfluidic devices, field-emis-
sion structures, and photonic components, with ma-
terial selection between single-crystal and polycrys-
talline diamond providing an additional degree of
control over feature geometry and surface quality.
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Electrically conductive diamond films were deposited on n-type Si(100) substrates by the hot filament
chemical vapor deposition (HFCVD) method using a hydrogen—methanol gas mixture with ammonia
addition. In contrast to conventional approaches, film growth was performed without preliminary hydrogen
etching of the silicon surface, which simplified the technological process. The deposition conditions were
optimized to suppress the formation of non-diamond carbon phases and improve film quality. Raman
spectroscopy revealed a pronounced diamond-related peak at 1333 cm™ with a relatively small contribution
of sp?-bonded carbon, indicating the predominance of the diamond phase in the deposited films. The
films had thicknesses of 2.2-2.8 um and were grown at a rate of 0.2-0.3 um h™. The electrophysical
properties were investigated in the temperature range of 300-500 K using Hall-effect measurements. The
carrier concentration increased exponentially with temperature, while the carrier mobility decreased due
to enhanced phonon scattering, confirming the semiconducting nature of the deposited films. The observed
temperature dependences of carrier concentration, mobility, and resistivity were found to be consistent
with the behavior expected for semiconductor materials. The results demonstrate that high-temperature
HFCVD growth without preliminary hydrogen etching can produce diamond films with satisfactory
structural quality and stable electrical characteristics, making them promising for potential electronic and
optoelectronic applications.

Keywords: CVD technology, diamond film, silicon substrate, Raman spectra, charge carrier mobility,

temperature dependence.

1. Introduction

Recently, there has been increasing interest in
thin diamond films deposited on various substrates,
particularly on silicon, due to their potential appli-
cations in micro- and optoelectronic devices [1-5].
Raman spectroscopy remains one of the most in-
formative and widely used techniques for structural
characterization of carbon-based and semiconductor
nanostructures, providing information on crystal-
linity, defect formation, and phase composition [4,
8]. Diamond films on silicon are especially attrac-
tive because of the well-established silicon-based
technology. In our previous studies [9-12], diamond
films were successfully grown on silicon substrates
using the HFCVD method. However, the obtained
films were predominantly polycrystalline with grain
sizes of 2-3 pum and contained noticeable amounts
of graphite phases and a 15R-SiC interlayer, as re-
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vealed by Raman spectroscopy. In addition, the tem-
perature dependence of electrophysical parameters
such as carrier concentration, mobility, and resistiv-
ity were not investigated. Despite certain limitations
related to filament degradation during operation, the
HFCVD method remains attractive due to its sim-
plicity and scalability. The film growth rate is typi-
cally about 1 pm/h and can be controlled by adjusting
process parameters such as filament temperature and
substrate distance [13]. In this work, diamond films
were deposited on Si(100) substrates using the HF-
CVD method, and their electrophysical properties
were investigated. The study of transport properties
in nanostructured semiconductor materials remains
important for understanding the relationship between
synthesis conditions, structural quality, and func-
tional characteristics [14]. Particular attention was
paid to the temperature dependence of charge car-
rier concentration, mobility, and resistivity in order
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to evaluate the suitability of this method for obtain-
ing diamond films with properties close to those of
single-crystal materials.

2. Materials and methods

Diamond films investigated in this study were de-
posited on Si(100) substrates using the hot filament
chemical vapor deposition (HFCVD) method, as de-
scribed in [1-3] and in our previous works [11, 12].
The substrates were n-type monocrystalline silicon
wafers with a thickness of 300 um and a resistivity
of 0.1 Q-cm. The gas phase consisted of a hydrogen—
methanol (CH;OH) mixture with the addition of am-
monia (NHs;). In contrast to our previous studies, the
deposition process was carried out without prelimi-
nary hydrogen etching of the silicon substrate, and
the technological parameters were slightly modified.
In the HFCVD process, a reduced pressure (typically
20-60 Torr) is maintained in the reaction chamber,
and gas activation is achieved by a heated tungsten
filament operating at temperatures of 2000-2200 °C.
Before discussing the deposition process in detail, it
is necessary to consider the key technological param-
eters influencing the properties of the diamond films.
In HFCVD, diamond growth occurs in a hydrogen-
rich atmosphere containing a carbon source (such as
CH,, CH5;0H, C,Hs, or C,HsOH) and, in some cases,
additional impurities such as NH;. The addition of
ammonia introduces nitrogen into the diamond lattice,
which can affect both growth kinetics and film mor-
phology. It is reported that nitrogen concentrations in
the range of 0.1-0.6% can enhance the growth rate
and stabilize the surface during deposition [15,16].
Nitrogen incorporation in diamond introduces deep
donor levels (~1.7 eV below the conduction band),
which influence the electrical properties of the films.
In addition, nitrogen-related defects, such as NV cen-
ters, have been widely studied due to their potential
applications in quantum technologies [17-20]. Dia-
mond film growth on Si(100) substrates was carried
out under the following conditions: filament tem-
perature 2250-2300 °C, substrate temperature 870—
900 °C, total gas flow rate (CH;OH + H, + NH;)
of 65-70 cm?*/min, and chamber pressure of 75-80
Torr. The methanol vapor concentration was main-
tained at 0.5-0.8% of the total gas mixture. The de-
position time was 8—10 hours, resulting in film thick-
nesses of 2.2-2.8 um and an average growth rate of
0.2-0.3 pm/h. It should be noted that, under identical
growth conditions, approximately 50% of the sam-
ples exhibited a polycrystalline structure. This vari-
ability may be attributed to fluctuations in nucleation

density, local temperature gradients, and variations
in active hydrogen concentration during the deposi-
tion process. The selected growth conditions involve
relatively high filament and substrate temperatures
compared to those reported in [4, 5, 9]. These pa-
rameters were chosen to enhance the concentration
and activity of atomic hydrogen, which preferentially
etches sp?-bonded carbon (graphite phase) more ef-
fectively than sp-bonded carbon (diamond). As a
result, the graphite phase content is reduced, leading
to improved film quality, although at the expense of
a lower growth rate.

3. Results and discussion

The HFCVD method is based on complex gas-
phase reactions leading to the deposition of synthet-
ic diamond layers on a solid substrate [21]. In the
present process, near the tungsten filament heated
to 2250-2300 °C, methanol (CH;OH) decomposes
into carbon-containing species (primarily CO and
H,), while molecular hydrogen (H,) dissociates into
atomic hydrogen (H). Ammonia (NH;) also under-
goes thermal decomposition, forming reactive spe-
cies such as NH radicals and hydrogen atoms. The
decomposition of methanol can be described by the
reaction: CH;0OH — CO + 2H,. According to [15],
ammonia decomposition at temperatures above
1200-1300 °C may proceed via the formation of
nitrogen and hydrogen (2NH; — N, + 3H,) or in-
termediate species. However, under typical HFCVD
conditions, NH; predominantly decomposes into NH
radicals and hydrogen (2NH; — N, + 3H,), where
NH radicals play a key role in nitrogen incorpora-
tion into the diamond lattice. Diamond films are
formed from carbon-containing radicals that reach
the substrate surface. In this process, carbon atoms
initially interact with silicon atoms at the substrate
surface, forming a thin silicon carbide (SiC) interlay-
er. Subsequently, diamond nuclei are formed on the
SiC surface, where both sp*- and sp3-bonded carbon
species are deposited. The gas-phase reactions dur-
ing HFCVD lead to the formation of both sp?- and
sp*-hybridized carbon. However, sp>-bonded carbon
(graphite phase) is preferentially etched by atomic
hydrogen due to its lower bond energy compared to
sp*-bonded carbon (diamond). This selective etch-
ing process plays a key role in promoting diamond
growth. As a result, the growth conditions can be ad-
justed such that the etching rate of the non-diamond
phase exceeds its formation rate. Under these condi-
tions, the growth rate of the diamond film decreases,
but the structural quality improves due to the reduc-
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tion of graphite inclusions. Ideally, diamond consists
entirely of sp*>-bonded carbon, which determines its
unique mechanical and electrical properties. To con-
firm the formation and structural quality of the dia-
mond films, Raman spectra were recorded at 300 K
using a laser with a wavelength of 514 nm (Figure
la). A pronounced peak near 1333 cm’', characteris-
tic of sp*-bonded carbon and typically associated with
diamond, is observed, which is close to the reference
value of 1332 c¢cm™ [10]. Similar approaches based
on Raman spectroscopy have been successfully ap-
plied for structural characterization of nanostructured
silicon and semiconductor materials, where peak po-
sition and linewidth were shown to be sensitive to
crystal quality and defect concentration [6, 20]. The
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full width at half maximum (FWHM) of the diamond
peak is estimated to be approximately 10-12 cm’,
indicating relatively good crystalline quality. The
slight broadening of the peak suggests the presence
of minor structural defects and small amounts of sp*-
bonded carbon. A weaker peak at ~1561 cm! is also
observed, corresponding to the graphite phase (sp*-
bonded carbon), indicating incomplete etching dur-
ing the growth process. The relatively weak G-band
intensity, compared to the sharp sp*-related peak near
1332 cm™, indicates that the film is predominantly
sp*-bonded carbon [10, 23]. Thus, the Raman analy-
sis demonstrates that the selected HFCVD conditions
favor the formation of diamond with a relatively low
content of non-diamond phases.
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Figure 1. Raman spectra of diamond films grown by HFCVD on silicon substrates
with (100) (a) and (111) (b) orientations under different technological conditions.

Figure la suggests improved structural quality
of the deposited carbon film with a predominance of
sp*-bonded carbon.

When the substrate was pre-etched with hydro-
gen before film deposition, diamond peaks were not
detected in the Raman spectrum. Instead, peaks cor-
responding to a graphite-like phase were observed.
The Raman spectrum of this film also contains an
additional peak associated with the 15R-SiC poly-
morph, which is absent in Figure 1a. The formation
of'the 15R-SiC interlayer is likely related to the initial
interaction between carbon species and the silicon
substrate, resulting in a transition layer at the inter-
face. As the film thickness increases, the contribution
of this interlayer decreases, while graphite growth
becomes dominant. The sharper peak in Figure la
confirms the improved structural quality of the dia-
mond film obtained under the present growth condi-
tions. Figure 2 shows the temperature dependence of
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the charge carrier concentration in a diamond film in
both normal (a) and semilogarithmic (b) scales. The
Raman spectrum of this sample is shown in Figure
la. As seen from the semi-logarithmic plot, the car-
rier concentration increases exponentially with tem-
perature, indicating thermally activated conduction
typical of semiconductors [23]. At temperatures up
to approximately 480-485 K, the concentration in-
creases gradually, corresponding to partial ionization
of impurity centers. At higher temperatures (above
~490 K), a more pronounced increase is observed,
which can be attributed to the activation of deeper
impurity levels or defect-related states, possibly as-
sociated with residual sp?>-bonded carbon. The tem-
perature dependences of carrier mobility (Fig. 4a)
and resistivity (Fig. 4b) were also investigated. The
increase in carrier concentration leads to a corre-
sponding decrease in resistivity. A slight increase in
resistivity observed in the low-temperature region



A.S. Saidov et al.

Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 28-34

(300-320 K) may be associated with carrier localiza-
tion or compensation effects. The mobility decreases
with increasing temperature: at lower temperatures
the change is weak, while at higher temperatures it
becomes more pronounced due to enhanced phonon

6004018y | s
5,00E+018- ’
4,00E+018+ /
3,00E+018- %
2,00E+018+

+ - ——
1,00E+018 T.K

0,00E+000

300 350 400 450 500

a)

scattering and increased carrier—carrier interactions.

Overall, the observed temperature dependences
of carrier concentration, mobility, and resistivity are
generally consistent with the behavior expected for
semiconducting materials.
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Figure 2. Temperature dependence of the charge carrier concentration (N)
in the diamond film in normal (a) and semi-logarithmic (b) scales.

The temperature dependence of the carrier con-
centration reflects impurity ionization processes and
the activation of intrinsic defects. Analysis of the
N(T) behavior allows estimation of the activation
energy of impurity levels and the presence of deep
defect states.

The resistivity of the semiconductor is related
to the carrier concentration and mobility by the ex-
pression p = 1/q(u,n + w,p), where n and p are the
concentrations of electrons and holes, respectively
[22]. Electrical measurements were performed us-
ing the Van der Pauw method with an HMS-7000

a)

Hall measurement system, enabling simultaneous
acquisition of temperature-dependent data. Ohm-
ic contacts were formed by thermal evaporation
of silver (Ag) in vacuum (~10° Torr) at a sample
temperature of approximately 450 °C, followed
by annealing for 10 minutes. Four contacts were
placed at the sample edges, as shown in Figure 3a.
The experimental sample mounted in the measure-
ment holder used for Hall-effect characterization
is shown in Figure 3b. The overall uncertainty of
resistivity, Hall mobility, and carrier concentration
measurements was approximately 2%.

b)

Figure 3. Contact configuration for Van der Pauw measurements on the diamond film,
showing four ohmic contacts placed at the sample edges (a), and the experimental sample holder (b).
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The temperature dependence of charge car-
rier mobility p(T) is governed by the competition
between different scattering mechanisms. At low
temperatures, mobility is mainly limited by scat-
tering on ionized impurities, resulting in p « T3~
At higher temperatures, scattering by acoustic and
optical phonons becomes dominant, leading to p «
T3/ [23]. In non-polar semiconductors such as Si,
Ge, and diamond, the dominant scattering mecha-

300 350 400 450 500 550
T K

a)

nisms are impurity scattering and phonon scatter-
ing. The overall mobility can be described by Mat-
thiessen’s rule, which combines the contributions
of different scattering processes. The observed de-
crease in mobility with increasing temperature in
this work indicates that phonon scattering plays a
dominant role at elevated temperatures, while im-
purity scattering is more significant at lower tem-
peratures.
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Figure 4. Temperature dependence of charge carrier mobility p (a) and resistivity p (b) of the diamond film.

Figure 4 shows the temperature dependence of
charge carrier mobility and resistivity of the diamond
film. As seen from Figure 4a, the mobility decreases
with increasing temperature. This behavior is typical
for semiconductors and is mainly attributed to en-
hanced phonon scattering at elevated temperatures.
At lower temperatures, the decrease in mobility is
relatively gradual, indicating a contribution of impu-
rity scattering. However, at higher temperatures, the
mobility decreases more rapidly due to the dominant
role of lattice vibrations. Figure 4b demonstrates that
the resistivity decreases with increasing temperature,
which is consistent with the increase in carrier con-
centration observed in Figure 2. A slight increase
in resistivity at low temperatures may be associated
with carrier localization or compensation effects.
Overall, the observed temperature dependences of
mobility and resistivity confirm the semiconducting
nature of the obtained diamond films. These results
can be explained by the increase in thermal energy
with temperature, which leads to higher electron ve-
locities and enhanced scattering by acoustic and opti-
cal phonons. As a result, phonon scattering becomes
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the dominant mechanism at elevated temperatures,
causing a decrease in charge carrier mobility [24,
25]. As shown in Figures 2 and 4, the temperature
dependences of carrier concentration (N), mobility
(w), and resistivity (p) are generally consistent with
the behavior expected for semiconducting materials.

4. Conclusions

Diamond films were successfully deposited on
Si(100) substrates using the HFCVD method under
the selected growth conditions. The obtained films
had thicknesses of 2.2-2.5 pm and were formed at
a growth rate of 0.2-0.3 pm/h. Raman analysis in-
dicated the presence of predominantly sp*-bonded
carbon with a characteristic peak near 1333 cm™.
The temperature dependences of charge carrier
concentration, mobility, and resistivity were inves-
tigated. The results demonstrate typical semicon-
ductor behavior: the carrier concentration increases
with temperature, while mobility decreases due to
enhanced phonon scattering. Overall, the obtained
results indicate that the HFCVD method enables the
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growth of diamond films on silicon substrates with
stable structural and electrical properties, making
them promising for potential electronic and opto-
electronic applications.
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Near-infrared imaging of the twilight sky:
enhanced detection of noctilucent and high-altitude clouds
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As part of efforts to improve the methodology for detecting and monitoring noctilucent clouds (NLCs),
observations of the twilight sky conducted during the summer season of 2025 were analyzed. The
study examines existing approaches to NLC imaging and demonstrates that the information content of
ground-based observations can be significantly enhanced through increased image contrast. To achieve
this, observations were extended from the visible spectral range to the near-infrared (NIR) region using
a modified CANON 1000D camera with enhanced NIR sensitivity and a set of interchangeable optical
filters. For the first time, simultaneous monitoring of the twilight sky was performed using two cameras
operating in different spectral ranges: a modified CANON 1000D in the near infrared and a CANON 2000D
in visible light. Observations carried out from late May to early September 2025 revealed a substantial
increase in image contrast in the NIR region compared with conventional visible-light imaging. The
obtained results demonstrate the advantages of near-infrared observations for the detection and analysis
of noctilucent clouds and other atmospheric phenomena under twilight conditions. The proposed approach
expands the capabilities of ground-based optical monitoring and provides a basis for further development
of observational techniques for upper-atmosphere studies.

Keywords: twilight segment, noctilucent clouds, image contrast, infrared camera, infrared imaging, cloud

monitoring.

1. Introduction

In standard astronomical research practice, ob-
jects are observed in the dark night sky, with the no-
table exception of solar studies. However, there are
phenomena and objects observed within the twilight
(or auroral) segment of the celestial sphere. Besides
bright celestial bodies such as Venus and Jupiter
(which are the first to appear in the evening sky),
these include, primarily, noctilucent and nacreous
clouds. Occasionally, phenomena such as zodiacal
light and the gegenschein are also attributed to this
category [1-3].

In atmospheric optics and astronomy, twilight re-
fers to strictly defined time intervals after sunset or
before sunrise. During twilight, the solar disk is not
visible above the horizon, yet the celestial sphere is
illuminated by radiation scattered by the atmosphere.
The level of illumination is determined by the alti-
tude of the center of the solar disk, i.e., the angle at
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which the Sun has dipped below the horizon. Based
on the depression angle, twilight is classified into
civil (from 0° to -6°), nautical (from -6° to -12°), and
astronomical (from -12° to -18°). When the Sun dips
below -18°, “astronomical night” begins, at which
point sunlight scattered by the upper atmospheric
layers practically ceases to affect astronomical ob-
servations [4-6].

The part of the celestial sphere illuminated by
solar radiation scattered by overlying atmospheric
layers is called the twilight segment. It is clearly vis-
ible to the naked eye as an arc-shaped bright region
stretched along the azimuth above the point where
the Sun has set below the horizon. It is bounded at
the top by the dark band of the Earth’s shadow and
at the bottom by the horizon line. The altitude of the
upper boundary of the twilight segment changes con-
tinuously, descending in the evening and ascending
in the morning. The formation of the twilight seg-
ment is associated with the scattering of solar rays in
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the upper atmospheric layers (mainly in the strato-
sphere) [4-6]. The twilight segment is observed par-
ticularly distinctly under conditions of minimal dust
and high tropospheric humidity, for example, after
rainy weather. Conversely, its visibility is negatively
affected by lunar illumination (near a full moon) or
bright artificial light sources (urban environments).
Latitudinal and seasonal factors also significantly in-
fluence the duration of twilight [4-6].

The first of the aforementioned objects that stand
out specifically against the background of the twi-
light part of the sky are NLC. Photometric visibil-
ity conditions are exceptionally important for them.
These clouds are completely invisible in the daytime
sky due to their exceptionally low contrast against
the sky background, which is caused by a low aerosol
concentration within them, and consequently, weak
scattering of solar radiation [7, 8]. An exception is
total solar eclipses, during which the background sky
brightness drops sharply so that stars become visible.
It should be noted that the visibility of stars in the sky
is a significant photometric marker of the background
sky brightness required for the visual observation of
NLC. Such conditions occur at the boundary between
civil and nautical twilight; however, with the transi-
tion from nautical to astronomical twilight, the vis-
ibility of NLC sharply deteriorates due to a decrease
in their illumination by solar rays.

As for zodiacal light, caused by the scattering of
solar radiation on interplanetary dust particles, the
conditions for its observation are generally similar
to those characteristics of NLC. However, unlike the
latter, this glow is observed only at a relatively small
angular distance from the Sun, which is explained by
the features of the spatial distribution of the scattering
particles. A phenomenon such as the gegenschein,
due to its extremely low brightness, is observed only
under conditions of astronomical night, unlike zodia-
cal light [6].

Often, objects observed in the twilight segment
are comets. Indeed, as comets approach the Sun, they
rapidly increase their brightness, which reaches its
maximum (in absolute magnitude) near the epoch of
their perihelion passage.

Thus, observations of a variety of celestial ob-
jects and phenomena for which there is expressed
scientific interest are highly relevant within the twi-
light segment region.

2. Features of ground-based registration of
high-altitude clouds

To date, there are two comprehensive approach-
es to obtaining information about the state of NLC

36

fields: studying them using orbital spacecraft and
ground-based observations. Despite all the undeni-
able advantages of studying NLC from space (pri-
marily due to the elimination of weather effects),
ground-based methods for investigating them have
not lost their relevance. The reason for this lies not
only in the episodic nature of space missions but
also in the variety of experimental approaches that
can be utilized when studying NLC from the Earth’s
surface. Examples of the most significant scientific
achievements associated with ground-based NLC ob-
servation methods include the development of a mor-
phological classification of cloud forms, estimates of
aerosol microphysical parameters, and conclusions
regarding the relationship between the evolution of
NLC fields and meteorological processes in the tro-
posphere [2, 7-10].

In particular, one of the most important tasks in
studying NLC and their connection to atmospheric
processes is registering the very fact of the presence
of mesospheric clouds at a given time and in a given
location. Such observations are called synoptic, and
they are currently conducted using digital cameras,
often operating in automatic mode. Obtaining data on
the presence (or absence) of NLC allows for a more
precise understanding of the influence of various
physical factors of terrestrial or cosmic origin on the
state of the upper atmosphere [9-14].

As an example of the importance of obtaining
such data, one can point to the operation (since 2004)
in the Northern Hemisphere of a network of digital
automatic cameras for registering NLC and studying
their spatiotemporal dynamics [15]. This network,
called Network of Automatic Photographic Survey
of NLC, includes observation points located along a
latitudinal circle (53—56° N), which allows for com-
parable NLC observations. This creates conditions of
identical illumination of the twilight segment by the
Sun and similar physical conditions in the mesopause
(temperature and wind speed within it depend on
geographic latitude). The first scientific results based
on this network measurements were published in the
work of Dalin et al. [16].

The obtained data made it possible to trace the
propagation of atmospheric planetary waves with pe-
riods of two and five days. Propagating into the re-
gion where NLC can form, they affect the frequency
and brightness of their appearance. Specifically, dur-
ing the 2006 and 2007 seasons, two-day planetary
waves influenced NLC activity to a greater extent
than five-day waves [13]. Furthermore, it was found
that the influence of planetary waves on NLC bright-
ness variations is small, with their average contribu-
tion being 3—5%.
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Naturally, the first and most serious obstacle to
synoptic NLC observations is tropospheric cloudi-
ness, the density of which increases toward the ho-
rizon. However, clouds are not the only hindrance
to NLC registration. The season of NLC fields evo-
lution covers the period from the end of May to
the beginning of August, and in the summer period
the dustiness of the ground layer of air increases
noticeably. Scattering by atmospheric dust aero-
sols significantly reduces the visibility of NLC at
low altitudes above the horizon. Additionally, the
question logically arises of expanding the temporal
window for NLC registration, for instance, mak-
ing it accessible immediately after sunset. This re-
quires reducing the background brightness of the
twilight sky.

Solving this latter task would increase the effi-
ciency of registering not only NLC but also nacre-
ous (stratospheric) clouds, and raise the possibility
of registering other poorly studied forms of high-
altitude clouds.

3. Methodology of IR monitoring of the twi-
light segment

A typical program for synoptic NLC observa-
tions is fairly simple. It involves obtaining a series
of images of the twilight segment with the widest
possible azimuth viewing angle. The need for a wide
field of view is dictated by the potential appearance
of NLC, for example, in the evening from the west to
the north. When using wide-angle optics in manual
mode, a single camera is quite sufficient. For auto-
mated observations with stationary cameras through-
out the night, two cameras will be required. Imag-
ing is conducted from the end of civil twilight in the
evening until its onset in the morning. Usually, these
times are calculated in advance for each day of the
season; however, there are situations when NLC are
clearly visible in the mornings even under civil twi-
light conditions. The interval between shots can vary
from 1 to several minutes.

Typically, digital cameras have a spectral sensi-
tivity maximally approximated to that of the human
eye. In this case, all the aforementioned limitations
on NLC visibility remain valid. In some sources [2],
there are recommendations regarding the use of opti-
cal filters selecting the blue-cyan wavelength region
when taking NLC images. It can be assumed that

these are based on the consideration that NLC aero-
sols most effectively scatter visible radiation specifi-
cally in these colors. Consequently, one might expect
an increase in the contrast of NLC images in the
photographs. However, one should not forget that air
molecules also have maximum scattering efficiency
at the same wavelengths (which, in particular, deter-
mines the color of the sky). For this reason, and due
to the fact that conventional black-and-white photo-
graphic films had a sensitivity peak in blue-cyan rays,
the application of such techniques did not see further
development [2].

It is possible to increase the contrast of NLC im-
ages in twilight segment photographs using another
method. Specifically, by significantly reducing the
sky background brightness. To achieve this, it is suf-
ficient to transition from imaging the sky in the vis-
ible range to photographing in the near-IR spectral
region [17, 18].

Isolating the required wavelength range is not
complicated due to the availability of a wide selec-
tion of good-quality optical light filters. Unfortu-
nately, conventional cameras practically do not de-
tect radiation with a wavelength longer than 750 nm.
This is because camera manufacturers deliberately
restrict the sensitivity range to the visible region to
enhance image sharpness. This is achieved by install-
ing a corresponding glass filter over the surface of the
radiation receiver. Figure 1 presents the wavelength
dependencies of the transmittance for the digital
camera sensor, the glass light filter in front of it, and
the camera lens.

As can be seen, the transmittance of the glass
filter in front of the sensor excludes the entry of ra-
diation with a wavelength longer than 740 nm, de-
spite the sensor itself possessing good sensitivity in
the region up to 1000 nm. The residual sensitivity of
cameras in the near-IR spectral region requires ex-
posures of several seconds under daylight conditions
and no less than 5 minutes under twilight conditions
[17, 18]. Such long exposures are unacceptable for
implementing the NLC monitoring task.

The sensitivity of a digital camera to IR radiation
can be significantly increased (by 2-3 orders of mag-
nitude) by removing the aforementioned light filter.
This was done for the CANON 1000D camera [17]
in the in a specialized optical workshop. The general
view of the camera and its schematic diagram are
shown in Figure 2.
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Figure 1. Wavelength dependence of the light transmittance for:
a) the digital camera sensor; b) the camera’s glass light filter; c) the camera lens.
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Figure 2. General view of the CANON 1000D camera and its schematic diagram [19]
The light filter is removed when the camera is modified.

Test shots using RG780, RG830, and RG850 IR
filters (where the numbers indicate the start of the
transmission band in nm) confirmed a hundredfold
increase in camera sensitivity under identical aper-
ture settings and specified sensor sensitivity.

The overall goal of monitoring the twilight seg-
ment was to compare the quality and information
content of sky images in the visible and near-IR spec-
tral regions (RG850 filter), as well as to conduct a
general analysis of NLC registration efficiency in the
IR spectral region. For the first time in the practice
of studying NLC, filming was carried out using two
cameras: CANON 2000D [21] in visible light and a
modernized CANON 1000D in the near IR wave-
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length region. The cameras had identical CANON
EF-S LENS wide-angle lenses. Photographing was
carried out at the exact same moments in time (with
an accuracy of up to 5 seconds). Camera sensitivities
were set to ensure comparable exposure durations. It
should be noted that obtaining an infrared image of
the twilight segment at the end of nautical twilight
at an ISO value of 1600 required an exposure of ap-
proximately 25-30 seconds at an aperture of 4.5. Ob-
servations were conducted in the evening from the
beginning of June to September 2025 in the city of
Petropavlovsk (54.87°N, 69.13°E) facing west with
a virtually completely open horizon. The shooting
was conducted manually with the cameras mounted
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on tripods. The total number of observation nights IR range. Detailed monitoring information is provid-
was 41, with the number of images suitable for sub-  ed in Table 1. Gaps in dates correspond to nights with
sequent analysis being 474, of which 356 were in the  overcast (rainy) weather.

Table 1. General information on NLC monitoring in the 2025 season.

Ne Date Time Weather conditions Presence and type of NLC

| 05.27 22:00 Clear Bgnds parallel to the horizon from the west-northwest to the north.
22:40 Five degrees below Capella.

2 05.28 - Low clouds None

3 05.30 - Cloudy None

4 05.31 - Cloudy None

5 06.02 %g}é Clear fhzzirzoljtlﬂ.c\séilii:sddtej;ze; above Capella. From the west-northwest to

6 06.03 - Cloudy -

7 06.04 - Cloudy IR images taken.

8 06.06 - Cloudiness None

9 06.07 - Cloudiness None

10 06.08 - Light cloudiness None

11 06.09 - Light cloudiness None

12 06.10 - Light cloudiness None

13 06.11 - Clear None

14 06.14 %gé(s) Clear Fha:ll;[(,)i&vx; l;azn?flsz ;)n the direction from the west initially, moving to

15 06.15 - Clear None. Images taken.

16 06.16 - Clear None. Images taken.

17 06.19 22:00 Clear Clouds are not visible visujally,.but the IR camera records them as
22:42 filaments in the northwest direction at an altitude of 10-15 degrees.

18 06.21 - Partly cloudy None

19 06.22 %g%g Cloudiness Presence of NLCs is noticeable.

20 06.25 21:40 Clear Unusual clouds. Record?d by the IR camera, but not by the
22:25 conventional camera. Rapid movement. Possibly cirrus clouds.

21 06.26 - Clear None

22 06.27 - Clear None

23 06.28 ) Clear II:IiIC\ISL (Sbss;}\glg iilvteﬁltalr;ﬁ()sghg in Poludino.

24 06.29 - Cloudy None

25 06.30 - Clear 0% None

26 07.01 - Clear 0% None

27 07.02 - Cloudy None

28 07.04 - Cloudy Photographs taken.
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Continuation of the table

Ne Date Time ‘Weather conditions Presence and type of NLC
29 07.05 - Cloudy Photographs taken.

30 07.07 %;g(; Partly cloudy Ic\;?rt] errilc,(}fiﬁjr%utrlrl]?ngt{ioi%mem’ but captured by the conventional
31 07.08 - Cloudy Photographed with two cameras. No NLCs.

32 07.14 e Cloudy Photographed with two cameras. No NLCs.
B0 95 Clear Images aken wih o eamers.

34 07.16 - Clear None

35 07.17 - Clear None

36 07.19 - Clear None

37 07.20 - Clear None. Photographs taken.

38 07.28 - Cloudy No NLCs. Photographs taken.

39 07.29 - Cloudy Photographs taken.

40 07.30 - Cloudy Images of lightning.

41 08.01 - Cloudy Interesting vortex.

Unfortunately, the number of nights in which
NLC appeared during the 2025 season was small. It
should be noted that the comparative rarity of NLC
occurrences this season was also documented by
other observers in the Northern Hemisphere. This
circumstance is associated not with unfavorable
weather conditions, but most likely with the physical
influence of solar activity factors. As is known, the
intensity of NLC formation can anti-correlate with
solar activity indices [21-23].

4. Analysis oof twilight segment data in two
spectral regions

Figure 3 presents examples of fragments of
paired twilight segment images obtained during the
study. Here, the IR images are presented in black and
white. The dates and times of image acquisition are
indicated.

Upon general review of the images, their substan-
tial difference is noticeable. For example, LED lamps
on the building roof are practically invisible in the
IR images, which, however, is not surprising. Much
more important are the sharp differences in cloud
structure. In the upper and lower rows, details of cir-
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rus and stratiform clouds that are barely distinguish-
able in the visible range are drawn with high contrast
down to fine structural details in the IR region. In the
middle row images, cloudiness in the visible range
is virtually absent in the upper and central parts of
the image, but it is clearly distinguishable (as cirrus
clouds) in the IR rays.

Of particular interest is the comparison of images
in which NLC are present (typically identified visu-
ally in the sky). Figure 4 provides a comparison of
one such pair.

At the time of imaging (nautical twilight), the
Sun was located at an altitude of -9.5° below the
horizon. A simple visual comparison of the images
appears to be quite challenging. While faint NLC
bands are quite distinctly visible in the visible-
light image, they are not as clearly traced in the
IR region image. At the same time, cloud details
in the upper left part are displayed with prominent
relief in the IR image, whereas they are completely
absent in the visible light image. A certain degree
of clarity in the qualitative comparison of the in-
formational value of the two approaches can be
provided by determining the contrast coefficients
of these and other images.
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Visible - 14.06.2025 Infrared - 14.06.2025 22:23

Visible - 25.06.2025 22:08 Infrared - 25.06.2025

Figure 3. Examples of twilight segment images in the visible spectral region (left)
and in the near-IR range (A > 850 nm, right).

Visible - 14.06.2025 22:55

Infrared - 14.06.2025 22:5

v

Figure 4. Twilight segment images where NLC are present.
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5. Quantitative assessment of image informa-
tion content

To assess the contrast of the twilight segment
images, a method based on calculating the root-
mean-square deviation (RMSD) of brightness was
used. The method is implemented in available
software programs [24-27]. Fundamental to this
method is the principle that the greater the spread
(variation) in pixel brightness values in an image,
the higher the contrast. Here, the RMSD is pre-
cisely the mathematical measure of the spread of
brightness values. In this procedure, the average
brightness of all pixels is calculated for a given im-
age area. Next, the difference between each pixel’s
brightness and the average value is determined.
These values are squared, summed, divided by the

number of pixels, and the square root is extracted
from the result.

The result obtained is the standard deviation for
the brightness of image pixels c. The global contrast
for the entire image was calculated using the formula:

Processing of images to obtain a quantitative as-
sessment of their quality (contrast) was performed us-
ing the ImageJ software package [29]. This program,
in particular, allows one to obtain histograms of pixel
brightness distribution across an image field and, if
necessary, achieve local contrast enhancement. An
example of processing and subsequent comparison
of the results is shown in Figure 5.
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O ance Local Conrast
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| Mexican Hat Filter
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Figure 5. Example of image analysis and processing in ImageJ software.

When comparing the contrast of the photographs,
the images were converted to a single 8-bit format.
Using ImageJ software, identical objects were high-
lighted in both photographs, visible against the twi-
light sky. Exposure times for both cameras were se-
lected to be as close as possible, with the difference
in shooting times not exceeding 5 seconds. Table 2
provides examples of calculating the RMSD (o) of
pixel brightness for a series of twilight segment im-

42

ages in the visible range and in the near-IR spectral
region.

As is easily observed, the change in cloud im-
age contrast in the twilight segment upon transition-
ing from imaging in the visible spectral region to the
near-IR region is positive throughout. At the same
time, the spread of contrast change values is quite
significant. A prime example of this is illustrated by
the images from July 28, 2025 (Fig. 6).
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Table 2. Comparison of image contrast in visible light and in the near-IR region.

The visible region of the spectrum

The IR region of the spectrum

Changing the contrast, %

Date of shooting
Img_Ne ol Img_Ne o2 (62-61)/ o1

7008 235 0470 26.8 +14
14.06 7011 19.5 0471 29.2 +50

7014 15.7 0473 27.9 + 78
25.06 0127 40.5 0534 493 +22
7.07 0168 46.0 0628 51.1 +11
14.07 0191 352 0655 514 + 46
15.07 0201 31.0 0674 393 +27

0208 15.9 0700 35.7 + 124
28.07

0209 11.8 0705 133 +13

0210 35.6 0719 48.0 +35

0213 28.2 0721 53.8 +91
01.08

0215 222 0722 32.7 +47

0216 13.1 0723 15.7 +20
Mean +44

Visihle - 2807 2025 22-01

Infrared - 28.07.2025 22:01

Figure 6. Twilight segment images with the greatest difference in contrast between the visible and IR ranges.

The cloudiness visible in the IR spectral region
in Figure 4 may represent one of the high-altitude
forms, including NLC. For now, one can only as-
sume that the magnitude of the contrast change can
be influenced by two external factors and one tech-
nical parameter. Firstly, the differences in the type
of cloudiness in images taken on different dates, and
secondly, differences in the altitude of the Sun below
the horizon. Regarding the latter, this refers to the
influence of the ratio between the camera sensitivity
set during shooting and the exposure duration. As is
known, high ISO values reduce image contrast, but it
is difficult to avoid their use when imaging in the IR
range due to the noticeably lower sensor sensitivity
and much weaker radiation fluxes. In the perspective

of further method refinement, these circumstances
will need to be taken into account.

6. Examples of atmospheric objects and phe-
nomena in the IR region

The abundance of material obtained during moni-
toring made it possible to identify interesting exam-
ples related to the specificities of operating in the IR
range. Some of them warrant separate consideration.

For instance, on the night of July 29, a distant
thunderstorm front was observed in the southwestern
part of the twilight segment. Subsequently, analysis
of the images revealed the presence of lightning dis-
charges (Fig. 7).
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In principle, this is not surprising. What is note-
worthy is the fact that lightning is confidently dis-
cernible through the cloud medium on IR images,
whereas on standard images or during visual obser-
vation, only an increase in the brightness of the cloud
field is recorded.

29.07.2025 22:n

Infrared

Figure 7. Image fragment with a lightning
discharge in the IR range.

In a number of cases, cloud formations that are
completely inaccessible to the naked eye (whose con-
trast sensitivity is higher than that of conventional
photography, making the sky look absolutely clear to
the eye) are noticeable on IR images. An example is
shown in Figure 8.

imilar situations were repeatedly recorded by the
cameras. Thus, Figure 9 shows that in cases where

Visible - 25.06.2025

22:41

images from a conventional camera (or visual obser-
vations) do not detect the presence of cloudiness in
the sky, clouds may be present on images in the IR
range. Identifying the cloud type in these cases can
sometimes be quite difficult.

*1:4

Figure 8. IR image of cloudiness in the form of filaments in the
northwest direction at an altitude of 10-15 degrees, which are
visually indistinguishable.

Structurally, the cloud field in the image obtained
by the IR camera resembles one of the most transpar-
ent types of cirrus clouds (Ci fib or Cs fib). However,
unlike the indicated cloud forms, they moved much
faster, traveling in a southwestern direction. Such
rapid movement is characteristic of high-altitude
cloud types if they form in the uppermost layers of
the troposphere or in the stratosphere at altitudes of
11-14 km [6, 29].

Infrared

Figure 9. Cloudiness recorded only by the IR camera.
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However, opposite situations were occasionally
encountered, where a conventional camera recorded
cloud details, while they were absent in the IR im-
ages. This occurred when there was an almost full
Moon in the sky (Fig. 10).

Such situation can be explained by the attenu-
ation of the IR component in the lunar spectrum
compared to solar radiation. In this case the Moon

Visible

07.07.2025 22:15

--'h

lights cirrus clouds in the visible region of the
spectrum even beyond the twilight segment. Inex-
perienced observers might mistake such view for
NLC.

The high contrast of IR images sometimes com-
pletely alters the appearance of cloudiness compared
to the picture in the visible spectral region. A striking
example of this can be seen in Figure 11.

Figure 10. [llumination of cirrus clouds by a full Moon.

Visible - 01.08.2025 22:08

Infrared - 01.08.2025 22:08

Figure 11. S-shaped cloud vortex on an IR image.

Here, in the IR range image, a vast cloud vortex
in high-altitude stratiform clouds stands out. Howe-
ver, it is completely indistinguishable in visible light.
Vortex structures in cloudiness are typically observed
in satellite images. Thus, this example illustrates new
possibilities for ground-based cloud study using IR
cameras.

The image examples presented here do not ex-
haust the full scope of unusual objects or phenom-
ena that were captured when imaging in the near-IR
range. The most interesting cases are those when
cloud formations are visible only in IR rays. More-
over, such objects often move very rapidly. Addition-
ally, attention is drawn to the unusual morphology of
cloud forms in such images. It is possible that, due to

the increased contrast of the images, rather rare cloud
forms have been captured on them. These could be,
for example, finely dispersed dust clouds, the pos-
sible existence of which is pointed out by a number
of researchers [30]. In particular, one might note the
“ultracirrus” mentioned by Minnaert [6]. In this re-
gard, it is obvious that observations of cloud forms in
the near-IR region must be continued.

7. Discussion

Taking into account the fact that in the study
of NLC obtaining images in the IR spectral region
has not previously been practiced, it is not possible
to compare the results of this work with the data of
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other authors. Moreover, when conducting synoptic
observations of NLC, researchers usually limited
themselves to the fact of registering such cloudi-
ness, without evaluating the information content (for
example, contrast) of the images. And this is quite
justified in the case of sufficiently bright cloud fields
appearing in the sky. With this approach, the pho-
tographic method essentially refines visual obser-
vations, imparting to them such crucial qualities as
documentation and objectivity.

Although the contrast sensitivity of the human
eye is high, there are frequent cases where visual ob-
servations do not allow one to confidently judge the
presence or absence of NLC in the twilight segment
under favorable conditions of its illumination and
clear weather. At the same time, discussing the pos-
sibility of registering NLC using traditional methods
prior to the onset of nautical twilight generally makes
no sense.

In this context, the results obtained during the
present study provide grounds for an optimistic out-
look on the prospects of using near-IR photography
to expand capabilities in the study of NLC and other
high-altitude cloud formations. This concerns the en-
hancement of image information content achieved
through a significant increase in image contrast.

It should be considered that the potential of the
proposed methodology at this stage is far from ex-
hausted. A further increase in the contrast gain for
cloud images in the twilight segment is achievable
by applying identical ISO values on both the IR and
conventional cameras. Naturally, this will require an
increase in exposure times when shooting in the IR
range, but they will nonetheless remain within ac-
ceptable limits. Alongside this, the implementation
of cameras featuring sensors with higher sensitivity
in the near-IR spectral region becomes a relevant
prospect for the future.

8. Conclusion

In order to develop tools and methods for regis-
tering NLC during ground-based observations, this
work substantiates the possibility of increasing im-
age contrast in the twilight sky segment by transition-
ing to photographic observations in the near-IR spec-
tral region. In doing so, the discriminability of the
structure of low-contrast objects, which is difficult
to distinguish when using traditional approaches, is
enhanced. The increase in image contrast for diffuse
cloud objects is achieved by reducing the background
sky brightness.
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To implement the new method for registering
cloud forms, a Canon 1000D camera was modi-
fied by removing the built-in filter in front of the
receiver that cuts off IR radiation. Concurrently,
filters transmitting only IR radiation of specified
wavelengths were mounted on the camera lens
[17]. As a result, the sensitivity of the modified
camera in the IR spectral region increased by ap-
proximately three orders of magnitude [17, 28].
During the summer season of 2025, using the Can-
on 1000DI camera, systematic observations of the
twilight sky segment at wavelengths longer than
850 nm were conducted for the first time. Control
images in the visible region were taken simultane-
ously using a Canon 2000D camera.

Visual matching and comparison of the numeri-
cal characteristics of the images in the IR and visible
spectral regions revealed interesting results. In par-
ticular, in every randomly selected pair of images (IR
and visible range), a higher contrast of cloud details
was found specifically for the IR images. The rela-
tive contrast difference generally amounted to tens,
and occasionally more than a hundred percent. Of
course, looking ahead, it is interesting to investigate
the factors influencing the magnitude of the contrast
difference.

It is shown that upon visual comparison of the
photographs, the higher image contrast allows for
the identification of cloud structures on the IR im-
ages that are completely indistinguishable on the im-
ages in the visible spectral region [28]. Furthermore,
the boundaries of cloud formations on IR images are
much sharper, and the structural detailing is much
higher than on visible light images. At the same time,
the possibility emerges of expanding the temporal
range for registering NLC by incorporating a portion
of civil twilight into it.

Further refinement of the method for increas-
ing the contrast and quality of cloud images in the
twilight sky segment in the IR range is possible
by equalizing the sensitivity (ISO) of the main and
control cameras. It is possible that some of the
cloud formations recorded exclusively in the IR re-
gion represent understudied forms of high-altitude
clouds. Thus, one can speak of the prospect of ap-
plying IR cameras not only for NLC monitoring
but also for studying other atmospheric formations
whose registration in visible light is problematic
[31-34].

Conflicts of interest
The authors declare no conflict of interest.



A.A. Solodovnik et al.

Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 35-48

Author contributions

Conceptualization: A.S.S. and P.I.LL.; Meth-
odology: A.S.S., T.B.K. and B.M.U.; Software:
T.B.K.; Validation: A.S.S, T.B.K., P.I.LL. and
B.M.U.; Formal Analysis: A.S.S., T.B.K., P.L.L.
and B.M.U.; Investigation: A.S.S. and N.P. S.; Re-
sources: N.P.S..; Data Curation: A.S.S., T.B.K.,

P.I.LL. and B.M.U.; Writing — Original Draft Prep-
aration: A.S.S. and P.I.L.; Writing — Review &
Editing: A.S.S.; T.B.K and P.L.L.; Visualization:
T.B.K.; Supervision: A.S.S.; Project Administra-
tion: B.M.U.; Funding Acquisition: N.P.S.. All au-
thors have read and agreed to the published version
of the manuscript.

References

1. M. Gadsden and W. Schroder, Noctilucent Clouds. New York, NY, USA: Springer, 1989.

2. V. A. Bronshten, Noctilucent Clouds and Their Observation: Observation Conditions, Heights and Velocities of Noctilucent
Clouds, (in Russian). Moscow, Russia: Redaktsionnaya kollegiya, 1984.

3. P.A.Dalin, V. A. Romeiko, N. N. Pertsev, and V. I. Perminov, “Noctilucent clouds are already 130 years old,” (in Russian),
Priroda, no. 11(1203), pp. 18-26, 2015, EDN: VHXLIT.

4. S.V.Zvereva, In a World of Sunshine, (in Russian). Leningrad, USSR: Gidrometeoizdat, 1988.

5. G. V. Rozenberg, Twilight, (in Russian). Moscow, USSR: Fizmatgiz, 1963.

6. M. Minnaert, Light and Color in the Outdoors. Springer Science & Business Media, 1995.

7. 0O.S. Ugolnikov, I. A. Maslov, B. V. Kozelov, and J. M. Dlugach, “Noctilucent cloud polarimetry: Twilight measurements in
a wide range of scattering angles,” Planet. Space Sci., vol. 125, pp. 105-113, 2016, https://doi.org/10.1016/j.pss.2016.03.010

8. 0. S. Ugolnikov, A. A. Galkin, S. V. Pilgaev, and A. V. Roldugin, “Noctilucent cloud particle size determination based on
multi-wavelength all-sky analysis,” Planet. Space Sci., vol. 146, pp. 10-19, 2017. [Online]. Available: http://arxiv.org/abs/1611.00073

9. A. A. Solodovnik, P. I. Leontiev, and P. Dalin, “Studies of the influence of tropospheric factors on the formation of silvery
clouds by cartographic method,” J. Atmos. Sol.-Terr. Phys., vol. 200, 2020, Art. no. 105224, https://doi.org/10.1016/j.jastp.2020.105224

10. A. Solodovnik, P. Leontiev, P. Dalin, B. Takenov, and D. Alyoshin, “Seasonal evolution and interseasonal changes in polar
mesospheric clouds at high latitudes in the Southern Hemisphere,” J. Atmos. Sol.-Terr. Phys., vol. 226, 2021, Art. no. 105787, https://
doi.org/10.1016/j.jastp.2021.105787

11. H. Gao, L. Li, L. Bu, Q. Zhang, Y. Tang, Z. Wang, “Effect of small-scale gravity waves on polar mesospheric clouds ob-
served from CIPS/AIM,” J. Geophys. Res. Space Phys., vol. 123, pp. 4026-4045, 2018, https://doi.org/10.1029/2017JA024855

12. P. Dalin et al., “A case study of long gravity wave crests in noctilucent clouds and their origin in the upper tropospheric jet
stream,” J. Geophys. Res. Atmos., vol. 121, no. 23, 2016, https://doi.org/10.1002/2016JD025422

13. N. Shevchuk, N. Pertsev, P. Dalin, V. Perminov, “Wave-induced variations in noctilucent cloud brightness: Model and ex-
perimental studies,” J. Atmos. Sol.-Terr. Phys., vol. 203, 2020, Art. no. 105257, https://doi.org/10.1016/j.jastp.2020.105257

14. V. P. Hart et al., “Investigating gravity waves in polar mesospheric clouds using tomographic reconstructions of AIM satel-
lite imagery,” J. Geophys. Res. Space Phys., vol. 123, pp. 955-973, 2018, https://doi.org/10.1002/2017JA024481

15. A. Solodovnik, A. Baibusinova, D. Kudabaeva, “Dynamics of the development of the field of noctilucent clouds in the north-
ern Hemisphere in the period 2013-2020,” Bull. KazNTU, no. 4(140), pp. 138-144, 2020.

16. P. Dalin et al., “Ground-based observations of noctilucent clouds with a Northern Hemisphere network of automatic digital
cameras,” J. Atmos. Sol.-Terr. Phys., vol. 70, pp. 1460-1472, 2008. https://doi.org/10.1016/j.jastp.2008.04.018

17. A. Solodovnik, R. Zyryanov, P. Leontyev, B. Useinov, E. Gololobova, and P. Zhuravlev, “Experience of noctilucent clouds
registering in the near infrared spectrum region,” Phys. Sci. Technol., vol. 11, no. 1-2,2024. https://doi.org/10.26577/phst2024v11ilal0

18. A. A. Solodovnik, P. I. Leontyev, B. M. Useinov, A. D. Kadyrmin, and R. O. Zyryanov, “Application of electronic receivers
for recording infrared images of celestial phenomena at the CAR of the NKU,” Phys. Sci. Technol., vol. 10, no. 1-2, 2023. https://doi.
org/10.26577/phst.2023.v10.i1.07

19. A. Sheverdin, “Technological innovations of OmniVision CMOS cameras: An optimal choice for high-volume applica-
tions,” (in Russian), Komponenty i Tekhnologii, no. 1, 2008.

20. Canon Inc., Canon EOS 2000D User Manual, (in Russian). Tokyo, Japan: Canon Inc., 2017.

21. S. Qiu et al., “Solar-induced 27-day modulation on polar mesospheric cloud (PMC), based on combined observations from
SOFIE and MLS,” Front. Astron. Space Sci., vol. 10, 2023, Art. no. 1168841, https://doi.org/10.3389/fspas.2023.1168841

22. V. I Perminov et al., “Response of the mesopause region airglow to short-period changes in solar activity,” (in Russian),
Geomagn. Aeron., vol. 63, no. 1, pp. 63-72, 2023.

23. A. Sarsembayeva, L. Ryssaliyeva, F. Belissarova, and A. Sarsembay, “Solar magnetic activity and its terrestrial impact
through correlations with drought indices,” Phys. Sci. Technol.,vol. 12,no. 1-2, pp. 38-44, 2025. https://doi.org/10.26577/phst20251214

24. Yu. L. Golub and F. V. Starovoitov, “Study of local contrast estimates of digital images in the absence of a reference,” (in
Russian), Syst. Anal. Appl. Inform., no. 2, pp. 4-11, 2019, https://doi.org/10.21122/2309-4923-2019-2-4-11

25. S. A. Kadnichanskiy, “Contrast estimation of digital aerial photographs and satellite images,” (in Russian), Geod. Cartogr.,
no. 3, pp. 46-51, 2018, https://doi.org/10.22389/0016-7126-2018-933-3-46-51

26. “Numerical characteristics of the image. The tonal range,” MyPresentation.ru. Accessed: Mar. 4, 2023. [Online]. Available:
https://mypresentation.ru/presentation/chislovye-xarakteristiki-izobrazhenij

47



Near-infrared imaging of the twilight sky ... Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 35-48

27. “Processing of images and video files. How to read, understand and recognize the histogram of an image,” Rugraphics.ru.
Accessed: Mar. 4, 2023. [Online]. Available: https://rugraphics.ru/photoshop/kak-chitat-ponimat-raspoznavat-gistogrammu

28. T. B. Kasenov, “Evaluation of image contrast when working with an infrared camera EOS Canon-1000D,” (in Russian), in
Proc. Int. Sci.-Pract. Conf. Youth and Science-2025: Modern Challenges and Scientific Approaches to Solving Them, Dedicated to the
100th Anniversary of Evnei Arstanovich Buketov, Petropavlovsk, Kazakhstan, Apr. 9, 2025, pp. 391-396, EDN: AIQXRA.

29. T. Ferreira and W. S. Rasband, “Image] User Guide—IJ 1.46,” ImagelJ.net, 2010-2012. [Online]. Available: https://imagej.
net/ij/docs/guide/

30. A.V.Kislovand G. V. Surkova, Climatology: Textbook. Moscow, Russia: INFRA-M, 2022.

31. A. A. Solodovnik, R. A. Kleksin, P. I. Leontyev, B. M. Useinov, A. G. Markova, and S. A. Kassimova, “Revealing the noc-
tilucent cloud fields structure by software processing of satellite images,” Phys. Sci. Technol., vol. 12, no. 1-2, pp. 4-13, 2025. https://
doi.org/10.26577/phst20251211

32. A. A. Solodovnik, B. M. Useinov, T. B. Kassenov, P. L. Zhuravlev, and E. A. Solodovnik, “Experience of using an infrared
camera in the study of astronomical objects,” Recent Contrib. Phys., no. 1(96), pp. 14-22, 2026.

33. A. A. Solodovnik, P. I. Leontyev, S. A. Sartin, B. M. Useinov, D. V. Alyoshin, and P. Dalin, “Physical bases of meteor
registration methods and the instrument complex of the NKU Observatory,” Int. J. Math. Phys., vol. 13, no. 2, 2022. https://doi.
org/10.26577/ijmph.2022.v13.i2.04A

34. P.Razzhivalov, N. Korobova, and S. Shatalova, “Earth sensing capabilities yesterday and today,” Phys. Sci. Technol., vol. 8,
no. 1-2, pp. 26-34, 2021. https://doi.org/10.26577/phst.2021.v8.i1.03

Information about the authors:

Andrey Solodovnik — Candidate of Physico-Mathematical Sciences, Professor at the M. Kozybayev North Kazakhstan University
(Petropavlovsk, Kazakhstan, e-mail: asolodovnik@ku.edu.kz).

Timur Kassenov — Master’s student at the M. Kozybayev North Kazakhstan University (Petropavlovsk, Kazakhstan, e-mail: timur.
kasenov.2002@mail.ru).

Pavel Leontyev — Candidate of Physico-Mathematical Sciences, Associate professor at the M. Kozybayev North Kazakhstan Uni-
versity (Petropavlovsk, Kazakhstan, e-mail: pleontyev@mail.ru, pleontiev@ku.edu.kz).

Beibut Useinov (corresponding author) — Candidate of Physico-Mathematical Sciences, Professor at the M. Kozybayev North
Kazakhstan University (Petropavlovsk, Kazakhstan, e-mail: buseinov@gmail.com).

Nadezhda Solodovnik — research associate at the M. Kozybayev North Kazakhstan University (Petropavlovsk, Kazakhstan, e-mail:
npsolodovnik@mail.ru).

48



Physical Sciences and Technology. Vol. 13 (No. 1-2), 2026: 49-60

IRSTI 31.15.37

https://doi.org/10.26577/phst20261315

Synthesis of a montmorillonite-based nanocomposite
with antibacterial properties

il

y y
| |

D.K. Bolatkan'* © , K. Akatan' © , S.K. Kabdrakhmanova?®*

|
<

b
y y

] [ |
#

V.V. Davydova’ = and Sh.A. Muzdybayeva* 4

'S.Amanzholov East Kazakhstan University, Ust-Kamenogorsk, Kazakhstan
ZSatbayev University, Almaty, Kazakhstan
*International R&D Center for Advanced Functional Materials and their Composite, Almaty, Kazakhstan
“International Engineering Technological University, Almaty, Kazakhstan
*e-mail: chilibayeva35@gmail.com
(Received March 31, 2026, received in revised form May 18, 2026, accepted May 28, 2026)

This study investigates the intercalation of montmorillonite clays from the Tagan deposit with silver
nanoparticles and evaluates their potential for biomedical applications. Purification of the raw material
using the Salo method ensured the removal of coarse mineral impurities and enrichment of the
montmorillonite fraction. The analyses revealed the predominance of montmorillonite and kaolinite in
the purified samples, while SEM data confirmed increased porosity and effective distribution of silver
nanoparticles within the interlayer space. Modification resulted in the formation of a hybrid structure with
high surface reactivity, allowing the material to be considered a promising carrier for the immobilization
and controlled release of pharmaceutical substances. In addition, the modified bentonite may be used in
antimicrobial coatings, wound-healing materials, drug delivery systems, medicinal ointments, as well
as in sorption and environmental protection technologies. The incorporation of silver nanoparticles also
enhanced the antibacterial potential of the clay matrix, which is particularly important for the development
of advanced biomedical and healthcare-related materials. Furthermore, the combination of natural clay
minerals with nanoscale silver provides a cost-effective and environmentally friendly platform for creating
multifunctional composites with improved physicochemical and biological properties. The results confirm
that purification and functionalization with silver nanoparticles significantly improve the properties of these
clays and expand their potential practical applications.

Keywords: montmorillonite, silver nanoparticles, green method, antibacterial properties, nanocomposite.

1. Introduction

The widespread application of montmorillonite
clays is determined by their distinctive physicoche-
mical properties, natural abundance, and environ-
mental safety [1]. In recent years, the growing interest
in the use of polymer—clay nanocomposites in drug
delivery systems has made montmorillonite-based
materials a relevant subject of biomedical research
[2]. Montmorillonite is the principal mineralogical
component of bentonite and, as a layered aluminosili-
cate belonging to the smectite group, is distinguished
by its high sorption capacity, pronounced adsorption
activity, and considerable swelling ability [3]. How-
ever, the presence of kaolinite, quartz, mica, calcite,
and other mineral impurities in natural bentonites
may reduce their degree of purity and functional per-
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formance. In addition, coarse dispersed impurities
such as sand and stone disrupt the structural homo-
geneity of the clay matrix, thereby limiting the ma-
terial’s biomedical applicability[4]. Therefore, their
preliminary removal is of critical importance [4]. For
this reason, thorough purification and targeted pre-
treatment of the raw material play a decisive role in
the production of bentonite-based materials intended
for medical applications [5-6]. Purified bentonite
exhibits high adsorption capacity, biocompatibility,
and the ability to control the release of immobilized
active components [7]. In this regard, it is regarded
as an effective carrier material for the development
of solid dosage forms, including tablets and capsules
[8]. Studies [9-10] have reported that montmoril-
lonites have increasingly been used as potential raw
materials for the formulation of deep-cleansing facial
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masks and skincare creams due to their safety, bioin-
ertness, and environmental friendliness.

Recent studies have demonstrated that the ef-
fective functionalization of the interlayer space of
bentonite with nanoparticles enables the targeted
modification of its properties and the expansion of
its application potential [11]. Although purified ben-
tonite possesses a large specific surface area, high
cation-exchange capacity, and good biocompatibil-
ity, its antibacterial activity remains limited. Stud-
ies [12—13] have shown that modification with silver
and copper nanoparticles significantly enhances the
functional characteristics of bentonite, including its
antimicrobial activity. In this context, the interlayer
space of bentonite serves as a favorable structural en-
vironment for the incorporation of metal nanoparti-
cles. The incorporated metal atoms combine to form
nanoparticles and establish stable interactions with
the layers of the clay mineral. As a result of such in-
teractions, silver nanoparticles become immobilized
within the interlayer region, thereby preventing the
formation of low-activity aggregates and conglomer-
ates. This process is accomplished through a sponta-
neous cation-exchange mechanism. It has been con-
cluded that this contributes to enhancing the stability
and biological activity of nanocomposites based on
modified bentonite.

In recent years, montmorillonite clay has been
considered a promising inorganic matrix for the devel-
opment of antibacterial nanocomposites due to its lay-
ered structure, high cation-exchange capacity, avail-
ability, and ability to stabilize metallic nanoparticles.
Of particular interest are AgNP-MMT systems, in
which silver nanoparticles can be intercalated into the
interlayer space of montmorillonite. This may reduce
AgNP aggregation, improve their dispersion, and con-
tribute to prolonged antibacterial activity. According to
recent literature data, silver-containing montmorillon-
ite materials exhibit antibacterial activity against both
Gram-positive and Gram-negative microorganisms,
making them promising for biomedical, packaging,
and environmental applications. In addition, the use of
“green” synthesis methods involving plant extracts or
mild reducing approaches can reduce the use of tox-
ic reagents and improve the environmental safety of
AgNP-MMT nanocomposite preparation. Recently,
in accordance with the principles of green chemistry,
priority has been given to the green synthesis of metal
nanoparticles incorporated into antibacterial compos-
ites intended for biomedical applications [14]. Recent
studies have demonstrated that nanostructured materi-
als prepared by environmentally friendly approaches
can exhibit promising properties for biomedical and
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bioimaging applications, highlighting the importance
of particle size, surface chemistry, and biocompat-
ibility for their practical use [15-17].This, in turn, has
been found to ensure the environmentally safe use of
synthesized metal nanoparticles and to maximize the
safety of their application. The novelty of this study
lies in the use of local bentonite clay from the Tagan
deposit, with montmorillonite as the main mineral
component, as a carrier matrix for silver nanoparticles.
Unlike previously reported AgNP—montmorillonite
systems, the present work focuses on the intercalation
of green-synthesized silver nanoparticles into a local
natural bentonite clay and the evaluation of the anti-
bacterial properties of the obtained material. Thus, the
study combines the use of regional mineral raw mate-
rial, an environmentally friendly synthesis approach,
and the development of a silver-containing bentonite
material with potential antibacterial activity.
Accordingly, the present study aimed to inves-
tigate the possibility of obtaining an antibacterial
nanocomposite by preliminary water activation of
natural bentonite samples from the Tagan deposit and
subsequent intercalation of green-synthesized silver
nanoparticles into the bentonite matrix.

2. Experimental section

2.1 Pretreatment of bentonite clay

Bentonite samples obtained from the Tagan de-
posit were selected as the study material and pre-
pared as a suspension in deionized water at a ratio of
1:20 g/mL, following the procedure reported in our
previous study [4]. The obtained suspension was
magnetically stirred at room temperature at 1000
rpm for 8 h, followed by treatment at 90 °C for 2
h. The resulting suspension was then lyophilized at
=60 °C for 5 h.

2.2 Intercalation of silver nanoparticles synthe-
sized via a green method into the montmorillonite
matrix

Silver nanoparticles synthesized via the green
method reported in study [18] were intercalated into
the montmorillonite matrix. The required concentra-
tion was prepared using two different approaches. In
the first method, 5 g of water-modified bentonite clay
was added to silver nanoparticle suspensions with
volumes of 25, 50, and 75 mL (samples 1-6), fol-
lowed by continuous stirring on a magnetic stirrer. In
the second method, silver nanoparticles were added
to the aqueous swollen clay suspension at volume
ratios of 1:3, 1:1, and 3:1 (mL/mL) and intercalated
under continuous stirring (samples 7-12).
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The bentonite samples investigated in this work
were conventionally labeled as Mt and Mt,, while
the nanocomposite clay samples intercalated with sil-
ver nanoparticles were designated as Mt -AgNPs and
Mt -AgNPs. Depending on the nature of the analysis,
either the suspension of modified montmorillonite
clay or its lyophilized dry form was employed.

2.3 Determination of the microbiological purity
of montmorillonite clay and the antibacterial proper-
ties of the obtained nanocomposite clay

The antibacterial properties and microbiological
purity were determined by the inoculation method in
accordance with the requirements of the State Phar-
macopoeia of the Republic of Kazakhstan (pp. 176—
180, Section 2.6.12). A suspension was prepared by
adding 1 g of the nanocomposite to 9 mL of 0.9%
sodium chloride solution containing peptone at pH 7,
followed by intensive mixing. During the study, the
suspension was subjected to a tenfold dilution.

A 1 mL aliquot of the tenfold diluted suspension
was transferred into 90 mm Petri dishes, after which
15-20 mL of molten culture medium at a temperature
not exceeding 45 °C was poured onto the sample.
Meat-peptone agar was used for bacterial cultivation,
whereas Sabouraud medium was employed for the
cultivation of molds and yeasts. The bacterial strains
were incubated at 30-35 °C for 48 h, while the molds
were incubated at 20-25 °C for 5 days.

Colony counting was performed on plates con-
taining 30-300 colonies for bacteria and 10—100 col-
onies for fungi. The number of viable microorgan-
isms (CFU/mL) was calculated taking into account
the dilution factor and the volume of the inoculated
sample. The average value of two parallel analyses
was used for the calculations.

The concentration of viable microorganisms was
calculated using the following formula:

N =—x— 1

75 &)
where N is the concentration of microorganisms in
the initial sample (CFU/mL), C is the number of col-
onies on the plate, V is the volume of the inoculated
sample (mL), and d is the dilution factor.

2.4 FTIR spectroscopy

The chemical structure of the samples was inves-
tigated using an FTIR FT-801 infrared spectrometer
(Simex, Russia) in the 5004000 cm™ wavenumber
range, with a resolution of 1 cm™, at 25 + 2 °C, us-
ing 100 scans. During the analysis, the clay powders
were mixed with potassium bromide at a 1:9 ratio and

ground in an agate mortar until a completely homo-
geneous mixture was obtained. The resulting mixture
was then placed in a pellet-forming ring and com-
pressed using a press at 200 MPa for 5 min, while
water vapor was removed by a vacuum pump, to ob-
tain a pellet.

2.5 X-ray fluorescence analysis

The major elemental composition of bentonite
clay was determined by energy-dispersive X-ray flu-
orescence (EDXRF) using an Epsilon 4 X-ray fluo-
rescence spectrometer (Malvern Panalytical B.V.,
Almelo, The Netherlands). Measurements were car-
ried out using an Ag-anode X-ray tube and an SDD
detector, at an accelerating voltage range of 4.0-50
kV and a current of up to 3.0 mA. The samples were
analyzed in powdered form as pressed pellets. The
results were presented as elemental concentrations.

2.6 X-ray diffraction analysis

The structural and phase characteristics of the
samples were investigated by X-ray diffraction using
an X’PertPRO diffractometer (Malvern Panalytical
Empyrean, The Netherlands) with monochromatized
CuKa radiation (K-Alphal [A] = 0.1542) at a scan-
ning step size of 0.02°. During the analysis, the mea-
surements were carried out over an angular range of
10-80°, with an X-ray tube voltage of 45 kV, a cur-
rent of 30 mA, and a counting time of 0.5 s per step; a
universal aluminum sample holder (PW1172/01) was
used.

2.7 SEM analysis

The surface morphology of the samples was ex-
amined using a Quanta 200 3D scanning electron mi-
croscope (FEI™, Netherlands). The measurements
were performed in high-vacuum mode at an acceler-
ating voltage of 5 kV, using a secondary electron de-
tector. To improve electron conductivity, the surface
of the mineral clays was coated with gold nanopar-
ticles.

2.8 Viscosity of the nanocomposite

The dynamic viscosity of the samples was deter-
mined using a rotational viscometer (BOYN, Hang-
zhou Boyn Instrument Co., Ltd., China). The analy-
sis was performed at a temperature of 25+2 °C and a
relative humidity of 50 = 5%. The sample was placed
in the measuring vessel, and care was taken to pre-
vent the formation of air bubbles. The spindle was
immersed into the sample up to the working level,
and the measurement was carried out at a rotational
speed selected in accordance with the technical oper-
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ating mode of the instrument. After the readings had
stabilized, the viscosity value was recorded in mPa-s.
To ensure measurement repeatability and compara-
bility of the results, all analyses were performed un-
der identical experimental conditions. Each sample
was measured at least three times, and the results
were processed as the mean + standard deviation.

3. Results and discussion

3.1 Assessment of the microbiological purity of
montmorillonite clay and the antibacterial activity of
the obtained nanocomposite clay

According to the requirements of the State Phar-
macopoeia of the Republic of Kazakhstan, the analy-
sis of the microbiological purity of the purified clay
samples Mt, and Mt, revealed a total aerobic micro-
bial count of 0.92 x 10* CFU/g. This value did not
exceed the permissible limit (< 1 x 10* CFU/g). The
yeast and mold count was 0.95 x 10> CFU/g, which
also remained within the acceptable range (< 1 x 10?
CFU/g).

For the Mt, clay sample, the total acrobic micro-
bial count was 0.89 x 10* CFU/g, while the yeast and
mold count was 0.8 x 10> CFU/g. These values fully
complied with the pharmacopoeial requirements.
The obtained results demonstrated that the studied
samples complied with the requirements of the State
Pharmacopoeia of the Republic of Kazakhstan for
non-sterile medicinal products of natural origin. In
addition, these results were consistent with the data
reported in study [4] regarding the microbiological
purity of montmorillonite clay. Thus, it was con-
firmed that the samples used in the present study pos-
sessed the microbiological purity characteristic of
montmorillonite clays.

Figure 1 presents the antibacterial properties of
the initial montmorillonite clay samples, Mt, and
Mt,, as well as those of the nanocomposite samples
obtained after intercalation. No inhibition zones were

Table 1. Antibacterial activity of the nanocomposite clay.

observed for either Mt, or Mt, clay against the tested
microorganisms. For series 1-3 and 46 of the nano-
composite clay samples, a clear trend was observed
toward an increase in the microbial growth inhibi-
tion zone with increasing volume of AgNPs in the
solution. In sample No. 3 (Mtl + 75 mL AgNPs), the
inhibition zone reached 11 mm, whereas in sample
No. 6 (Mt2 + 75 mL AgNPs), it was 11.2 mm. A
similar relationship was also observed for the mixed
compositions of samples 7-9 and 10-12. This indi-
cates the dose-dependent nature of the antibacterial
effect of AgNPs. Comparative analysis showed that
the antibacterial activity of the studied compositions
against Escherichia coli and Staphylococcus sapro-
phyticus was generally comparable.

Figure 1. Results of the antibacterial activity assay. Inhibition
zones against E. coli: (a) samples 1-6 and (b) samples 7-12;
inhibition zones against S. saprophyticus: (c) samples 1-6 and
(d) samples 7-12.

Sample numbers Sample designation

Average + SEM (mm)

Escherichia coli Staphylococcus saprophyticus

5 g of dry, purified montmorillonite clay and various concentrations of AgNPs

1 Mt, +25 ml AgNPs
2 Mt + 50 ml AgNPs
3 Mt, + 75 ml AgNPs
4 Mt, +25 ml AgNPs

52

10.00 + 0.06° 10.00 £0.07°
10.40 £0.07° 10.50 = 0.06°
11.00 £ 0.08* 10.70 £ 0.07%°
10.00 £ 0.06° 10.30 = 0.08°
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Continuation of the table

Sample numbers Sample designation

Average + SEM (mm)

Escherichia coli Staphylococcus saprophyticus

5 Mt, + 50 ml AgNPs 10.30 £0.07° 10.20 £ 0.06°
6 Mt, + 75 ml AgNPs 11.20 +0.092 11.40 £0.08°
Addition of AgNPs to the bentonite clay suspension in different volumes

7 30 ml Mt, + 70 ml AgNPs 11.00 +0.072 10.50 + 0.06°
8 50 ml Mt, + 50 ml AgNPs 10.00 + 0.06° 10.00 =0.07°
9 70 ml Mt, + 30 ml AgNPs 10.00 £ 0.07° 9.50 +0.08¢

10 30 ml Mt, + 70 ml AgNPs 11.00 £ 0.08° 11.00 £0.07°
11 50 ml Mt, + 50 ml AgNPs 10.00 + 0.06° 10.70 £ 0.08%°
12 70 ml Mt, + 30 ml AgNPs 9.70 £ 0.07¢ 10.50 + 0.06°

The control samples consisting of the pristine
clay did not exhibit any inhibitory activity. In con-
trast, the nanocomposite material intercalated with
silver nanoparticles demonstrated pronounced anti-
bacterial activity. These results indicate that silver
nanoparticles play a decisive role in the develop-
ment of antibacterial activity [18]. The results of
the study revealed that the sample containing 5 g of
montmorillonite clay intercalated with 75 mL of sil-
ver nanoparticles exhibited the highest antimicrobial
activity. In addition, considering that the Mt, and Mt,
samples met the requirements for microbiological
purity, these two montmorillonite clay samples and
this specific ratio with silver nanoparticles were se-
lected as the basis for the subsequent synthesis of the
nanocomposite material.

A clay—water system was used as a negative con-
trol to confirm that the pristine clay matrix itself did
not exhibit antibacterial activity. No inhibition zone
was observed for this control sample, indicating
that the unmodified clay did not significantly sup-
press microbial growth. Erythromycin was used as a
positive control to confirm the viability of the tested
microorganisms and the correctness of the agar dif-
fusion method. The inhibition zone of erythromycin
was 22.1 mm, while the Mt,-AgNPs sample obtained
using 75 mL of AgNPs solution showed an inhibition
zone of 11.2 mm.

For a more quantitative comparison, the relative
antibacterial activity of Mt -AgNPs was calculated as
follows:

Relative antibacterial activity =
=11.2/22.1 x 100 = 50.7%

Thus, under the experimental conditions used
in this study, the antibacterial activity of the Mt,-
AgNPs sample was approximately 50.7% of that of
erythromycin. It should be noted that erythromycin
was used not as a direct functional analogue of the
studied material, but as a standard positive control to
validate the test system.

In addition, our result is comparable with lit-
erature data [19] reported an inhibition zone of
10.74 mm for an AgNPs—MMT system, which is
close to the value obtained in our study (11.2 mm).
The difference is 0.46 mm, or approximately 4.3%,
indicating that the antibacterial activity of our mate-
rial is consistent with previously reported silver-con-
taining montmorillonite systems.

3.2 FTIR analysis

Figure 2 shows the comparative FTIR spectra
of the pristine Mt; and Mt, samples and the AgNP-
modified samples, Mt;-AgNPs and Mt,-AgNPs.
For all samples, the intense absorption band in the
1000-1002 cm™ region is attributed to Si-O stretch-
ing vibrations characteristic of smectites, particularly
montmorillonite. The peak near 920 cm™ corre-
sponds to the deformation vibrations of AI-Al-OH/
Al-OH groups in the octahedral layer. The peaks in
the region of 517 cm™ are attributed to the lattice vi-
brations of Si—-O-Al and Al-O-Si bonds. The peak
at 1445 cm™ is attributed to the presence of carbon-
ate salts in the mineral clay composition. The band
at 1632 cm™ is associated with the H-O—H bending
vibrations of adsorbed or interlayer water, while the
broad absorption region at 3463-3632 cm™ is ex-
plained by the O—H stretching vibrations of structural
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hydroxyl groups and physically bound water. Such a
set of peaks confirms the aluminosilicate nature of
bentonite, more specifically its layered structure rich
in montmorillonite, and this interpretation is consis-
tent with studies in which clay minerals were inves-
tigated by FTIR spectroscopy [20]. The preservation
of the main characteristic peaks after the incorpora-
tion of silver nanoparticles indicates that the silicate
framework of bentonite remained intact. These results
suggest that silver-containing species may interact
with the montmorillonite structure, possibly through
partial intercalation without causing destruction of
the basic aluminosilicate framework [21]. Studies
by Praus, P. and Turicova, M. have shown that the
intercalation of AgNPs into the clay matrix occurs
while preserving the structural framework [22]. From
a biomedical perspective, such structural preserva-
tion and surface functionalization are of great impor-
tance, since silver-modified montmorillonite systems

of this kind are considered promising components for
antimicrobial materials, drug delivery platforms, and
composite materials for external wound applications
[23]. The preservation of the main Si—O, AI-OH, and
O-H vibration bands after the incorporation of silver
nanoparticles indicates that the basic layered alumi-
nosilicate framework of bentonite remained intact.
At the same time, slight changes in the intensityrelat-
ed to O-H stretching and H-O—-H bending vibrations
may reflect changes in the hydration state of the clay
and possible interactions between silver-containing
species, surface hydroxyl groups, and interlayer wa-
ter molecules [24-25]. Therefore, the FTIR results
suggest that AgNP incorporation is accompanied by
interaction with active sites of the montmorillonite
structure. These interactions may contribute to the
stabilization and dispersion of silver nanoparticles in
the clay matrix, which is important for maintaining
antibacterial functionality [26-27].
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Figure 2. Comparative FTIR spectra of the initial Mt, and Mt, samples
and the AgNP-modified samples, Mt -AgNPs and Mt,-AgNPs.

3.3 XRF analysis

The comparative elemental composition of the
pristine Mt, and Mt, samples, as well as the silver
nanoparticle-modified Mt -AgNPs and Mt -AgNPs
samples, is presented in the table. The obtained re-
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sults indicate that the composition of the investigated
samples is mainly represented by elements charac-
teristic of aluminosilicate minerals. Si and Al were
dominant in all samples, indicating that these ele-
ments constitute the main framework-forming com-
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ponents. In particular, the pristine Mt, sample con-
tained 25.021% Si, 8.315% Al 2.119% Ca, 1.567%
Fe, and 1.424% Mg, while the Mt, sample contained
26.989% Si, 9.017% Al, 4.991% Ca, 2.858% Fe, and
1.095% Mg. These values reflect the aluminosilicate
nature of the studied samples and their elemental
composition characteristic of clay minerals, includ-
ing montmorillonitic materials. In addition, the pres-
ence of cation-exchangeable elements such as Ca,
Mg, Fe, and K may positively contribute to the high
sorption and ion-exchange properties of these materi-
als [28].

After modification with silver nanoparticles, a
slight decrease in the content of the major elements
was observed in the Mt-AgNPs and Mt -AgNPs
samples. For example, in the Mt -AgNPs sample, the
Mg content decreased from 1.424% to 1.371%, Ca
from 2.119% to 2.005%, Fe from 1.567% to 1.314%,
and P from 0.444% to 0.412%. Similarly, in the

Mt -AgNPs sample, the contents of Al, Si, Ca, and
Fe were found to decrease from 9.017% to 8.099%,
from 26.989% to 26.122%, from 4.991% to 4.361%,
and from 2.858% to 2.658%, respectively. These
changes can be explained by the partial substitution
of weakly bound ions on the sample surface and in
the interlayer space during the incorporation of silver
nanoparticles, as well as by the restructuring of the
surface layer [24].

In addition, the Ag content increased markedly
after modification. Specifically, while the Ag content
in the initial Mt, sample was only 0.003%, it increased
to 0.312% in the Mt -AgNPs sample. A similar pat-
tern was also observed in the Mt, system: the Ag con-
tent was 0.001% in the initial sample and increased to
0.297% in the Mt,-AgNPs sample. These values con-
firm the successful immobilization of silver nanopar-
ticles on the clay matrix surface and demonstrate the
effectiveness of the modification process.

Table 2. Main elemental composition of the initial Mt, and Mt, samples and the AgNP-modified Mt -AgNPs and Mt -AgNPs samples.

Elements Mt, % Mt - AgNPs,% Mt, % Mt,- AgNPs, %

Mg 1.424 1.371 1.095 1.071
Al 8.315 8.305 9.017 8.099
Si 25.021 25.001 26.989 26.122

P 0.444 0.412 0.412 0.365

0.078 0.052 0.132 0.06

Ca 2.119 2.005 4.991 4.361
Mn 0.119 0.105 0.157 0.147
Fe 1.567 1.314 2.858 2.658
Ag 0.003 0.312 0.001 0.297

3.4 X-ray diffraction analysis

Figure 3 shows the X-ray diffractograms of the
initial Mt, and Mt, samples and the AgNP-modified
samples, Mt -AgNPs and Mt -AgNPs. For the initial
Mt and Mt, samples, the intense reflection in the 20
=26.5° (101) region is assigned to the quartz phase,
while the peaks located at approximately 19.8° (110),
35.4° (200), and 62.3° (101) are characteristic of
montmorillonite [20]. In the AgNP-modified Mt -
AgNPs and Mt -AgNPs samples, the preservation of
the main peaks of the aluminosilicate matrix indicates
that the layered structure of bentonite remained intact
during the modification process. Furthermore, the
emergence of an additional peak in the 20 = 64-65°
region is assigned to the (220) plane of the face-cen-

tered cubic (fce) lattice of metallic silver. According
to the studies of Shameli K. et al., in Ag/MMT-type
systems the silver phase is typically characterized by
peaks near 38.3° (111), 44.4° (200), 64.4° (220), and
77.7° (311) [24]; therefore, the observation of signals
in these regions confirms the effective intercalation
of AgNPs into the montmorillonite matrix.

The XRD results showed a shift of the basal re-
flection of montmorillonite toward lower 20 values,
accompanied by a slight increase in the interlayer
distance d00O1 by approximately 0.0003—0.0006 nm.
This change may indicate a partial expansion of the
interlayer space and can be associated with the pos-
sible penetration of silver ions into the montmoril-
lonite interlayer galleries.
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Table 3. Changes in the interplane distance of the main peaks.

Ne 20 d-spacing (A) 26 d-spacing (A) A d-spacing
Main peaks of raw Mt , Main peaks of AgNP-Mt, ,
1 19.81 44715 19.79 4.48258 0.0110
2 35.03 2.55951 34.95 2.56519 0.0056
3 62.21 1.49107 62.05 1.49453 0.0034
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Figure 3. Comparative X-ray diffraction patterns of the initial Mt, a
nd Mt, samples and the AgNP-modified Mt -AgNPs and Mt,-AgNPs samples.

3.5 SEM images analysis

Figure 4 presents the SEM surface morphology of
the initial Mt, and Mt, samples and the AgNP-modified
Mt -AgNPs and Mt -AgNPs samples. The pristine Mt,
and Mt, samples exhibited a morphology composed of
agglomerated plate-like layers with a relatively irregu-
lar shape and a porous surface. In the present study,
the particle size of the Mt, sample ranged from 805.4
nm to 1.540 pm, with an average of 1.22 pm, while
that of the Mt, sample varied from 536.8 nm to 2.559
um, with a mean value of 1.57 um. These findings are
in agreement with the submicron- and micron-sized
ranges reported for montmorillonite particles in earlier
studies [6,13,23], indicating that secondary agglomer-
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ation occurs in the pristine samples. After modification
with silver nanoparticles, the overall layered morphol-
ogy of the samples was preserved; however, the sur-
face became denser, more compact, and more homo-
geneous. In particular, in the Mt -AgNPs sample, the
shift in particle size to the range of 1.025-2.410 pm
and the increase in the average value to 1.79 pm indi-
cate that particle re-agglomeration and structural den-
sification occurred after the introduction of AgNPs.
Similar changes were also observed in the Mt,-AgNPs
sample, particularly surface smoothing and a closer
packing of the layers. Such morphological transforma-
tions have likewise been reported for silver—-montmo-
rillonite composite systems [25].
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Figure 4. SEM images of the samples: (a) Mt , (b) Mt,-AgNPs, (c) Mt,, and (d) Mt -AgNPs.

3.6 Viscosity of the nanocomposite

The viscosity of the pristine Mt, and Mt, samples,
as well as that of the AgNP-intercalated Mt -AgNPs
and Mt,-AgNPs samples, determined at room temper-
ature, was 41.816, 39.994, 39.794, and 39.210 mPas,
respectively. Following the incorporation of AgNPs,
the viscosity decreased slightly, by 4.4% for Mt, and
1.5% for Mt,. These findings suggest that the investi-
gated systems retain a flowable dispersed state, which
is favorable for facile application and uniform spread-
ing on external wounds. For topical semisolid dosage
forms, the rheological properties substantially affect
the spreadability of the formulation, ease of applica-

Table 4. Viscosity of the nanocomposite.

tion, release of the active component, and its penetra-
tion through the skin or wound surface. In this regard,
the relatively low viscosity observed in the composi-
tions studied in [28] may be regarded not as a draw-
back, but rather as a positive factor that contributes to
improved spreadability of the composition, more ef-
fective contact of silver nanoparticles with the wound
surface, and increased availability of the active phase.
Therefore, montmorillonite material intercalated with
silver nanoparticles may be regarded not as a classical
high-viscosity ointment base, but rather as a promising
matrix-forming agent for soft ointment or gel-ointment
systems intended for external wound applications [29].

Ne Mt, Mt,-AgNPs Mt, Mt,-AgNPs
1 42.266 mPa-s 40.111 mPa-s 40.361 mPa's 39.671 mPa's
2 41.177 mPa-s 39.861 mPa-s 39.912 mPa-s 38.719 mPa-s
3 42.007 mPa-s 40.011 mPa-s 39.111 mPa-s 39.241 mPa's
Average 41.816 mPa-s 39.994 mPa-s 39.794 mPa-s 39.210 mPa-s
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Similar approaches to the evaluation of rheologi-
cal properties of bentonite and clay-based systems
have been reported in previous studies [30,31], where
such materials were considered for topical drug de-
livery and semi-solid medical compositions.

Therefore, the viscosity analysis is relevant to
the proposed application of the developed composite
material.

4. Conclusion

The conducted studies made it possible to com-
prehensively evaluate the structural, morphological,
and antibacterial properties of the Mt and Mt, ben-
tonite clays, as well as those of the silver nanopar-
ticle-intercalated Mt -AgNPs and Mt -AgNPs sam-
ples. The FTIR, XRD, and SEM results showed
that the main layered aluminosilicate framework of
bentonite was preserved after modification, while the
silver nanoparticles were distributed over the sample
surface and within the interlayer space. According to
the XRD data, the shift of the montmorillonite basal
reflection and the slight increase in the interlayer dis-
tance may indicate the possible penetration of silver
ions and/or silver-containing nanostructures into the
interlayer space. The Mt,-AgNPs sample obtained
using 75 mL of AgNPs solution showed the high-
est antibacterial activity, with an inhibition zone of
approximately 11-11.2 mm, under the experimental
conditions used in this study, the antibacterial ac-
tivity of the Mt,-AgNPs sample was approximately
50.7% of that of erythromycin.This indicates its pro-
nounced antibacterial effect. In addition, the micro-
biological purity of the investigated clay samples was
found to comply with the requirements of the State
Pharmacopoeia of the Republic of Kazakhstan. The

viscosity of the modified samples, which remained
within the range of 39-40 mPa-s, demonstrated their
strong potential for rheological application as matrix
materials in the development of soft dosage forms,
including ointment compositions. The intercalation
of silver nanoparticles promoted densification of the
surface structure, morphological reorganization, and
an increase in the functional activity of the samples.
In general, the obtained findings suggest that silver
nanoparticle-modified bentonite clays may be con-
sidered promising matrix materials for drug delivery
systems, antimicrobial coatings, materials for exter-
nal wound treatment, and the development of medici-
nal ointments.

Funding

This research has been funded by the Science
Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No.
BR 24993105)

Conflicts of interest
The authors declare no conflict of interest.

Author contributions

Conceptualization: B.D.K. and K.A.; Method-
ology: K.A.; Software: B.D.K. and D.V.; Valida-
tion: K.A. and K.S.K.; Formal Analysis: B.D.K_;
Investigation: M.Sh.A.; Resources. K.S.K. and
A.K.; Data Curation: K.S.K. and A.K.; Writing
— Original Draft Preparation: B.D.K. and K.A.;
Writing — Review & Editing: K.S.K.; Visualiza-
tion: B.D.K.; Supervision: K.A.; Project Adminis-
tration: K.S.K.; Funding Acquisition.A.K. All au-
thors have read and agreed to the published version
of the manuscript.

References

1. D. Bolatkan, A. Kerimkulova, M. Beisebekov et al., “Quantitative assessment of the use of Kazakhstan montmorillon-
ite clays as sorbent carriers for pharmaceutical substances,” Phys. Sci. Technol., vol. 12, no. 1-2, pp. 121-133, 2025. https://doi.

org/10.26577/phst202512112

2. S. Saif, S. Mubeen, W. Abbass et al., “Exploring the feasibility of utilizing high plastic clays as an alternative material to
bentonite clay in the production of ceramic tile: Advancing towards efficient life cycle cost,” Case Stud. Constr. Mater., vol. 20, 2024,

Art. no. e03277. https://doi.org/10.1016/j.cscm.2024.¢03277

3. W.A Muslim, S. K. Al-Nasri, T. M. Albayati, and I. K. Salih, “Investigation of bentonite clay minerals as a natural adsorbents
for Cs-137 real radioactive wastewater treatment,” Desalin. Water Treat., vol. 317, 2024, Art. no. 100121. https://doi.org/10.1016/].

dwt.2024.100121

4. M. Skakov, “Highly efficient copper—palladium nanoalloy catalysts on modified carbon supports”, Phys. Sci. Technol., vol.
12, no. 3-4, pp. 10-27, Dec. 2025. https://doi.org/10.26577/phst202512

5. M. Bayandinova, A. . Kenesbekov, . A. Serikbaykyzy, . A. . Askhatov, Y. Batanov, and N. Bazarov, “Development of bio-
compatible coatings for orthopedic joint implants”, Phys. Sci. Technol., vol. 12, no. 1-2, pp. 84-94, Jun. 2025. https://doi.org/10.26577/

phst20251218

6. M. Beisebekov, S. Kabdrakhmanova, N. Kantay et al., “Comparative study of a new sodium-bentonite clay for use in the
pharmaceutical industry,” ES Mater. Manuf., vol. 30, 2025, Art. no. 1954. http://dx.doi.org/10.30919/mm1954

58



D.K. Bolatkan ef al. Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 49-60

7.  E.Srasra and . Bekri-Abbes, “Bentonite clays for therapeutic purposes and biomaterial design,” Curr. Pharm. Des., vol. 26,
2020. https://doi.org/10.2174/1381612826666200203 144034

8. M. S. Rana and S. Kim, “Bentonite in Korea: A resource and research focus for biomedical and cosmetic industries,” Materi-
als, vol. 17, no. 9, 2024, Art. no. 1982. https://doi.org/10.3390/ma17091982.

9.  W. M. Alamier, M. Imran, S. K. Ali et al., “Synthesis of high-performance Fe;O4/graphene/bentonite clay nanocomposite
for sustainable ciprofloxacin adsorption,” Inorg. Chem. Commun., vol. 174, pt. 1, 2025, Art. no. 113991. https://doi.org/10.1016/].
inoche.2025.113991

10. D. Luo and J. Wei, “Upgrading sodium montmorillonite into a reactive internal curing agent for sustainable cement com-
posites through non-ionic functionalization,” Compos. Part B Eng., vol. 242,2022, Art. no. 110076. https://doi.org/10.1016/j.compos-
itesb.2022.110076

11. H. Tabasi, F. Oroojalian, and M. Darroudi, “Green clay ceramics as potential nanovehicles for drug delivery applications,”
Ceram. Int., vol. 47, pp. 31042-31053, 2021. https://doi.org/10.1016/j.ceramint.2021.08.090

12. S. K. Kabdrakhmanova, A. Z. Kerimkulova, S. Z. Nauryzova et al., “Bentonite-based composites in medicine: Synthesis,
characterization, and applications,” J. Compos. Sci., vol. 9, 2025, Art. no. 310. https://doi.org/10.3390/jcs9060310

13. T.Jamil, S. Yasin, N. Ramzan et al., “Bentonite-clay/CNT-based nano adsorbent for textile wastewater treatment: Optimiza-
tion of process parameters,” Water, vol. 15, no. 18, 2023, Art. no. 3197. https://doi.org/10.3390/w15183197

14. Y. Xing, X. Liao, X. Liu et al., “Characterization and antimicrobial activity of silver nanoparticles synthesized with the peel
extract of mango,” Materials (Basel), vol. 14, no. 19, 2021, Art. no. 5878. https://doi.org/10.3390/mal14195878

15. A. Géloén, G. Mussabek, A. Kharin, T. Serdiuk, S. A. Alekseev, and V. Lysenko, “Impact of carbon fluoroxide nanoparticles
on cell proliferation,” Nanomaterials, vol. 11, no. 12, Art. no. 3168, Dec. 2021. https://doi.org/10.3390/nano11123168.

16. M. Isaiev, G. Mussabek, P. Lishchuk, K. Dubyk, N. Zhylkybayeva, G. Yar-Mukhmedova, D. Lacroix, and V. Lysenko, “Ap-
plication of photoacoustic approach for characterization of nanostructured materials,” Nanomaterials, vol. 12, no. 4, Art. no. 708, Feb.
2022. https://doi.org/10.3390/nano12040708.

17. N. Zhylkybayeva, K. Paliienko, A. Topchylo, A. Zaderko, A. Géloén, T. Borisova, L. Grishchenko, R. Mariychuk, V. Skry-
shevsky, G. Mussabek, and V. Lysenko, “Size dependent properties of Gd3+-free versus Gd3+-doped carbon dots for bioimaging ap-
plication,” Sci. Rep., vol. 14, Art. no. 27812, Nov. 2024. https://doi.org/10.1038/s41598-024-76500-z.

18. J.Madejova, “FTIR techniques in clay mineral studies,” Vib. Spectrosc.,vol. 31,no. 1, pp. 1-10, 2003. https://doi.org/10.1016/
S0924-2031(02)00065-6

19. A.Mokhtar, A. B. Ahmed, B. Asli, B. Boukoussa, M. Hachemaoui, M. Sassi, and M. Abboud, “Recent advances in antibacte-
rial metallic species supported on montmorillonite clay mineral: A review,” Minerals, vol. 13, no. 10, 2023, Art. no. 1268. https://doi.
org/10.3390/min13101268.

20. S.Z. Nauryzova, S. K. Kabdrakhmanova, A. K. Kabdrakhmanova et al., “Comprehensive study of silver nanoparticle func-
tionalization of Kalzhat bentonite for medical application,” J. Compos. Sci., vol. 9, no. 12, 2025, Art. no. 702. https://doi.org/10.3390/
j€s9120702

21. P.Praus, M. Turicova, V. Machovi¢, S. Studentova, and M. Klementova, “Characterization of silver nanoparticles deposited
on montmorillonite,” Appl. Clay Sci., vol. 49, no. 3, pp. 341-345, 2010. https://doi.org/10.1016/j.clay.2010.06.009

22. S.Barakan, V. Aghazadeh, and M. Aghazadeh, “Separation and characterisation of montmorillonite from a low-grade natural
bentonite using a non-destructive method,” Micro Nano Lett., 2019. https://doi.org/10.1049/mnl.2018.5364

23. M. Horue, M. L. Cacicedo, M. A. Fernandez et al., “Antimicrobial activities of bacterial cellulose—silver montmorillonite
nanocomposites for wound healing,” Mater. Sci. Eng. C, vol. 116, 2020, Art. no. 111152 https://doi.org/10.1016/j.msec.2020.111152

24. B. Tyagi, C. D. Chudasama, and R. V. Jasra, “Determination of structural modification in acid activated montmorillon-
ite clay by FT-IR spectroscopy,” Spectrochim. Acta Part A Mol. Biomol. Spectrosc., vol. 64, no. 2, pp. 273-278, 2006. https://doi.
org/10.1016/j.s22.2005.07.018.

25. K. Shameli et al., “Synthesis of silver nanoparticles in montmorillonite and their antibacterial behavior,” Int. J. Nanomedi-
cine, vol. 6, pp. 581-590, 2011. https://doi.org/10.2147/IJN.S17112.

26. K. Shameli, M. B. Ahmad, W. M. Z. W. Yunus et al., “Synthesis of silver/montmorillonite nanocomposites using
y-irradiation,” Int. J. Nanomedicine, vol. 5, pp. 1067-1077, 2010. doi:10.2147/1JN.S15033

27. A. Agwu, A. Okorie, O. Akpanika, and A. Okon, “Activation of local bentonitic clays for use as viscosifiers in water-based
drilling fluids,” J. Sci. Res. Rep., vol. 12, pp. 1-11, 2016. https://doi.org/10.9734/JSRR/2016/28719.

28. A.Z.M. Badruddoza, M. 1. Zahid, T. Walsh et al., “Topical drug delivery by Sepineo P600 emulgel: Relationship between
rheology, physical stability, and formulation performance,” Int. J. Pharm., vol. 658, 2024, Art. no. 124210. https://doi.org/10.1016/j.
ijpharm.2024.124210

29. Z. Rutkuniene, M. Balandyte, and G. Karbauskyte, “Formation of diamond like carbon films on materials for medical ap-
plication”, Phys. Sci. Technol., vol. 8, no. 1-2, pp. 35-40, Jul. 2021. https://doi.org/10.26577/phst.2021.v8.i1.04

30. M. Ruggeri, R. Sanchez-Espejo, L. Casula, G. Sandri, L. Perioli, M. C. Cardia, et al., “Bentonite- and palygorskite-based gels
for topical drug delivery applications,” Pharmaceutics, vol. 15, 2023. https://doi.org/10.3390/pharmaceutics15041253.

31. M. N. Calienni, L. M. Martinez, M. C. Izquierdo, S. d. V. Alonso, and J. Montanari, “Rheological and viscoelastic analysis
of hybrid formulations for topical application,” Pharmaceutics, vol. 15, no. 10, p. 2392, 2023. https://doi.org/10.3390/pharmaceu-
tics15102392.

59



Synthesis of a montmorillonite-based nanocomposite... Phys. Sci. Technol., Vol. 13 (No. 13-2), 2026: 49-60

Information about the authors:

Dana Bolatkan (corresponding author) — PhD student at S. Amanzholov East Kazakhstan University (Oskemen, Kazakhstan,
email: chilibayeva35@gmail.com).

Kydyrmolla Akatan — PhD in chemistry, Head of the National Laboratory for Collective Use S. Amanzholov East Kazakhstan
University (Oskemen, Kazakhstan, email: kidirmolla@gmail.com).

Kabdrakhmanova Sana Kanatbekovna — Candidate of Technical Sciences, Associate Professor, Director of the International
R&D Center for Advanced Functional Materials and Their Composites, Satpaev University (Almaty, Kazakhstan, email: skabdra-
khmanova@gmail.com).

Davydova Veronika — master student at Satpaev University, Junior researcher at International R&D Center for Advanced Func-
tional Materials and Their Composites (Almaty, Kazakhstan, e-mail: veronikaspostl7@gmail.com).

Muzdybayeva Sharbanu Akkazinovna — Candidate of Chemical Sciences and an Associate Professor at the Department of “Bio-
chemical Engineering” of the International Engineering and Technology University (Almaty, Kazakhstan, e-mail: Sharbanul 958@
mail.ru).

60



Physical Sciences and Technology. Vol. 13 (No. 1-2), 2026: 61-68

IRSTI 31.15.35

https://doi.org/10.26577/phst20261316

Photoelectrochemical reduction and electrochemical
detection of Cr(VI) using TiO; nanosheet electrodes

|
b

iy iy i, iy
N.Y. Akhanova' & , A.T. Tulegenova'* © , M.B. Aitzhanov? © , M.T. Gabdullin' ©
A.Zh. Iskalieva' , Zh. Ongaibergenov? and A.A. Markhabayeva'

'Kazakh-British Technical University Almaty, Kazakhstan
Institute of Applied Science and Information Technologies, Almaty, Kazakhstan
*e-mail: tulegenova.aida@gmail.com
(Received April 27, 2026, received in revised form May 30, 2026, accepted June 1, 2026)

TiO, nanosheet electrodes were successfully fabricated on fluorine-doped tin oxide (FTO) substrates via a
hydrothermal method using a TiCl,—HCI-NH,F system. The obtained hierarchical nanosheet morphology
provides a high surface area and abundant active sites, which are favorable for electrochemical and
photoelectrochemical processes. The electrochemical performance of the TiO, electrodes was investigated
for both detection and reduction of hexavalent chromium (Cr (VI)), a highly toxic and hazardous pollutant
in water systems. Cyclic voltammetry revealed enhanced cathodic currents and the appearance of a
reduction peak in the presence of Cr (VI), confirming its electrochemical reduction. Chronoamperometric
measurements demonstrated a rapid and concentration-dependent current response, with a linear detection
range of 0.01-0.8 mM and a sensitivity of 0.213 mA-mM™, and a limit of detection (LOD) of approximately
0.003 uM. Under UV illumination, a decrease in photocurrent was observed after the addition of Cr (VI),
indicating the consumption of photogenerated electrons in the photoelectrochemical reduction process.
This behavior confirms that Cr (VI) acts as an efficient electron acceptor, undergoing reduction to less
toxic Cr (IIT). The combined electrochemical and photoelectrochemical results demonstrate that TiO,
nanosheet electrodes can serve as multifunctional platforms for simultaneous detection and detoxification
of Cr (VI). This work highlights the potential of TiO,-based systems for sustainable water purification and
environmental remediation, contributing to the development of clean water technologies.

Keywords: TiO, nanosheets, photoelectrochemical reduction, Cr (VI); electrochemical detection, water

purification.

1. Introduction

Hexavalent chromium (Cr (V1)) is one of the most
toxic and hazardous heavy metal pollutants, widely
found in industrial wastewater from electroplating,
leather processing, and textile industries. Due to its
high solubility, mobility, and strong oxidizing nature,
Cr (V) poses severe risks to human health and the
environment, including carcinogenic and mutagenic
effects [1,2].

Among various approaches for chromium reme-
diation, the reduction of Cr (VI) to trivalent chromi-
um (Cr (III)) is considered an effective detoxification
strategy, as Cr (III) is significantly less toxic and can
be easily precipitated as hydroxides. Therefore, the
development of efficient materials capable of both
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detection and reduction of Cr (VI) is of great impor-
tance [3,4].

Titanium dioxide (TiO,) has been extensively
studied as a photoactive material due to its excellent
chemical stability, low cost, and strong photocatalyt-
ic properties. Under UV illumination, TiO, generates
electron—hole pairs [5-7], enabling redox reactions at
the surface. In particular, photogenerated electrons
can participate in the reduction of Cr(VI), making
TiO, a promising candidate for photoelectrochemical
detoxification processes[6,7].

In addition to photocatalysis, TiO,-based nano-
structures have attracted attention for electrochemi-
cal sensing applications due to their large surface
area and favorable charge transport properties. The
combination of sensing and catalytic functionality
in a single material offers a promising approach for
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simultaneous detection and removal of toxic species
[8-10].

Although various TiO,-based nanostructures
such as nanotubes, nanoparticles, thin films, and het-
erostructures have been previously investigated for
Cr (VI) sensing and photoelectrochemical reduction,
many reported systems require multistep fabrication
procedures, noble metal modification, or complex
multicomponent architectures to achieve enhanced
performance. In contrast, the present work focuses
on hydrothermally synthesized TiO, nanosheets with
a hierarchical layered morphology providing a large
exposed surface area, abundant active sites, and fa-
cilitated charge/electrolyte transport. In addition, the
proposed TiO, nanosheet platform combines dual
functionality, enabling both electrochemical detec-
tion and photoelectrochemical reduction of Cr (VI)
within a single material system without the use of ad-
ditional cocatalysts or noble metals.

In this work, TiO, nanosheet electrodes were
synthesized via a hydrothermal method on FTO
substrates and investigated for both electrochemi-
cal detection and photoelectrochemical reduction of
Cr(VI). The electrochemical behavior, sensing per-
formance, and reduction mechanism were systemati-
cally studied using cyclic voltammetry, chronoam-
perometry, and photoelectrochemical measurements.

2. Materials and methods

2.1 Synthesis of TiO,

TiO, nanosheets were grown on FTO substrates
via a hydrothermal method. Prior to synthesis, the
FTO substrates (2 x 3 cm) were sequentially cleaned
in acetone, isopropanol, and deionized water for 10
min each using ultrasonication. The substrates were
then dried and optionally treated with UV-ozone to
improve surface wettability. The growth solution was
prepared by mixing 15 mL of deionized water and 15
mL of concentrated HCI (37%) under stirring. Sub-
sequently, 0.10-0.20 g of NH4F was added and fully
dissolved. Finally, 0.5 mL of TiCls was slowly in-
troduced into the solution under continuous stirring.
The resulting solution was transferred into a Teflon-
lined stainless steel autoclave, filled to approximately
70-80% of its volume. The cleaned FTO substrate
was placed inside the autoclave at an angle (~45°)
with the conductive side facing downward. The hy-
drothermal reaction was carried out at 180 °C for 12
h. After cooling naturally to room temperature, the
samples were removed, thoroughly rinsed with de-
ionized water and ethanol, and dried at 60—80 °C. Fi-
nally, the samples were annealed in air at 450 °C for
2 h to improve crystallinity and adhesion.
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The chemicals used in this work included po-
tassium dichromate (K>Cr,O7, >99% ACS reagent),
sulfuric acid (H2SO4, >95% ACS reagent), acetone
(295% Laborfarma), and 1,5-diphenylcarbazide
(DPC >99% Sigma Aldrich). All aqueous solutions
were prepared using deionized water. A 10 mM
Cr(VI) stock solution was prepared by dissolving
K>Cr,07 in 0.5 M H,SOs. For colorimetric analysis,
a 0.5 wt.% DPC solution was prepared by dissolv-
ing 1,5-diphenylcarbazide in acetone. All chemicals
were used as received without additional purification.

2.2 Electrochemical measurements

Electrochemical measurements were performed
using a three-electrode configuration with the TiO,/
FTO sample as the working electrode, a platinum
mesh as the counter electrode, and an Ag/AgCl (3 M
KCI) electrode as the reference. The 0.5 M H,SO, so-
lution was used as electrolyte. All experiments were
performed using a potentiostat (CorrTest CS310S) at
room temperature. Chronoamperometric measure-
ments were conducted at a fixed potential (0.2 V vs
Ag/AgCl). After achieving a stable baseline current,
successive aliquots of Cr (VI) stock solution (10
mM) were injected into the electrolyte under con-
tinuous stirring. The additions resulted in stepwise
increases in Cr (VI) concentration, with cumulative
concentrations of 0.01, 0.03, 0.08, 0.18, 0.28, 0.48,
0.78, and 1.18 mM. The steady-state current values
were extracted from each step and used to construct
a calibration curve of current response versus Cr (VI)
concentration. A linear relationship was observed in
the low concentration range (0.01-0.18 mM), and the
sensitivity was calculated from the slope of the linear
fit. After each addition, the current response was re-
corded until a steady-state value was reached.

Linear sweep voltammetry (LSV) measurements
were performed under chopped UV illumination to
evaluate the photoelectrochemical behavior of the
TiO, electrode. The light source (Xe lamp) was peri-
odically switched on and off during the potential scan.
The scan rate was set to (10 mV s™"). The photocurrent
response was recorded in the absence and presence
of Cr(VI) in 0.5 M H,SO,. The geometric area of the
working electrode was approximately 1 cm?,

3. Results and discussion

3.1 Morphology and structure

The surface morphology of the synthesized TiO,
was examined by SEM (Figure 1). At low magnifi-
cation (Figure la), the sample exhibits a relatively
uniform coverage of the FTO substrate by micro- and
nanoscale structures. The structures are randomly
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oriented and densely distributed across the surface.
At higher magnification (Figure 1b), the morphol-
ogy reveals the presence of rod-like and plate-like
structures with irregular orientations. These features
appear to originate from nucleation and anisotropic
growth during the hydrothermal process [11]. The
high-magnification image (Figure 1c) clearly shows
the formation of hierarchical TiO, nanosheets com-
posed of stacked layers with well-defined edges.
Such a layered architecture provides an increased
surface area and abundant active sites, which are
beneficial for electrochemical processes. The hierar-

chical nanosheet morphology is expected to facilitate
charge transfer and electrolyte diffusion due to the
presence of exposed edges and interconnected lay-
ered structures. Such architecture promotes efficient
interaction between Cr(VI) species and the TiO, sur-
face, contributing to the enhanced cathodic current
response observed during electrochemical measure-
ments. In addition, the large exposed surface area and
reduced charge transport pathways can improve the
separation and transfer of photogenerated charge car-
riers under UV illumination, thereby enhancing the
photoelectrochemical reduction performance.

Figure 1. Scanning electron microscopy (SEM) images of TiO, structures grown
on FTO substrate at different magnifications.

The crystalline structure of the synthesized TiO,
nanosheets was investigated by X-ray diffraction
(Figure 2). The diffraction pattern exhibits several
well-defined peaks that can be indexed to TiO,, in
good agreement with the standard reference (JCPDS
No. 00-001-0562). The presence of sharp and intense
reflections indicates good crystallinity of the hydro-
thermally grown nanosheets. In addition to TiO,
peaks, several diffraction signals corresponding to
SnO, (JCPDS No. 01-080-6802) are observed, which
originate from the FTO substrate. This confirms that
the TiO, layer is relatively thin, allowing diffraction
from the underlying conductive glass to be detected.
No additional impurity phases were detected within
the resolution of the measurement, indicating the
phase purity of the synthesized TiO, nanosheets.

The structural properties of the synthesized TiO,
nanosheets were further analyzed by Raman spec-
troscopy (Figure 3). The spectrum exhibits several
characteristic peaks located at 140, 394, 514, and 636
cm™', which are attributed to the Eg, Blg, Alg, and
Eg vibrational modes of anatase TiO,, respectively.
The strong and sharp Eg mode at ~140 cm™! indicates

good crystallinity and well-defined lattice structure
[12,13]. The presence of all characteristic anatase
modes confirms that the hydrothermal synthesis fol-
lowed by annealing resulted in phase-pure anatase
TiO,.

= TiO, No-00-001-0562

T T TT T L1 ) L

MW

SnO, No-01-080-6802

]
20 40 60 80
20 (degree)

Intensity (arb.un.)

Figure 2. X-ray diffraction (XRD) pattern
of TiO, nanosheets grown on FTO substrate.
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Figure 3. Raman spectrum of TiO, nanosheets grown
on FTO substrate.

The characteristic vibrational modes are ob-
served at 140, 394, 514, and 636 cm™!, corresponding
to the Eg, Blg, Alg, and Eg modes of anatase TiO,,
confirming the formation of the anatase phase.

3.2 Electrochemical performance

The electrochemical behavior of the TiO, elec-
trode was investigated by cyclic voltammetry (Fig-
ure 4a). In the presence of Cr(VI), a significant in-
crease in cathodic current is observed compared to
the blank electrolyte [14]. Additionally, a reduction
peak appears in the potential range of ~0.0-0.2 V vs.
Ag/AgCl, indicating the electrochemical reduction
of Cr (VI) to Cr (III). This confirms that the TiO,
nanosheet electrode exhibits catalytic activity toward
Cr (VI) reduction.

Figure 4b shows the chronoamperometric re-
sponse of the TiO, electrode upon successive ad-
ditions of Cr (VI). Each injection results in a sharp
cathodic current drop followed by stabilization at a
new steady-state level. The magnitude of the current
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response increases with increasing Cr (VI) concen-
tration, indicating a concentration-dependent electro-
chemical response. The transient spikes are attributed
to rapid mass transport and adsorption processes oc-
curring at the electrode surface [15,16].

The steady-state current values were extracted

from the chronoamperometric measurements to con-
struct a calibration curve (Figure 4c). A linear rela-
tionship between current density and Cr (VI) con-
centration was observed, with a sensitivity of 0.213
mA-mM™" and a correlation coefficient of R* = 0.98.
This result demonstrates the good sensitivity of the
TiO, electrode toward Cr (VI), making it suitable
for electrochemical detection. The calibration plot
exhibited a linear relationship between the current
response and Cr (VI) concentration with a sensitiv-
ity 0f 0.213 mA mM™". The limit of detec D _ 3¢
was calculated according to the equation:
, where o is the standard deviation of the blank signal
and S is the slope of the calibration curve. Based on
the stable baseline region of the chronoamperometric
response, the LOD was estimated to be approximate-
ly 0.01 uM.

The photoelectrochemical behavior of the TiO-
electrode was further investigated under chopped UV
illumination (Figure 4d). A clear photocurrent re-
sponse is observed due to the generation of electron—
hole pairs in TiO,. After the addition of Cr (VI), a
noticeable decrease in photocurrent is observed over
the entire potential range. This behavior suggests that
photogenerated electrons are consumed in the reduc-
tion of Cr (VI), confirming the photoelectrochemical
reduction mechanism [17-19].

To further verify the reduction of Cr (VI), UV—
Vis analysis using the diphenylcarbazide (DPC)
method was performed before and after photoelec-
trochemical treatment (Figure 5). A pronounced de-
crease in the characteristic absorption band at ~540
nm was observed after PEC treatment, confirming
the significant consumption of Cr (VI) during the re-
duction process.
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Figure 4. (a) Cyclic voltammetry (CV) curves of the TiO, nanosheet electrode recorded in the absence and presence of
0.5 mM Cr (VI) in 0.5 M H,SO, electrolyte; (b) Chronoamperometric response of the TiO, nanosheet electrode upon
successive additions of Cr (VI) solution at different concentrations (0.01-1.2 mM) under a constant applied potential.
(c) Calibration curve of current response versus Cr (VI) concentration in the linear range of 0.01-0.18 mM; (d) Linear

sweep voltammetry (LSV) curves under chopped UV illumination recorded before and after the addition of Cr (VI).
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Figure 5. UV—Vis absorption spectra of the Cr(VI)-DPC
complex before and after photoelectrochemical treatment under
UV illumination.

The observed electrochemical and photoelectro-
chemical behavior can be explained by the role of
Cr (V]) as a strong electron acceptor. Under applied
potential and UV illumination, TiO, generates charge
carriers (electrons and holes). The photogenerated
electrons are readily transferred to Cr (VI), leading to
its reduction to Cr (III) [20-26]. The schematic illus-
tration of the proposed photoelectrochemical mecha-
nism is presented in Figure 6. The overall process can
be described as:

Cr (VI) — Cr (Il
Ti0, + hv — e~ +h*

Cr,0;% +14H* + 6™ — 2Cr** + 7H,0

This electron transfer process enhances the ca-
thodic current observed in CV and chronoampero-
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metric measurements. The nanosheet architecture of
TiO, further contributes to this behavior by provid-
ing improved electrode/electrolyte contact and fa-
cilitating interfacial electron transfer processes. The
layered morphology also increases the accessibility
of active sites for Cr(VI) adsorption and reduction.
At the same time, the consumption of photogen-

erated electrons by Cr(VI) reduces their contribu-
tion to the external circuit, resulting in a decrease
in photocurrent under UV illumination. Therefore,
the presence of Cr (VI) simultaneously promotes
electrochemical reduction while suppressing photo-
current, confirming its role as an efficient electron
scavenger.
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Figure 6. Schematic illustration of the photoelectrochemical reduction and detection mechanism
of Cr (VI) on TiO, nanosheet electrodes under UV illumination.

Table 1. Comparison of Cr (VI) photoelectrochemical detection performance of various TiO,-based and related photoelectrodes.

Material Detection method Linear range LOD Reference
TiO, nanosheets PEC reduction and. 0.01-0.18 mM 0.003 M This work
2 electrochemical detection
Au-decorated TiO, nanorods PEC sensing 0.01-50 uM 0.006 uM 21
Screen-printed TiO, electrode PEC sensing 0.01-100 pM 0.004 uM 22
TiO, nanoparticles/GQDs/PCV PEC sensing 0.08-100 pM 0.04 uM 23
. . . 0.5-20, 20-400,
NiCo-LDHs/TiO, nanotube arrays PEC sensing 400-1800 uM 0.12 uM 24

4. Conclusion

Overall, the combined electrochemical and pho-
toelectrochemical results demonstrate that TiO,
nanosheet electrodes enable both the sensitive detec-
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tion and efficient reduction of Cr(VI). The decrease
in photocurrent under UV illumination, along with
the enhanced cathodic response, confirms that Cr(VI)
acts as an electron acceptor and undergoes reduction
to Cr(III). The results highlight the potential of TiO,
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nanosheet electrodes as multifunctional platforms for
environmental monitoring and detoxification. This
work contributes to Sustainable Development Goal
6 (Clean Water and Sanitation) by addressing the
removal and detection of toxic chromium species in
aqueous systems.
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Carbon-based electrodes represent a promising alternative to noble metals for fully printed flexible perovskite
solar cells (FPSCs) due to their low cost, chemical stability, and compatibility with scalable manufacturing.
In this work, the printing and optimization of carbon ink electrodes using slot-die coating and screen-printing
techniques are systematically investigated for application in fully printed FPSCs. The influence of printing
parameters on the electrical and structural properties of carbon films is evaluated through sheet resistance
measurements and Raman spectroscopy. Slot-die-coated carbon electrodes deposited at an optimized pump
rate of 1 mL min™! exhibit uniform films with a sheet resistance of approximately 80 Q sq~!, while screen-
printed electrodes fabricated using a multi-point paste application strategy show improved uniformity with
an average sheet resistance of ~125 Q sq™!. Using the optimized electrodes, fully printed FPSCs with a
regular (n—i—p) architecture are fabricated on PET substrates. Devices incorporating slot-die-coated carbon
electrodes achieve a power conversion efficiency (PCE) of ~0.6% over a large active area, whereas screen-
printed carbon electrodes enable improved performance with a maximum PCE of 3.86%. These results
demonstrate the feasibility of low-temperature, vacuum-free fabrication of flexible perovskite solar cells
and provide practical guidelines for scalable roll-to-roll manufacturing.

Key words: printed perovskite solar cells; carbon electrodes; slot-die coating; screen printing; flexible

electronics

1. Introduction

Perovskite photovoltaics have attracted extraordi-
nary scientific and technological interest over the past
decade, driven by rapid and unprecedented improve-
ments in device performance [1, 2]. Since the first re-
ports of perovskite-based solar cells [3-6], their power
conversion efficiency (PCE) has increased at an ex-
ceptional pace, now exceeding 27% at the laboratory
scale [3—5]. Beyond these record efficiencies, a defin-
ing advantage of perovskite photovoltaics lies in their
solution-processable nature, which enables low-tem-
perature fabrication and opens a clear pathway toward
scalable, cost-effective manufacturing, particularly via
roll-to-roll (R2R) coating technologies [1, 6—10].

In this context, fully printed perovskite photo-
voltaic (PV) devices are considered one of the most
promising pathways toward industrial-scale produc-
tion. Among various scalable deposition techniques,
slot-die coating has emerged as a leading candidate
for R2R fabrication of perovskite optoelectronic de-
vices due to its high material utilization, excellent
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thickness control, and compatibility with continuous
processing [11-13]. Using benchtop and pilot-scale
slot-die systems, notable progress has been demon-
strated for both regular (n—i—p) and inverted (p—i—n)
device architectures. Reported PCEs have reached
approximately 13% for slot-die-coated n—i—p devices
and around 12% for inverted p—i—n configurations
based on triple-cation mixed-halide perovskites,
highlighting the strong potential of this approach for
scalable manufacturing [14, 15].

Despite substantial progress in coating perovskite
absorber layers and charge transport layers, the final
electrode deposition step remains a major bottleneck
for fully printed and flexible perovskite devices. High-
efficiency laboratory devices still predominantly rely
on vacuum deposition of noble metals such as gold or
silver, which is inherently time-consuming, expensive,
and incompatible with high-throughput R2R process-
ing. Although PCE values exceeding 18% have been
reported using alternative low-cost electrodes, includ-
ing carbon-based contacts, the widespread adoption of
such approaches remains limited [16-30]. Many exist-
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ing carbon electrode strategies depend on high-tem-
perature sintering, mesoporous scaffolds, or complex
multilayer designs, which are unsuitable for flexible
polymer substrates and continuous R2R fabrication.

In recent years, increasing attention has been di-
rected toward the development of printable conduc-
tive inks based on organic and inorganic materials for
flexible electronics. Among these, conductive carbon
inks have emerged as particularly attractive candidates
for use in fully printed perovskite solar cells (PSCs)
and other optoelectronic devices [25, 31,32]. Carbon-
based electrodes offer several key advantages over
conventional metal contacts, including low cost, ex-
cellent chemical stability, intrinsic resistance to ion
migration, and mechanical robustness under bending.
Moreover, carbon inks can be deposited using scalable
printing techniques such as slot-die coating, screen
printing, and blade coating, significantly reducing
fabrication complexity and overall production costs.
These attributes are especially critical for printed flex-
ible perovskite solar cells (FPSCs), where lightweight,
mechanically compliant, and environmentally stable
components are essential for reliable operation.

Nevertheless, the performance of carbon-based
electrodes in printed flexible perovskite devices is
highly sensitive to ink formulation, rheological prop-
erties, printing parameters, and post-deposition treat-
ment. Inadequate control over these factors often
leads to poor film uniformity, high sheet resistance,
weak adhesion, and suboptimal interfacial contact
with underlying layers, ultimately limiting device ef-
ficiency and reproducibility. Therefore, systematic
optimization of the carbon ink printing process is a
crucial step toward realizing high-performance, fully
printed, and flexible perovskite optoelectronic de-
vices compatible with industrial R2R manufacturing.

This paper investigates the optimization of car-
bon ink printing processes based on slot-die coating
and screen-printing techniques for the fabrication of
flexible electrodes. The electrical performance of
the printed carbon layers was systematically evalu-
ated through sheet resistance measurements as a
function of printing parameters and ink formulation.
Furthermore, fully printed FPSCs were successfully
fabricated using the optimized carbon electrodes,
demonstrating their suitability for scalable, low-
temperature, and roll-to-roll-compatible perovskite
optoelectronic device manufacturing.

2. Materials and methods

2.1 Materials
All the chemicals and reagents were used as re-
ceived without any further purification. A flexible
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polyethylene terephthalate (PET, thickness 125 um)
with a layer of patterned transparent conducting indi-
um-tin-oxide (ITO, thickness 150 nm, and sheet re-
sistance — 45 Q sq') was purchased from Mekoprint.
SnO, nanoparticle (NP) based colloid dispersion
(15 wt.% colloidal dispersion in H,O) is purchased
from Alfa Aesar. Methylammonium iodide (MAI,
99.995%) is purchased from GreatCell solar. Lead io-
dide (PbL,, 99%), methylamine solution (MA, in ab-
solute ethanol 33 wt.%), acetonitrile (ACN, 99.8%),
chlorobenzene (CB, 99.8%), acetone (99.9%), and
2-propanol (IPA, 99.5%) are purchased from Merck.
PEDOT complex purchased from Ossila. Carbon ink
(DM-CAP-4701S) was purchased from Dycotec.

2.2 Device fabrication

To fabricate fully printed FPSCs, PET/ITO sub-
strates were sequentially cleaned in an ultrasonic
bath for 10 minutes each in deionized (DI) water with
detergent, DI water, acetone, and IPA, then dried us-
ing a nitrogen gun. The cleaned substrates were sub-
sequently treated with UV-ozone for 15 minutes to
enhance surface wettability. The fabrication of fully
printed FPSCs was carried out using slot-die coat-
ing techniques. A VectorSC sheet-to-sheet slot-die
coater (FOM technologies, Denmark) was employed
to deposit the electron transport layer (ETL) made
of SnO, NPs and the top carbon electrode. For the
deposition of the perovskite (MAPDL,) layer and
PEDOT complex-based hole transport layer (HTL),
a NanoRoll slot-die coater (FOM technologies, Den-
mark) was used, with the process conducted inside a
glove box to ensure a controlled environment.

The tin oxide ETL was prepared from a com-
mercial SnO, NP-based colloidal dispersion solution,
which was diluted with DI water at a volume ratio
of 1:3. The SnO, layer was printed on cleaned PET/
ITO substrates at 150 uL min™' pump rate and 80 cm
min! chuck speed at temperature 50 °C, followed by
annealing on a hot plate at 130 °C for 30 minutes.
After annealing, the substrates underwent an addi-
tional UV-o0zone treatment for 30 minutes to further
improve film quality and interfacial properties.

Next, the MAPbI, layer was printed using a pump
rate of 0.15 mL min™' and the same coating speed, then
annealed at 100 °C for 10 minutes. The perovskite
ink was prepared by dissolving 1 mol of MAI (159.3
mg) and Pbl, (461 mg) in 700 pL of MA, stirring at
460 rpm at 70°C for one hour. Afterward, 700 pL
of ACN was added, and the solution was stirred at
room temperature for 3 hours. The perovskite layer
was coated at a pump rate of 70 uL min™' and a chuck
speed of 70 cm min™! at a temperature of 130 °C. The
films were then annealed on a hot plate at 100 °C for
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10 minutes and allowed to cool to room temperature.
Following the perovskite deposition, the PEDOT
layer was applied under the same conditions as the
perovskite layer. One sample was annealed at 100 °C
for 10 minutes, while another was left unannealed.

The top carbon electrode was optimized and
deposited using two methods: slot-die coating and
screen-printing techniques.

2.3 Materials and device characterizations

The sheet resistance of electrodes was measured
using a four-point system (RM3000, Jandel, UK). Ra-
man Spectroscopy (Horiba LabRam Evolution) was
used for structural characterization of carbon elec-
trodes. A semiconductor device analyzer (B1500A,
Keysight, USA) coupled with a 3A+ solar simulator
(Oriel Sol3A, Newport, USA) providing an AM 1.5G
illumination intensity of 100 mW cm? was used to
measure the J-¥ characteristics of the devices.

3. Results and discussion

3.1 Optimization of carbon ink printing

First, experiments were carried out to evaluate the
application of carbon ink (0.5 g in 1 mL of CB) and
its electrical properties at varying pump rates (0.5-1 mL
min™). The application speed was set at 0.8 m s, and

after the carbon film was deposited onto the PET sub-
strate, the samples were annealed at 100 °C for 30 min-
utes to optimize film quality and ensure proper conduc-
tivity. Figure la shows a schematic sketch of the PET
substrate used, displaying the numbering of the sections
along the length of the substrate. Figure 1b displays a
photographic image of the slot-die coating of a carbon
film on top of a PET substrate. The carbon films were
deposited at pump rates of 0.5, 0.75, and 1 mL min’!
(see Figures 1c and 1d). The results demonstrate that
as the pump rate increases, sheet resistance decreases,
which is attributed to the thicker carbon films produced
with higher pump rates. Notably, at a pump rate of 1 mL
min', the carbon film exhibited a more uniform sheet
resistance (~80 Q sq!) compared to other pump rates,
suggesting that this parameter offers a better consis-
tency in film conductivity across the substrate (Figure
Ic). This uniformity is crucial for improving the overall
performance and reliability of devices.

The results indicate a clear inverse relationship be-
tween pump rate and sheet resistance. Although higher
pump rates could potentially yield even lower resistance
values, excessive ink supply may cause film inhomoge-
neity or ink overflow beyond the intended coating area.
Based on these considerations, the optimized slot-die
coating and annealing parameters for carbon electrode
fabrication are summarized in Table 1.
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Figure 1. Sheet resistance of slot-die-coated carbon films on PET substrates at different pump rates (PR).
a) Schematic of PET substrate section numbering for sheet resistance mapping. b) Photograph of a representative
slot-die-coated carbon stripe on PET. ¢) Sheet resistance distribution along the substrate at PR = 0.5, 0.75, and 1.0 mL min™.
d) Statistical comparison of sheet resistance at different PR.
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Table 1. Optimal slot-die coating and annealing parameters for
the carbon films on PET.

Coating parameters Carbon
Chuck temperature (°C) 25
Coating speed (cm min™') 80
Pump rate (mL min™) 1
Coating window (pum) 221
Annealing temperature (°C) 100
Annealing time (min) 30

For the screen-printing process, a PET substrate
was positioned beneath the patterned screen of the
screen printer, which defined the electrode geometry.
A controlled amount of carbon paste was then de-
posited onto the screen and transferred onto the PET
substrate by sweeping a squeegee across the screen
under uniform pressure, ensuring reproducible elec-
trode formation. After printing, the screen was lifted,
and the PET substrates with the printed carbon elec-
trodes were annealed on a vacuum hot plate at 100 °C
for 30 minutes to enhance film adhesion and electri-
cal conductivity.
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[/}
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Two different electrode deposition strategies
were investigated, as schematically illustrated in Fig-
ures 2a and 2b. In the first approach (Type 1), the
carbon paste was applied at a single point along the
screen (Figure 2a). In contrast, the second approach
(Type 2) employed multi-point paste application
along the printing direction to improve ink distribu-
tion (Figure 2b). As shown in Figure 2c¢, the single-
point method resulted in non-uniform carbon elec-
trode deposition, featuring thickness variations and
incomplete coverage. In comparison, the multi-point
method produced more homogeneous and continu-
ous carbon films across the substrate.

The corresponding sheet resistance measure-
ments are presented in Figures 2d and 2e. The elec-
trodes fabricated using the multi-point printing strat-
egy consistently exhibited lower sheet resistance
values compared to those produced by the single-
point method. The average sheet resistance of the
optimized screen-printed carbon electrodes was ap-
proximately 125 Q sq'. Owing to its superior film
uniformity and electrical performance, the multi-
point screen-printing method was selected for subse-
quent fabrication of fully printed FPSCs.
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Figure 2. Comparison of carbon electrode deposition methods: single-point (Type 1) and
multi-point (Type 2) screen printing. a) Screen-printing setup using single-point carbon paste application (Type 1).
b) Screen-printing setup using multi-point carbon paste application (Type 2). ¢) Photograph of printed carbon
electrode patterns obtained by Type 1 and Type 2. d) Sheet resistance distribution along the printed electrodes
for Type 1 and Type 2. e) Statistical comparison of sheet resistance.
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Figure 3 presents the Raman spectra of printed
carbon films fabricated using two different coating
techniques: slot-die coating and screen printing. The
spectra exhibit characteristic features of carbon ma-
terials, including the D band (~1350 cm™), which is
associated with structural disorder, and the G band
(~1580 cm), corresponding to graphitic sp*-bonded
carbon. Additional features, such as the D' peak and
the 2D band, provide further insight into the structur-
al integrity and degree of graphitization of the films.
The overall similarity of the Raman spectra indicates
that the carbon films possess comparable structural
properties, irrespective of the coating method em-
ployed.

G+D

Screen printing

Intensity (a.u.)

Slot-die coating

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

Raman shift (cm™)

Figure 3. Raman spectra of printed carbon films on PET
fabricated using different coating techniques.

Overall, both fabrication techniques — slot-die
coating and screen printing — were effective to vary-
ing degrees, although the resulting electrodes exhib-
ited different levels of conductivity. The lowest sheet
resistance was obtained for the slot-die-coated elec-
trodes, while the screen-printed electrodes exhibited
higher sheet resistance. Nevertheless, screen printing
offers a clear advantage in enabling the fabrication
of small electrodes with well-defined and precise
geometries required for device integration. Raman
spectroscopy revealed comparable structural charac-
teristics for the printed carbon electrodes, indicating
that the coating method has a negligible impact on
the intrinsic carbon structure.

3.2 Fabrication of fully printed flexible perovskite
solar cells

Fully printed FPSCs incorporating printed car-
bon top electrodes were fabricated using optimized
carbon printing parameters. All devices employed
a regular (n—i—p) architecture, schematically illus-
trated in Figure 4a. The fabrication of fully printed
FPSCs was carried out using slot-die coating tech-
niques. The device architecture and corresponding
layer thicknesses are as follows: PET (125 um)/ITO
(~150 nm)/SnO, ETL (~10 nm)/MAPbI, perovskite
(~400 nm)/PEDOT HTL (~100 nm)/carbon electrode
(~30-50 um depending on deposition method). The
thickness of the carbon electrode depends on the de-
position technique, being ~40 um for slot-die coating
and ~30-50 um for screen printing. Due to the inher-
ent surface roughness and non-uniformity of printed
carbon films, precise thickness determination is chal-
lenging, and profilometry measurements showed sig-
nificant spatial variation.

Two types of fully printed FPSCs were prepared,
distinguished by the carbon electrode deposition
method. In the first configuration, a single-layer slot-
die-coated carbon (Cg, ) electrode was employed as
the top contact, yielding a PET/ITO/SnO,/MAPDI,/
PEDOT/C, . device structure. In the second configu-
ration, a single-layer screen-printed carbon (Indicate
Type 2 C,,) electrode served as the top contact, re-
sulting in a similar PET/ITO/SnO,/MAPbL/PEDOT/
C,, device structure.

Photographic images of the fabricated flexible
devices are shown in Figures 4b and 4c. Figure 4b
presents a representative fully printed FPSC with a
continuous carbon top electrode, demonstrating good
coverage and mechanical flexibility of the device.
Figure 4c shows a flexible device with patterned
printed carbon electrodes, highlighting the com-
patibility of the developed printing processes with
electrode patterning and flexible substrate handling.
These results demonstrate a successful integration of
printed carbon electrodes into fully printed FPSCs.

Figure 5 displays the J-V curve of the best-per-
forming fully printed FPSC with a C . top elec-
trode, along with statistical data for the photovoltaic
parameters of ten devices. The active area of the de-
vices was 1.95 cm?. The results indicate that devices
with C . top electrodes demonstrate moderate per-
formance, with the best-performing device achiev-
ing a PCE of approximately 0.6%. In addition, the
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series resistance (Rs) of the devices was extracted
and is presented in Figures 5f. The observed Rs val-
ues correlate well with the sheet resistance of the
carbon electrodes, confirming that electrode con-
ductivity plays a key role in charge transport and
device performance. The main performance-limit-

a Screen
printed/
Slot-die
coated

Slot-die
coated
ETL (SnO, NPs)
ITO
PET
Light

ing factors for these devices are attributed to low
J¢. and FF, primarily due to the large active area and
the low conductivity of the single-layer C_ .. By re-
ducing the active area and depositing multiple lay-

ers of C ., it may be possible to achieve improved

device performance.

Figure 4. Schematic illustration of the FPSC device structure and photographic images of fully printed FPSCs fabricated
with printed carbon electrodes. a) Schematic illustration of the n—i—p device structure. b) Photograph of a fully printed FPSC
fabricated using the slot-die coating method. ¢) Photograph of a fully printed FPSC with screen-printed carbon electrodes.
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Figure 5. Solar cell performance results of fully printed FPSCs with C . top electrodes. a) J-V curve
of the best-performing device and statistical data for b) J ., ¢) V., d) FF, €) PCE,
and series resistance (Rs) of fully printed FPSCs with C . top electrodes.

Figure 6 displays the J-V curve of the best-per-
forming fully printed FPSC with a C, top electrode,
along with statistical data for the photovoltaic pa-
rameters of twenty devices. The active area of the
completed devices was 0.15 cm?. The results indi-
cate that devices with Cg, top electrodes exhibit im-
proved performance, achieving a PCE of approxi-
mately 3.86%. In addition, the series resistance (Rs)
of the devices was extracted and is presented in
Figures 6f. The observed Rs values correlate well
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with the sheet resistance of the carbon electrodes,
confirming that electrode conductivity plays a key
role in charge transport and device performance.
The main performance-limiting factor in this case is
attributed to the low FF, which results from the low
conductivity of the C,. Nevertheless, this represents
a significant improvement compared to the devices
with C . (see Figure 5). Increasing the thickness of
the C, holds promise for further enhancing device
performance.
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Figure 6. Solar cell performance results of fully printed FPSCs with C, top electrodes. a) J-V curve
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d) FF, ¢) PCE,
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and series resistance (Rs) of fully printed FPSCs with C, top electrodes.

Overall, these results indicate that further per-
formance enhancement of fully printed FPSCs with
carbon top electrodes critically depends on optimiz-
ing the electrode morphology, electrical conductiv-
ity, and interfacial contact quality. This finding high-
lights the decisive role of carbon electrode deposition
in governing the overall device performance of fully
printed FPSCs.

In addition to the electrode-related limitations
discussed above, the overall device performance
is further constrained by interfacial and material-
related factors. In particular, the HTL/carbon inter-
face represents a critical bottleneck due to imperfect
physical contact, surface roughness, and the absence
of interfacial passivation, which can promote non-ra-
diative recombination and hinder efficient charge ex-
traction. These effects contribute to increased series
resistance and reduced fill factor. Furthermore, the
use of MAPDI, as the perovskite absorber introduces
intrinsic limitations in terms of defect density and
optoelectronic quality, resulting in lower achievable
efficiencies compared to state-of-the-art multi-cation
and mixed-halide perovskites.

To address these challenges, several strate-
gies can be considered. The incorporation of in-
terfacial passivation layers between the HTL and
the carbon electrode could suppress recombina-
tion losses and improve energy level alignment.
In addition, post-deposition treatments such as
mechanical pressing or pulsed light annealing
may enhance the physical contact and electrical
connectivity at the interface. Finally, the imple-
mentation of more advanced perovskite composi-
tions with improved crystallinity and reduced de-
fect density is expected to significantly enhance
device performance. These approaches provide a
clear pathway toward improving the efficiency of
fully printed FPSCs.

4. Conclusion

In this work, carbon-based electrodes for fully
printed flexible perovskite solar cells were fabricated
and optimized using two scalable printing techniques:
slot-die coating and screen-printing. The influence
of printing parameters on the electrical performance
and uniformity of the carbon films was systemati-
cally investigated, followed by their integration into
fully printed n—i—p perovskite device structure.

Slot-die-coated carbon electrodes exhibited a
clear decrease in sheet resistance with increasing
pump rate, with an optimized condition of 1 mL min™!
yielding uniform films with a sheet resistance of ~80
Q sq! after low-temperature annealing. For screen-
printed electrodes, a multi-point paste application
strategy significantly improved film uniformity and
reduced sheet resistance to ~125 Q sq! compared to
single-point deposition. Raman spectroscopy con-
firmed comparable structural properties of the carbon
films produced by both methods, indicating that elec-
trical differences mainly arise from film morphology
and thickness.

Using the optimized electrodes, two types of
fully printed FPSCs were fabricated. Devices with
single-layer slot-die-coated carbon (C,.) top elec-
trodes achieved a maximum PCE of ~0.6% over a
large active area (1.95 cm?), while devices employ-
ing screen-printed carbon (C,) electrodes reached a
higher PCE of up to 3.86% for smaller-area devices
(0.15 cm?). The improved performance of CSP-based
devices is attributed to enhanced charge collection
resulting from thicker and more conductive carbon
contacts.

Overall, this study demonstrates the feasibility of
fully printed, flexible perovskite solar cells employ-
ing carbon-based top electrodes without vacuum pro-
cessing. Further improvements are expected through
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A modified version of the printed quasi-Yagi antenna by using the so-called ends-fed dipole-like radiator is
presented. In this radiator, the excitation nodes are placed on the far ends of the dipole metallic halves rather
than on the adjacent ones. As a result, the current distribution along each of the radiator cylindrical/printed
wire significantly differs from that related to the ordinary center-fed dipole. That is why the frequency
behavior of the proposed radiator input impedance guarantees the nontraditional radiation properties.
Additionally, this approach to the choice of the excitation nodes leads to the simplification of the printed-
circuit-board (PCB) implementation. A printed prototype operating at 2.8 GHz is developed and tested.
Since the area around the radiating arms is fully free from any conductors and dielectrics (except for the
substrate itself), the proposed quasi-Yagi antenna is a good candidate to emit radiation of high polarization
purity. The measured results revealed that such an antenna is able to reach an effective area reduction to
40% with the enhanced up to 10 dB front-to-back ratio without decreasing the bandwidth.

Keywords: printed-circuit-board radiators, induced electromotive force method, quasi-Yagi antenna,

radiation pattern, telecommunication.

1. Introduction

Modern wireless communication systems need
wideband devices to transmit and receive simulta-
neously the signals with an acceptable isolation
between transmitting and receiving channels [1]. To
achieve this purpose, the development and
improvement of printed directional antennas of
various kinds remain topical [2]. A suppression of
an unwanted radio frequency emission has led to an
increasing demand for antennas, such as quasi-Yagi
assemblies. There are many Yagi-Uda/quasi-Yagi
antennas with a strip/coaxial feed and a dipole
driver that have been presented for the last ten years
[3-10]. Each of these antennas is a successful
discovery in terms of its bandwidth, radiation
patterns, size reduction and simple manufacturing.
However, all the antennas contain a balance unit
(balun) that is used to excite the center-fed dipole
driver. Frequently, 180° out-of-phase balun nodes
are displaced in the area substantially, and that
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increases the surroundings around the dipole nodes
and affects the polarization purity of radiation. This
also needs an accurate accomplishment of design,
including the line length, as well as its
meandering/turning. The difficulties mentioned
bring some sort of motivation for a further
investigation of quasi-Yagi antennas. Below, we
describe a novel modification of the printed ones.
This approach is based on the utilization of the
so-called “end-fed dipole radiator” (EFDR) patented
in [11] and then successfully used in [12] to
improve the one-band quasi-Yagi antenna. Lately,
this EFDR was realized for the waveguide
excitation [13] and was used in the printed dual-
band quasi-Yagi antenna on the base of the
broadband balun  with  microstrip-to-slotline
transitions [14]. The architecture, which is described
below, is the result of an attempt to alleviate the
complication of a coaxial/strip feed with a regular
wire antenna design principle by combining the
nonstandard ends-fed dipole-like radiator and a
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balun that is implemented on a base of the
microstrip-slot and parallel stripline-microstrip
transitions. A systematic study of the modified
printed quasi-Yagi antenna is briefly presented, and
the following numerical optimization of the
proposed antenna by a proper 3D EM solver is
described. As a result, all the key geometrical
dimensions were established and then successfully
used through the PCB fabrication on the standard
Cu-clad dielectric substrate FAF-4D (Russia) with
the 1.5 mm thickness. The simulation-derived and
anechoic chamber-based experimental results are
used to verify the described approach. The slight
difference between the numerical and experimental
values may be caused by the round corners of the
strip-line topology as well as the discontinuity of the
coaxial adapter, manufacturing imperfections and
radio frequency interconnections by using a coaxial
cable. These features were not taken into account
through the full-wave simulation. The use of such a
driver contributes to an increase in the degree of

freedom in the design of printed quasi-Yagi
antennas. At the same time, depending on the set of
requirements of the tactical and technical
specifications for the design, various optimization
strategies can be constructed.

2. Current distribution along the stand-alone
EFDR and its radiation resistance

As proposed in [11], an ends-fed dipole-like
radiator two thin (a<</) collinear
cylindrical wires 1 and 2, an energized coaxial cable
3 and the balance unit (balun) 4 having the input
port 5 and 180° out-of-phase output ports 6 and 7
(Figure 1(a)). The adjacent ends 8 and 9 of both
wires are placed in the immediate nearness (h<<1),
whereas the far ends of those play the role of the
input terminals 10 and 11.

contains

; y
] b b 2 7
! ! /
| i { z
{ [¢] ——
10 i/ 9 11 2a

BALANCE UNIT

Any out-of-phase power divider.
Power ratio 1:1

4 3 i| %
3 Input

Figure 1. Stand-alone ends-fed dipole-like radiator: (a)
functional scheme, (b) current distribution along the wires.

Now, the detailed analysis described in [15]
leads to the following expressions for the current

distribution 7(z) along the wires (Figure 1(b)) and
for EFDR radiation resistance R, :
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(2) = Iy sin(+kz),0 <z <4,
(2)= Ly sin(~kz),~1 <2 <0,

Ryad = 2Prad/|[m|2 =60

[Q2 sin 0}19

O —

:30{3y+1n[4(kl)3}+Ci(4kl)—4Ci(2kl)+25in[(kl)2}{w—l}}, (1)

where P represents the total power radiated from the
EFDR through the closed sphere lying around a radiator
in the far-field Fraunhofer region, I, is the current

2kl

maximum, k = 27/A, A is the free space wavelength, y =
0.5772157 (Euler constant), Ci(x) is the cosine integral,
and the quantity Q is determined as:

O =1-cos(kl cos ) cos(kl)—sin (kI cos §)sin (kl)cos 6 .

Now, according to [2, Chapter 8], the real part
R, of an input impedance Z,, = R, + jX,, referred
to at the current maximum 7,, can be expressed as
Ry, = R4 » Whereas the real part R, of the input
impedance Z;, = R;;, + jX;, referred to at the current

| iy at the input terminals 10 and 11 (Figure 1(b))

can be obtained by a transfer relation
1y =1, sin(kl) , or:
. 2
Rin = Ry [sin (k1) 2)

As may be seen, the current distribution/(z)

along the EFDR is significantly different from the
distribution specific to a classical ordinary dipole
radiator. Therefore, the frequency response of the
input impedance of the EFDR considered will be
significantly different from the similar frequency
response of the classical dipole. This should be
taken into account through the antenna design.

3. Self-impedance of the Stand-alone EFDR

As a result, the induced electromotive force
(emf) method leads to closed-form solutions which
provide such the design data that can be used
directly as very good initial parameters in the full-
wave 3D EM simulation. According to [15], both
the real R, [R;,]and the imaginary X,, [ X;, ] part
of the self- [input] impedance Z,, =R, +jX,,

Iy [
Zin = Riy + jX;, referred to at the current /;, at the

referred to at the current maximum
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input terminals 10 and 11] can be expressed for a
free-space as (in Ohms):

in(kl\[4+(@))2)
Ry, = 604 sin (k1) sin€ 1) ) _sin(ka) +3Ci(ka)
kl\/4+(% )2 ka

+O.5C[[kl(m + 2)]+0.5Ci[kl(m —2)]
_zcl'[kz(,/1+(% )2 +1)]—2Ci[k1(,/1+(% )2 —1)]} 3)

Kl|4+(@))?
X, = 604 sin2 (k1) cost 1) ) _ costhka) —3Si(ka)
kl\/4+(% )2 ka

—0.5Si[kl(m +2)]- O.SSi[kl(m —2)]
+2Si[k1(,/1+(% )2 +1)]+2Si[k1(,/1+(% )2 —1)]} (4)

Rin = Ron /[5in (k) P » Xy = Xy /[sin (42) 2 . (5)

The numerical analysis of the last relations
indicates that the input impedance Z;, = R, + jX;;,
[quantities in (5)] is characterized by a significant
capacitive component with a curvilinear change in
I/2 within the range of 0.1<//1<0.6. At the same

time, the real part R;,, [Ohm] changes in the range
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of 15<R;, <180. These results are used in the

following considerations related to the EFDR
vertically placed above the ground.

The presence of an obstacle (such as a
rectangular waveguide), especially in the vicinity of
a radiating element, will significantly alter the
overall radiative properties of the antenna system. In
practice, the most common always considered
obstacle is the ground. The energy radiated by the
radiating element and oriented in the direction of the
earth is reflected. The amount of reflected energy
and its direction are dependent on the ground
metallic geometries and their dimensions.

To analyze the behavior of the antenna near a
ground conductor, virtual sources (source images)
must be introduced to take reflections and
interference into account [2]. As it follows from the
name, these are not real sources, but imaginary ones,
which, when combined with real sources, form an
equivalent system. For the purposes of analysis
only, the equivalent system gives the same radiated
field on and over the conductor as the real system
itself. Under the conductor, the equivalent system is
not able to give the correct field. However, in this
region, the field is equal to zero and equivalence is
not needed. When the height of the source above the
plane / is equal to zero, primary and secondary
horizontal fields of an electric vibrator and a vertical
magnetic vibrator become equal in terms of
amplitude and opposite in sign, the total field
becomes zero and the radiation disappears.
Conversely, in the case of a vertical electric vibrator
and horizontal magnetic vibrator, the primary and
secondary fields at & = 0 become equal in amplitude
and sign, so that the total field is doubled relative to
the field of the same source in free space.
Concerning the resistance and conductivity of
radiation sources, then, at # = 0 in the first case,
they become equal to zero, and, in the second, —
they double. The doubling resistance and
conductivity of radiation is related to the fact that
the radiated power density in each point in space is
quadrupled, but the energy is radiated only into the
upper half-space.

4. Printed quasi-Yagi antenna employing
microstrip-slot and stripline-microstrip
transitions

The results indicated in the previous section are
used here to create the proposed antenna topology.
Contrary to the version on the base of the printed

rectangular-coaxial (recta-coax) transmission line
described in [15], it is useful to modify both the
driver and director in order to realize the more
compact strip-line architecture. To do so, the
quarter-wave directional coupler should be omitted
from the architecture described in [15], and then the
compact planar out-of-phase power divider
proposed in [16] will be used. As a result, after the
use of equations (1) — (5) for the recalculation of the
strip widths, two proper dielectric substrates with
copper clothes are used simultaneously to realize the
printed ends-fed driver, as well as the printed
director and power divider without any metallized
via-holes (Figure 2, all dimensions are in mm).

After calculations, it is necessary to refine and
optimize the pieces of the topology in a specialized
program of electrodynamic modeling. The
optimization in the program is divided into several
stages, at each of which certain antenna components
or fragments of complex elements are optimized.
For example, in the case of a multi-component Yagi
antenna having a dipole-like driver, several directors
and a reflector, the optimization process is carried
out in three steps. Before a brief description of the
optimization steps, it is useful to note that, in printed
versions of Yagi antennas, the edge of a metallized
rectangle plays the role of a reflector. Such use of
the grounded fragment foil edge as a reflector was
previously described in printed Yagi antennas [3],
and it was successfully applied as a reflector of
other quasi-Yagi antennas, including the described
novel printed quasi-Yagi antenna with an ends-fed
dipole-like driver. In the authors’ opinion, it is quite
difficult to compact describe the optimization
process with references to formulas (1) — (5). The
optimization process itself is based on trial-and-
error and depends heavily on the experience of the
project implementers. Therefore, what follows is a
description of the optimization process as the
authors see it.

In the first optimization step, the distance
between the driver and the nearest elements is
optimized directly, i.e., usually the edge of the
fragment located on the back of the dielectric
substrate. Also, the distance between the driver and
the first passive element (director) is optimized at
the first step. Initially, the calculated dimensions of
the driver itself are determined by the parameters of
the terms of reference and correspond to the selected
working frequency. In this case, the distances
between passive elements and their dimensions are
set in the program with a spread of parameters of
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approximately 10-15%. This tolerance is quite
enough to select the optimal dimensions of the
antenna elements. At the first stage of optimization,
it is desirable not to pay much attention to the shape
of the radiation pattern, but to carry out the
optimization itself in terms of the quality of antenna
matching. Just this parameter, at the first stage, is
the key and allows in the future, at the next steps,
obtaining the necessary shape of the antenna pattern,
as well as to reach the required gain.

At the second stage of optimization, distances
between other directors are selected (if any). As the
number of the directors increases, the antenna gain
also increases, the beam pattern narrows, and the
antenna becomes more directional. In other words,
the optimization of a Yagi antenna with more than
three directors is a long process involving many
complex tasks, since it is necessary to control seve-
ral parameters of the antenna (reflection coefficient,
radiation pattern shape, gain) and at the same time
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ensure that the working frequency of the antenna re-
mains unchanged. Additionally, with a large number
of directors, in order to maintain the required
characteristics, it is sometimes necessary to change
the central location of passive elements, slightly
shifting them from the central axis of the antenna in
one direction or another. Also, the use of various
types of drivers leads to a different distance between
directors and to the width of passive elements.

At the third stage, the lengths and widths of the
directors themselves are optimized. At this stage,
the optimization is carried out on all necessary
parameters and not only on the matching
characteristic. At the same time, the center
frequency of the antenna does not shift. And if the
shape of the directional pattern does not meet the
requirements of the terms of reference, in addition to
changes in the third optimization step, it is
necessary to make small changes in the director
positions obtained in the previous step.
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Figure 2. Three-layer printed-circuit-board implementation of the radiating domain and out-

of-phase power splitter related to the modified version of the quasi-Yagi antenna employing

only two dielectric substrates: (A) top side of the first substrate, (B) bottom one of that, (C)
top side of the second substrate, and (D) bottom one of that.
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In this modification, two Cu-clad dielectric
sheets (Russia) are used. Namely, to realize the
whole three-layer sandwich structure (Figure 2)
related to both the radiating part of the quasi-Yagi
antenna and the nonradiating domain containing the
power divider itself, the 1.5 mm thick organic
dielectric substrates FAF-4D (Russia) were used.
This nomenclature was chosen because of its low
loss tangent (tand = 0.002) and a small relative
dielectric constant variation (g, =2.5+0.1) [17].

The copper foil thickness is equal to 0.035 mm.

Without loss of generality, the center frequency
of the proposed whole quasi-Yagi antenna was cho-
sen to be 2.8 GHz. After the corresponding systemic
design and nonlinear parametric optimization
through the 3D full-wave solver “CST Studio Suite”
[18], the final geometrical dimensions were found,
as shown in Figure 2 (in mm). The printed-circuit-
board implementation was performed using the con-
ventional Russian photo-lithography procedure and
wet etching.

As a result, the presented topology version of
the planar quasi-Yagi antenna was measured on a
base of the anechoic chamber by using an
ordinary far-field measurement arrangement. The
KRPG-434511.016 connector [19, Figure 3, Table
8] was used to connect the manufactured antenna
(Fig. 3) with the measurement equipment. The
impedance matching was investigated using an
Agilent N5241A Performance Network Analyzer,
whereas the antenna radiation patterns were
established at the indoor far-field laboratory. The
antenna-under-test was mounted on the rotating
pedestal, and the standard linearly-polarized
pyramidal horn was excited by an E8257D PSG
microwave signal generator. Namely, the results
related to the voltage standing wave ratio
(VSWR) show the acceptable comparison (Figure
4). Some discrepancies are attributed to the
impedance imperfections in the test equipment,
including the soldering areas and attainable

resolution of the wet etching.

Figure 3. Photos of the proposed quasi-Yagi antenna: (A) face side,
(B) the middle metallization realized on the bottom side of the first substrate, and (C) bottom side of the antenna.
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Figure 4. Simulated (- — -) and measured (—) VSWR of the
proposed quasi-Yagi antenna.
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As can be seen in Figure 4, the VSWR of the
antenna at the 2.8 GHz center frequency is approxi-
mately 1.24. It can be noted that the experimentally
obtained characteristic has its minima at frequencies
2.63 and 2.91 GHz, while the VSWR minimum va-
lue obtained from computer modeling is reached at
the center frequency of the antenna 2.8 GHz. From
the obtained data, it can be concluded that the chan-
ge in the shape of the VSWR diagram after the im-
plementation of the antenna is associated exclu-
sively with the technological features of manufac-
ture. Additionally, the parametric studies presented
in Figs S10-S12 (please see the “Supporting infor-
mation”) show that the input VSWR is extremely
sensitive to the vertical dimensions of the elliptical
patch (Dy cop) and the vacuum hole (Dy vac). This
explains also the discrepancy in the measured
VSWR (Fig. 4). Apparently, the manufacturing tole-
rances of these specific elements are the likely cause
of the dual-resonance behavior in the experimental
prototype. So, for example, the modeling does not
take into account the attachment screws connecting
the two substrates. In addition, it is likely that the
attachment of the feed connector, the presence and
location of solder have a great influence. A detailed
analysis of the VSWR diagram is not beyond the
scope of this study. However, it is useful to note that
the radiation pattern of the implemented sample at
the center frequency of 2.8 GHz, practically,
coincides with the radiation pattern obtained by
computer modeling. At frequencies where the
experimental VSWR diagram reaches minimum
values, the antenna pattern has a slightly different,
yet acceptable, shape. As a result, the technological
inaccuracies have led to an increase in the antenna
bandwidth. That is, the VSWR of the antenna is less
than 1.25 in a frequency band of approximately 0.4
GHz. This fact can be used to study the possibility
of expanding the antenna working frequency band
while maintaining all the necessary characteristics,
such as radiation pattern shape and antenna gain. In
general, it can be concluded that, in order to
improve the quality of antenna matching at the
center frequency, it is necessary to make changes in
the antenna manufacturing process, namely, in the
power connector installation. At the same time, even
the current VSWR value meets the requirements for
antennas used in telecommunication systems. The
corresponding simulated current distributions on the
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surfaces of the modeled quasi-Yagi antenna at the
selected three frequencies are presented in
“Supporting information”. These figures confirm the
proposed design based on the systematic parametric
optimization. Additionally, the current distributions
at the center frequency of 2.8 GHz are presented in
Figure 5. This figure demonstrates the physical
feasibility of the “ends-fed” concept. To improve
the readability of the text, this figure is repeated in
Figure S2 of the “Supporting information”. It should
be also noted that the differences between
simulation and measurements are due to two main
groups of influencing factors. Specifically, the first
group is caused by the manufacturing process of
nonradiative microstrip-slot and parallel stripline-
microstrip transitions that contain a number of
curved fragments proposed in [16]. The second one
is driven by the optimization strategy and accuracy,
related to the antenna’s radiating part. This includes:
lengths and widths of elongated linear conductors,
as well as the distances between them and their
arrangement on the antenna dielectric substrate. In
this group, the manufacturing tolerances play a less
prominent role due to the simplicity of
implementing the elongated linear conductors.

Now, in Figure 6 are both the measured and
simulation-derived E- and H-plane normalized
radiation patterns at 2.8 GHz with a front-to-back
ratio of approximately 9.8 dB. The simulated cross-
polarization fields of the antenna exhibit almost
omnidirectional patterns with the peak around -32
and -24 dB in the E- and H-planes, respectively,
and they are not shown in the plots for brevity. The
measured cross-polarization patterns are 7 dB larger
than those produced through the simulation and they
are also not shown here in the graphs for brevity.
Thus, both the co-polarization patterns and the
cross-polarization intensities have acceptable
behaviors in the frequency range of interest. At the
same time, the following parameters/indicators,
related to the cross-polarization intensities, were
implemented in previously published works [7], [9],
[20], and [21], respectively:

- the maximum cross-polarization level in the E-
plane is -15 dB [7], -20 dB [9], -18 dB [20], -19 dB
[21];

- the maximum cross-polarization level in the H-
plane is -12 dB [7], -15 dB [9], -14 dB [20], -15 dB
[21].
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.

Figure 5. Simulated current distributions on the surfaces
of all the layers at the frequency 2.8 GHz.

It is advisable to note that the use of two
dielectric substrates noticeably complicates the
antenna design. But on the other hand, this allows
the implementation of an antenna with additional
degrees of freedom through the design process.

270

Additionally, the requirements of the structural and
technological parameters are significantly weakened
in the proposed antenna, and it is possible to assign
bigger allowances to the geometric dimensions of
printed strip conductors.

180

210 330

H-plane cut 240

270

Figure 6. Simulated (- — -) and measured (—) radiation patterns: (A) E-plane, (B) H-plane.

As can be seen in Figure 6, the antenna beam
width in the half power level in the E-plane cut is
approximately 45 °, which is the optimal value
required in the design of radio engineering systems.
However, this beam width is slightly less than that
obtained as a result of computer modeling, and also
it turns out to be insignificantly shifted towards the
left hemisphere. It is also worth noting that the

radiation level in the lower hemisphere in this plane
reaches sufficiently high values. It is possible to
reduce the side lobes by including an additional
number of directors in the antenna, as well as by
implementing the antenna on one dielectric sheet,
without using a second fragment on which the
director is located in the antenna described above.
One of the factors affecting the diagram is the
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presence of attachment screws connecting the two
substrates. Thus, the implementation of an antenna
on a single dielectric sheet will help to improve the
shape of the radiation pattern and will probably lead
to an improvement in the quality of antenna mat-
ching at the center frequency. Aligning the direction
and shape of the main lobe of the antenna is likely
to allow the director to move some distance in one
or another direction relative to the central axis of the
antenna. This goal was not set in the current work,
and so it is not considered. The beam width in the
H-plane cut is approximately 110°. At the same
time, in the lower hemisphere, the maximum
radiation level is characterized by acceptable values
and turns out to be lower than the values obtained as
a result of computer optimization, which is an
acceptable indicator for most technical applications.

In general, the shape of the radiation pattern of
the described antenna is acceptable for the use in
various telecommunications systems. To the author
knowledge and comprehension, contrary to the
latest contributions [20], [21], [22], the proposed
quasi-Yagi antenna is characterized by the
acceptable radiation properties, as well as by the
more compact architecture. This offers an additional
degree of freedom through the PCB implementation.
To be used in the systems that require a more
narrow oriented diagram, as well as higher noise
immunity and, as a result, a lower level of side
lobes, it is necessary to modify the antenna by
increasing the number of directors, changing the
technical implementation (using one dielectric
substrate instead of two), as well as more detailed
optimization in the computer program.

The efficiency of the proposed antenna can be
discussed as an analysis of the curves shown in
Figures 4 and 6. As can be seen in Figure 4, the
VSWR of the antenna at the 2.8 GHz center
frequency is approximately 1.24. The VSWR of the
antenna that was obtained after the 3D simulation is
much better, and it is close to 1.05. It means that the
antenna matching can be much better and can be
improved by not using, for example, the attachment
screws connecting the two substrates. As can be
seen in Figure 6, the antenna beam width in the half
power level in the E-plane cut is approximately 45°,
which is the optimal value required in the design of
radio engineering systems. The side lobes level is
worse than the same one of the 3D simulation
model. The efficiency can be increased, if this side
lobe level is decreased. As it was pointed, one of the
factors affecting the diagram is the presence of
attachment screws connecting the two substrates.
Thus, the implementation of an antenna on a single
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dielectric sheet would help to improve the radiation
pattern shape and will also, probably, lead to an
improvement in the quality of antenna matching at
the center frequency. The parametric studies of the
proposed antenna are of great significance, and the
results are presented in Figures S1-S14 (Supporting
materials). For example, Figure S7 shows that the E-
plane pattern is rather sensitive to the director
length. This confirms that the antenna's performance
is tied to a very specific optimized state, reinforcing
the need for high-precision PCB manufacturing in
case of mass production. The obtained dependences
indicate that the proposed quasi-Yagi antenna is
characterized by appropriate properties and,
accordingly, it can be used in compact printed
antenna systems with linearly polarized radiation
properties. It is worth noting that a more rigorous
comparison between simulation and measurement
results can be performed based, for example, on the
approach presented in [24]. However, the referenced
study utilized curved radiating sector-like antenna
fragments. In contrast, the radiating fragments in the
authors’ study are simpler — elongated and linear —
allowing for the application of more straightforward
system-oriented optimization approaches.

5. Conclusion

A novel implementation of the printed quasi-
Yagi antenna with end fire-like radiation and good
polarization purity was proposed. To realize the
necessary pattern, an ends-fed dipole-like radiator
was briefly described for completeness. According
to this description and by addition the corresponding
mathematical expressions in closed forms establi-
shed in [12], [13], the novel architecture of the
quasi-Yagi antenna was proposed. Through this
improvement, the systematic parametric optimiza-
tion was successfully used in order to include the
classical out-of-phase power divider in the design
process [16]. This divider is very compact in the
PCB implementation and acts as the necessary
balance wunit. The above-mentioned radiation
properties make the antenna a qualitative standalone
module or a suitable candidate for phased arrays.
The antenna can be used as a single unit or as a part
of phased array. Also it can be used as a radiator or
as a driver element of the Yagi antenna with more
than one director element. It should be noted once
again that the proposed antenna employs an inno-
vative dipole-like driver with ends-fed excitation
[11]. Although it does not deliver breakthrough
radiation performances compared to recent quasi-
Yagi antenna designs [3 — 9], the use of this driver
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still increases the number of degrees of freedom
when designing similar antennas. If any antenna
system (e.g., phased array) needs an antenna beam
width of about 30°, the antenna must contain more

the framework of scientific project No. 24-29-
20048, https://rscf.ru/project/24-29-20048/, as well
as by the financial support from the Government of
Novosibirsk region, agreement No. p-77.

than two directors. If it is used in telecommunica-
tion systems, the antenna beam width can stand the
same as that obtained in this work. An attractive
feature of the described quasi-Yagi antenna is its
compact size for microwave frequency band that
paves a way for new applications in wireless
communication systems. Apparently, the authors of
other similar studies pursued the same goals. Works
[23] and [24] can be cited as examples.

Conflicts of interest
The authors declare no conflict of interest.

Author contributions

Conceptualization, A.G.; Data  curation,
V.K. and N.T.; Formal analysis, D.B. and N..T.;
Investigation, V.A. and N.T.; Methodology, A.G.;
Software, D.B.; Supervision, V.A.; Validation,
V.A. and D.B.; Writing — original draft, A.G.;

Funding Writing — review & editing, N.T; Funding
The research was carried out with financial  Acquisition, A.G.
support from the Russian Science Foundation within
References

1. Z.N. Chen, Editor. Handbook of Antenna Technologies, Singapore: Springer, 2016, Volume 3, Chapter VL.
2. C. A. Balanis, Antenna Theory. Analysis and Design, Hoboken, NJ: John Wiley & Sons, 2016, Chapters 2, and 5.
3. S.-J. Wu et al., “A multiband quasi-Yagi type antenna,” [EEE Trans. Antennas Propag., vol. 58, no. 2, 2010, pp. 593-596.

4. P.-Y. Qin et al., “Frequency reconfigurable quasi-Yagi folded dipole antenna,” /[EEE Trans. Antennas Propag., vol. 58, no. 8,
2010, pp.2742-2747. https://doi.org/10.1109/TAP.2010.2050455

5. Y. Ding et al., “Design of a multiband quasi-Yagi-type antenna with CPW-to-CPS transition”, IEEE Antennas Wireless
Propag. Lett., vol. 10, 2011, pp. 1120-1123. https://doi.org/10.1109/LAWP.2011.2170950

6. P.-Y. Qin et al., “A beam switching quasi-Yagi dipole antenna”, I[EEE Trans. Antennas Propag., vol. 61, no. 10, 2013, pp.
4891-4899. https://doi.org/10.1109/TAP.2013.2274635

7. J. Wu et al., “Bandwidth enhancement of a planar printed quasi-Yagi antenna with size reduction”, IEEE Trans. Antennas
Propag., vol. 62, no. 1, 2014, pp. 463—467. https://doi.org/10.1109/TAP.2013.2287286

8. Z. Liang et al., “A novel microstrip quasi Yagi array antenna with annular sector directors”, IEEE Trans. Antennas Propag.,
vol. 63, no. 10, 2015, pp. 4524-4529. https://doi.org/10.1109/TAP.2015.2456875

9. M.-C. Tang et al., “Flexible efficient quasi-Yagi printed uniplanar antenna”, /EEE Trans. Antennas Propag., vol. 63, no. 12,
2015, pp. 5343-5350. https://doi.org/10.1109/TAP.2015.2486807

10. A. P. Gorbacheyv et al., “Planar dual-frequency quasi-Yagi antenna”, Electromagnetics, vol. 36, no. 5, 2016, pp. 328-339.

11. D. A. Bukhtijarov et al., “Dipole emitter”, Russian Patent 2 472 261, Date of filing: 10.08.2011, Date of publication:
10.01.2013.

12. D. A. Buhtiyarov et al., “Improvement of the quasi-Yagi antenna performances by using an ends-fed dipole driver”,
Universal J. Electr. Electron. Eng., vol. 2, no. 1, 2014, pp. 6—17.

13. D. A. Buhtiyarov et al., “The linearly polarized waveguide-fed dipole-like antenna”, J. Electromagn. Waves Appl., vol. 29,
no. 13, 2015, pp. 1720-1727. https://doi.org/10.1080/09205071.2015.1059293

14. S. A. Alekseytsev, A. P. Gorbachev, “The novel printed dual-band quasi-Yagi antenna with end-fed dipole-like driver”,
IEEE Trans. Antennas Propag. vol. 68, no. 5, 2020, pp. 4088—4090.

15. M. Rafatullah, Editor. Newest Updates in Physical Science Research. London, Tarakeswar: BP Int, 2021, Volume 6, Chapter
8, https://doi.org/10.9734/bpi/nupsr/v6/2339F

16. A. M. Abbosh et al., “An UWB planar out-of-phase power divider employing microstrip-slot and parallel stripline-microstrip
transitions”, Proc. Asia-Pacific Microwave Conf., 2006, vol. 1, pp. 905-908.

17. Price-list of the Company “SIBPROMISOLIT”, Kotelnikov’s Street, House no. 10, Room no. 41, Site Omsk, Omsk region,
644121, Russian Federation.

18. CST Studio Suite. Accessed: January 14, 2026, online. Available: http://www.cst.com/academia/student-edition.

19. K. Dzurinskyi, “Foreign and Russian radiofrequency connectors”, Components and Technologies, no. 2, 2011, pp. 38-43 (in
Russian; available at www.kit-e.ru).

20. Z. Zhang et al., “Low-profile shared-structure dual-polarized Yagi-Uda antennas”, IEEE Antennas and Wireless Propag.
Lett., vol. 21, no. 4, 2022, pp. 843-847. https://doi.org/10.1109/LAWP.2022.3150846

21.J. Lu et al., “Pattern reconfigurable Yagi antenna based on active corrugated stripline”, /[EEE Trans. Antennas Propag., vol.
71, no. 1, 2023, pp. 1011-1016. https://doi.org/10.1109/TAP.2022.3215813

22.Y. Yin, K. Wu, “Endfire circularly polarized planar antennas: a review of their development”, I[EEE Antennas Propag. Mag.,
vol. 65, no. 2, 2022, pp. 63-75. https://doi.org/10.1109/MAP.2022.3154977

87



The reduced size quasi-Yagi antenna with an ends-fed... Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 78-93

23. A. K. Ospanova et al., “All-dielectric nanoantenna for efficient reflectors irradiation”, Physical Sciences and Technology,
vol. 7, no. 1-2, 2020, pp. 25- 30. https://doi.org/10.26577/phst.2020.v7.i1.04

24. Q. Wang, et al., “Machine learning-assisted bandwidth optimization of quasi-Yagi antenna with adaptive dynamic parameter
search range”, IEEE Antennas and Wireless Propagation Letters, vol. 25, no. 3, 2026, pp. 949 — 953.

Information about the authors:

Victor Atuchin (corresponding author) — Candidate of Physical and Mathematical Sciences, Professor, Research and
Development Department, Kemerovo State University, Kemerovo, Russia; Laboratory of Optical Materials and Structures, Institute
of Semiconductor Physics, SB RAS, Novosibirsk, Russia; Department of Industrial Machinery Design, Novosibirsk State Technical
University (Novosibirsk 630073, Russia, e-mail: atuchin@isp.nsc.ru).

Dmitriy Buhtiyarov — Candidate of Technical Sciences, Researcher, Institute of Cosmic and Aviation Materials (NIICAM Co.
Ltd.) Pereslavi-Zalessky, Russia, e-mail: ghostandfound@mail.ru;

Anatoly Gorbachev — Doctor of Technical Sciences, Professor, Radio Received and Transmitted Device Department,
Novosibirsk State Technical University (Novosibirsk, Russia, e-mail: apgor1904@yandex.ru).

Viadimir Khrustalev — Doctor of Technical Sciences, Professor, General Physics Department, Novosibirsk State Technical
University (Novosibirsk, Russia, e-mail: khrustalev@corp.nstu.ru).

Natalya Tarasenko — Candidate of Technical Sciences, Acting Associate Professor, General Physics Department, Novosibirsk
State Technical University (Novosibirsk, Russia, e-mail: natalyavtarasenko@gmail.com).

88



V. Atuchin et al. Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 78-93

Supporting materials

THE REDUCED SIZE QUASI-YAGI ANTENNA
WITH AN ENDS-FED DIPOLE-LIKE DRIVER

First of all, the corresponding simulated current distributions on the surfaces of the modeled quasi-Yagi antenna at the selected three
frequencies are presented in Figures S1-S3. These patterns confirm the proposed design based on the systematic parametric
optimization.

Figure S1. Simulated current distributions on the surfaces
of all the layers at the frequency 2.55 GHz.

Figure S2. Simulated current distributions on the surfaces
of all the layers at the frequency 2.8 GHz.
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Figure S3. Simulated current distributions on the surfaces
of all the layers at the frequency 3.05 GHz.

Secondly, to continue the analysis, the parametric studies are useful. Namely, Figure S4 displays the axis directions of the CST-
model related to the proposed antenna whereas the little fragments inside Figure S5 represent the antenna topologies with additional
designations by the letters related to following parametric studies.
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Figure S4. The axis directions of the antenna proposed.
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Figure S5. The antenna topologies with additional designations
by the letters in order to display these values in the following Figures.

Now, Figures S6-S7 display the influences of the director length (dirl 1) on the input VSWR (Figure S6) and on the 2D co-
polarized gain patterns in the E(xoy)-plane cut and in the H(zoy)-plane one (Figure S7).

-s- VSWRI (dirl 1=36.3)
-+ VSWRI (dirl 1=38.3)
-= VSWRI (dirl_1=40.3)
-¥- VSWRI (dirl 1=42.3)
1 -« VSWRI (dirl_1=44.3)

2.55 2.65 2.75 2.85 2.95 3.05
Frequency, GHz

Figure S6. Input VSWR versus frequency
with various director lengths (dirl 1).
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Figure S7. E- and H-plane co-polarized patterns versus
the director length (dirl 1).
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The following Figures S8-S9 present the influences of the distance (dirl dz) between the director and the driver on the
corresponding antenna performances when the value of the director length dirl 1 is equal to 40.3 mm (blue curves in Figures S6-S7).
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Figure S8. The input VSWR versus frequency
for various driver-to-director distances (dirl _dz).
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Figure S9. E- and H-plane co-polarized patterns
for various driver-to-director distances (dirl _dz).

Figures S10-S12 display the influences of the pedestal height (ped_h), of the vertical diameter (Dy_vac) of the hole, and of the
vertical dimension (Dy_cop) of the elliptical patch on the input VSWR.

VSWR

-+ VSWRI1 (ped_h=3.5874)
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Figure S10. Input VSWR versus frequency
for various pedestal heights (ped h).
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Figure S11. Input VSWR versus frequency
for various vertical diameters of the hole (Dy_vac).
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Figure S12. Input VSWR versus frequency
for various vertical dimensions of the elliptical patch (Dy_cop).

Thus, the parametric study confirms the proposed approach. Additionally, all the blue curves correspond to the optimum
quantities of the quasi-Yagi antenna proposed.
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This work presents a correlation analysis of the wind acceleration parameter § in high-mass X-ray binaries (HMXBs).
The aim of the study is to determine how f depends on the geometric and dynamical characteristics of the system,
primarily on the ratio of the orbital radius to the stellar radius, a/R, and on the terminal wind velocity v,,. For this
purpose, published values of R,, a and v,, together with measured wind velocities in the vicinity of the neutron star,
were used. Based on these data, the parameters of the S-velocity law were determined numerically. The resulting
values were then approximated using a linear regression, § = ka/R, + c, yielding a simple empirical relation. The
results show that the linear correlation between f and the orbital-to-stellar radius ratio is weak (with a Pearson
correlation coefficient » ~ (0.22) and is accompanied by substantial scatter, indicating the influence of additional
physical factors. The linear regression yields a small positive slope (k = 0.14), which suggests only a weak tendency
for f to increase with the orbital ratio. Because of the small sample size, this trend should be regarded as tentative.
The proposed linear model allows S to be estimated without detailed spectroscopic analysis and may be useful as a
rough empirical indicator of wind-accretion properties in HMXBs. The originality of this study lies in providing a
simple empirical first-order assessment of the ff parameter in HMXBs based on observed orbital and wind properties
in systems where detailed spectroscopic constraints are limited.

Keywords: high-mass X-ray binaries (HMXBs), f-law (S-velocity profile), wind velocity profile, terminal wind
velocity, orbital ratio a/R,, correlation analysis.

. i B
1. Introduction v(r) = vy, (1 _ b%) ,

High-mass X-ray binaries (HMXBs) are close

binary systems in which a neutron star accretes
matter from the radiatively driven stellar wind of a
massive early-type companion (O—B/Oe-Be). Since
the density and velocity of the stellar wind at the
neutron-star orbit determine the efficiency of mass
capture, these parameters directly affect the
accretion regime, the X-ray luminosity, and the spin
evolution of the compact object [1, 2]. Despite the
large number of observational studies of HMXBs,
the detailed shape of the wind acceleration profile
(i.e. the parameters of the f-law) remains poorly
constrained. This uncertainty complicates reliable
modelling of wind accretion and hampers
predictions of neutron-star spin evolution.

The wind velocity as a function of distance from
the surface of the donor star is commonly described
by the so-called f-law (or CAK-type law):
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where v, is the terminal wind velocity, R, is the
radius of the donor star, b is a parameter that
determines the initial wind speed at the stellar
surface, and f characterizes the smoothness of the
acceleration. Physically, the parameter f controls
how rapidly the outflow reaches v,, larger § values
correspond to slower, more gradual acceleration,
leading to higher wind densities near the neutron
star and, consequently, to subsonic (settling)
accretion and neutron-star spin-up. In contrast,
smaller § values (steeper acceleration) reduce the
gas density at the orbital radius and may trigger a
transition to the propeller regime, accompanied by
neutron-star spin-down. Thus, even relatively small
variations in £ can significantly alter the accretion
regime and the long-term spin evolution of the
neutron star [3, 4].
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The terminal wind velocity v, is usually
determined from ultraviolet spectral lines; however,
the parameters b and £ are much more difficult to
constrain  observationally,  especially  under
conditions of strong X-ray irradiation and wind
clumping. Moreover, recent studies indicate that the
winds of donor stars in HMXBs differ substantially
from those of isolated OB stars due to
photoionization effects, wind inhomogeneities, and
interactions with the orbiting neutron star.
Consequently, standard wind parameters derived for
single stars cannot be applied directly to HMXBs,
and empirical estimates of wind acceleration in
individual systems are required to properly
understand the accretion processes [5, 6]. This need
for empirical constraints is reinforced by recent
system-by-system reconstructions of f-law wind
profiles in HMXBs, where the parameters b and S
were inferred directly from observed terminal and
local wind velocities, showing that slowly accele-
rating, denser winds tend to correspond to larger S
values under strong X-ray photoionization [7].

The aim of the present work is to investigate the
correlation between the wind acceleration parameter
S and the geometric and dynamical properties of
high-mass X-ray binaries. In particular, we examine
how £ depends on the orbital-to-stellar radius ratio
a/R, and on the terminal wind velocity v.,. To this
end, we use published measurements of R,, a and
Vs, together with estimates of the local wind
velocity at the neutron-star orbit, and numerically
determine the parameters b and . We then construct
a linear regression of f as a function of a/R, and
evaluate the correlation between S and v.. This
approach yields a simple empirical estimate of § that
does not require detailed spectral analysis, thereby
providing a practical tool for the rough classification
of accretion regimes and for qualitative predictions
of neutron-star spin evolution.

The relevance of this study is supported by
recent review works. Recent studies have
emphasized the combined roles of radiative driving,
photoionization, hydrodynamics, wind clumping,
and neutron-star feedback in HMXB winds [2, 6, 8].
The systematic empirical determination of the
parameter § presented in this work, based on a
correlation analysis, helps to bridge the gap between
observations and theory and provides new
constraints for future studies.

2. Materials and methods

2.1 Determination of the parameters b and p.

For each HMXB considered in this study,
published values of the donor-star radius R,, the
orbital semi-major axis a, the terminal wind velocity
Vs and the measured wind velocity o(a) in the
vicinity of the neutron star are used. The SED-
fitting method for determining the parameters of hot
supergiants can serve as an independent source of
donor-star parameters (7eff, log g, Av), which may
be used as input data for constructing relationships
between wind properties [9]. The parameters b and
of the wind velocity law given by Eq. (1).

v(r) = ve (1 - b%)B (1)

are determined such that, for given v, R, and a the
model wind velocity v(a) reproduces the observed
value.

The approach observational data — model
fitting — parameter extraction in X-ray binary
systems is methodologically consistent with the
reconstruction of the p-parameter based on
published HMXB data [10,11]. The calculation
procedure is as follows:

* The stellar radius R, and the orbital separation
a are converted from solar radii to astronomical
units (AU). We adopt  the  relation
1 R5=0.00465 AU; thus, a/R, = (a/AU)/(R./Rg) -
0,004657.

* An initial estimate of the photospheric wind
velocity vy is adopted, typically vy=10-20 km/s.

* From the boundary condition o(R,) = vy,
applied to Eq. (1) the parameter b is expressed as:

b=1-(2)"

Veo

2)

* For a trial value of S, the corresponding b is
computed using the above expression and substi-

B
tuted into v(a) = vy (1 -b %) . The value of 8 is

then determined numerically by requiring the model
velocity v(a) to match the observed value. This is
achieved using a root-finding procedure (the root
scalar function from the SciPy library). Once £ is
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obtained, the parameter b is recalculated accor-
dingly. This procedure is repeated for all systems in
the sample. In addition, the input parameters are
varied within their observational uncertainties in
order to assess the sensitivity of the derived values
of b and .

2.2 Correlation Analysis.

Pearson correlation analysis is a standard
statistical tool widely used in astrophysical studies.
In this work, it is employed to investigate the
dependence of the wind acceleration parameter 5 on
the system geometry and wind velocity in HMXBs
[12]. To search for a statistical relationship between
the wind acceleration parameter f and the orbital
ratio a/R,, the Pearson correlation coefficient is
calculated using Eq. (3):

2ilxi—0)i—y)
Ty = , 3
Vo i Ei(vi-9)? 3)

where x; = a/R.;, y; =B;, X and ¥ — denote the
mean values of x and y over the sample. To
approximate the dependence of £ on the orbital-to-
stellar radius ratio, a linear regression of the form

br~k— ot
~R*C

is constructed, where the coefficients are determined
as:

_ L= 0)i=y) B A
k Sonr * =7 kx.

The obtained coefficients k and c characterize
the slope and intercept of the regression line. In the
present study, the sign and magnitude of k are used
only to describe the direction and strength of the
empirical trend.

2.3 Error Estimation.

Uncertainties in the input parameters (R,, a, Vy,
v(a)) propagate into the derived results. To assess
the sensitivity of the method, the input parameters
are repeatedly varied at random within their
observational uncertainties. For each realization of
the input data, the corresponding values of b and f
are computed. The resulting distributions are then
used to estimate the mean values and variances of b
and f. This approach makes it possible to evaluate
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the robustness of the results against measurement
errors and to identify which parameters most
strongly contribute to the uncertainty in S.

2.4 The systems considered.

CenX-3

Cen X-3 was discovered in 1967 by the Uhuru
space observatory as a point-like X-ray source.
Subsequent observations revealed regular X-ray
pulsations with a period of P, =4.876+£0.0154 s,
which allowed the source to be identified as an X-
ray pulsar [1]. The detection of sinusoidal intensity
variations with a period of ~2.087days further
demonstrated that Cen X-3 is an eclipsing binary
system with a massive companion. Optical observa-
tions of the Cen X-3 field performed with telescopes
at the ESO and Las Campanas observatories during
1973-1974 led to the identification of the optical
counterpart as an early-type star with a spectral
classification of 09-09.5 V or B0 I-III. As a result,
Cen X-3 became the first object firmly identified as
an X-ray pulsar in a massive binary system.
Subsequent optical studies refined the spectral type
of the donor [13] star to 06.5 II-1II, with a mass of
approximately ~20,2 M located at a distance of
dy=5,7+1,5 kpc [14]. The orbital eccentricity of the
compact object is extremely small, e=~0,00021,
indicating an orbit that is nearly circular. The
terminal wind velocity is v,,~2000 km/s [15].

OA01657-415

OAO 1657415 was initially discovered in 1978
as an eclipsing X-ray source and was identified one
year later as an accreting X-ray pulsar with a spin
period of 38,22 s at that time. The X-ray luminosity
of the source in the 18-50 keV energy band during
the 20022016 observations varied smoothly within
the range L, =~ 0.1 — 2 x 1037 (d/d,)? erg/s [16].
OAO 1657-415 is located at a distance of
dy=6,4%1,5 kpc and is identified as a high-mass X-
ray binary system with an orbital period of P,,; =
10,44 days [17]. The orbital eccentricity is e=0.104.
The system consists of a neutron star and a massive
supergiant companion of spectral type Ofpe [18].
The neutron star currently rotates with a spin period
of P, ~ 37.024 s and possesses a surface magnetic
field strength of Byg = (3,1£0,2) x10" G, as
inferred from the analysis of a cyclotron resonance
scattering feature detected in the X-ray spectrum of
the source. The terminal wind velocity is
Voo ~500 km/s [19].
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VelaX-1

Vela X-1, like Cen X-3, was originally
discovered by the Uhuru space observatory during
the early years of X-ray astronomy in 1967 and was
subsequently identified as an X-ray pulsar in a
massive binary system. The spin period of the
compact object is P; ~ 283,43 s [20]. The orbit has
a relatively small eccentricity, close to circular,
e~0,088, which is characteristic of quasi-stationary
wind-fed pulsars. The orbital period is P,,, ~ 8,96
days [17]. The neutron star is accompanied by the
supergiant star HD~77581, located at a distance of
dy=1,9+0,2 kpc and classified as a B0.5~Ia star with
an estimated mass of M.~26 M [17]. Based on
optical and ultraviolet spectroscopic studies,
terminal wind velocity is v,=1100 km/s and a mass-
loss rate of M ~4x107®Mg/yr. have been
reported [21].

4UI1538-52

4U~1538-52 was discovered in 1976 by the
OSO-8 space observatory as an eclipsing X-ray
source in a binary system. Subsequent observations
carried out during the Ariel-5 mission revealed X-
ray pulsations with a period of~528,93 s, associated
with the axial rotation of the neutron star. At the
present epoch, the spin period of 4U~1538-52 is
P, = 526,235 [22], while the orbital period is
P, = 3,728 days [17]. Optical spectroscopic
observations performed with the 3,9-m telescope at
the Siding Spring Observatory (Australia) allowed
the identification of the normal companion
(QV~Nor) as an early-type supergiant of spectral
class B0.2~Ia, with an estimated mass-loss rate
of~10"° Mg/yr. [23]. The distance to the source is
estimated to be d=5+0,5kpc. The terminal wind
velocity is v, ~1450 km/s [24].

GX301-2

GX~301-2 is a unique object among the
population of quasi-persistent X-ray pulsars in high-
mass binary systems, as it possesses an orbit with a
relatively large eccentricity e=~0,46 [25], which is
more typical of transient X-ray pulsars. In the vast
majority of quasi-persistent systems, the orbital
eccentricity does not exceed 0,2. The distance to the
source is estimated to be 3,5+0,5 kpc. The normal
component of the system is the supergiant star
BP~Cru [5], classified as an early-type B1.5~Ia star
with an estimated mass of M.~48 M, [16], making
it one of the most massive donor stars among the

Galactic population of X-ray pulsars in high-mass
X-ray binaries. Optical spectroscopic studies of the
donor star performed with the ESO 3,6-m telescope
(Chile) revealed prominent P~Cygni profiles, which
allowed estimates of the mass-loss rate in the range
M ~5x107% —107° M /yr. with a terminal wind
velocity of v, ~400 km/s [5].

280114+650

2S~0114+650 was discovered in 1977 during an
all-sky survey carried out by the SAS-3 X-ray
observatory. Several months after its identification,
it was established that the compact source is a
member of a binary system with a massive
companion, the star LS~[~+65~010 (V662~Cas).
Based on its observational properties, 2S~0114+650
is classified as a quasi-persistent X-ray pulsar with
an exceptionally long spin period of P, ~ 9475s.
making it the second slowest-spinning pulsar among
the Galactic population of HMXBs. Since its
discovery, 2S~0114+650 has exhibited a long-term
spin-up trend at a rate of ~10°s/s, although the
physical origin of its extremely long spin period
remains unclear. The current orbital period of the
system is P, =~ 11,591days. The massive
companion of the neutron star is the supergiant
V662~Cas, classified as a Bl~Ia star [17]. Detailed
optical  spectroscopic  studies of V662~Cas
conducted with the 2,5-m Isaac Newton Telescope
at the La Palma Observatory yielded estimates of
the terminal wind velocity v,=1200+£300 km/s and
a mass-loss rate of M ~ 3 x 107 Mg /yr. [26].

3. Results

3.1 Input data and derived parameters.

Table 1 lists the input parameters (R,, @, Ve,
v(a)) for each HMXB considered, together with the
derived parameters b, £ and the orbital ratio a/R,.
The values of the local wind velocity v(a) were
taken from published X-ray observations [27], while
the terminal wind velocities v, were adopted from
ultraviolet spectroscopy. The stellar radii R, and
orbital separations a were obtained from optical and
dynamical measurements. The parameter b was
calculated using b = 1 — (vy/ve) /P assuming a
photospheric wind velocity vy = 20 km/s, whereas
the parameter f was determined numerically by

B
solving the equation v(a) = v, (1 —b %) .
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Table 1. Input data and derived parameters for the HMXB system.

Systems R.(Rp) a(AU) Vo, (km/s) v(a)(km/s) a/R, b B
Cen X3 12.1 0.08 2000 1010 1.42 0.999 0.5625
0OAO 1657-415 25.0 0.21 500 210 1.81 0.933 1.1948
Vela X-1 30.4 0.23 700 610 1.63 1.000 0.1443
4U 1538-52 13.0 0.11 1450 810 1.82 0.997 0.7333
GX 301-2 62.0 0.83 400 290 2.88 0.979 0.7735
2S 0114+650 37.0 0.26 1200 510 1.51 0.994 0.7978

3.2 Plot of B as a function of a/R,.

Figure 1 presents the f versus a/R, diagram for
the systems considered in this study. The points
correspond to the values listed in Table 1 and
indicate only a weak correlation between the orbital-

between £ and a/R, is r = 0,22, indicating a weak
positive correlation accompanied by a substantial
scatter in the data. Uncertainty bars are not shown in
Figures because the available input uncertainties are
heterogeneous across the selected systems; the plot

to-stellar radius ratio and the wind acceleration is therefore intended only for qualitative
parameter . The Pearson correlation coefficient  visualization of the trend.
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Figure 1. Dependence of the parameter 3 on a/R, for HMXBs.

3.3 Plot of f as a function of terminal wind
velocity Ve,.

Figure 2 shows the dependence of the wind
acceleration parameter S on the terminal wind
velocity v,,. Overall, the diagram does not reveal a
clear linear relationship between £ and v, and the
data exhibit substantial scatter. Nevertheless,
systems with relatively low v,, may show higher f,
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corresponding to a more gradual wind acceleration,
whereas faster winds tend to be associated with
smaller £ values. This behavior is physically
plausible, although the small sample size and the
presence of outliers indicate that additional physical
factors (e.g. X-ray photoionization, clumping, and
binary interaction effects) likely play an important
role.
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Figure 2. Dependence of the parameter 3 on the terminal wind velocity v,,. The color
of each point corresponds to a specific system; see the legend inside the figure.

3.4 Discussion of correlation parameters

A numerical approximation in the form of a
linear relation f(a/R,) yields coefficients £ ~ 0.14
and ¢ = 0.44. The positive but small value of &
indicates a very weak tendency for f to increase
with the orbital-to-stellar radius ratio a/R,. The
Pearson correlation coefficient » = 0.22 confirms
that the linear dependence between £ and this
geometric orbital parameter is weak and not
statistically significant. This suggests that, in
addition to the system geometry, the wind
acceleration parameter £ is strongly influenced by
other physical factors, such as the donor star’s
spectral type, the level of X-ray photoionization, the
neutron  star’s magnetic field, and wind
inhomogeneity. Nevertheless, the linear model may
be considered only as a preliminary empirical
approximation. Higher /£ values are generally
associated with slower wind acceleration and higher
wind density near the neutron star, whereas lower 3
values correspond to faster acceleration. However,
given the weak correlation and the limited sample
size, the present analysis does not allow firm
conclusions about specific accretion regimes or spin
evolution pathways.

4. Discussion

4.1 Physical interpretation of the p correlation

Given the small sample size and the exploratory
nature of the present study, a linear regression was

adopted only as a first-order empirical approxima-
tion. More complex nonlinear dependencies may
exist, but their assessment requires a larger sample
and is beyond the scope of this work. The analysis
of the dependence of the wind acceleration parame-
ter f on the orbital ratio suggests at most a weak
positive tendency for f to increase with increasing
orbital-to-stellar radius ratio. However, this trend is
accompanied by substantial scatter and is not
statistically significant. Therefore, the observed rela-
tion should be interpreted with caution. A possible
interpretation is that the wind acceleration parameter
is influenced not only by orbital geometry, but also
by several additional factors, including X-ray
photoionization, wind clumping, donor spectral
type, and magnetic interaction effects. For this
reason, the orbital ratio alone cannot be considered a
reliable predictor of f. The present result should be
treated as a preliminary empirical trend that requires
confirmation with a larger sample.

4.2 Connection between [ and accretion regimes

It is well known that large values of S (of order
unity and above) correspond to smooth, slow wind
acceleration. Physical effects affecting X-ray emis-
sion in the vicinity of a neutron star are discussed;
this context is important for interpreting wind accre-
tion and potential regime transitions in HMXBs
[28]. In this case, the wind velocity at the neutron-
star orbit remains significantly below the terminal
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value, leading to a larger effective capture radius
and favoring subsonic (settling) accretion. Such
accretion is associated with a relatively stable
transfer of angular momentum, resulting in neutron-
star spin-up. This interpretation is also consistent
with recent statistical comparisons of persistent and
transient HMXBs, which show that differences in
X-ray luminosity behaviour and variability are clo-
sely related to the underlying accretion conditions
and wind-feeding properties of the systems [29].
The theoretical framework for modeling the rotation
of compact objects provides a basis for discussing
the spin evolution of an accreting neutron star in
HMXBs [30, 31]. In the present sample, the derived
B wvalues suggest possible differences in wind
acceleration among the analyzed systems. The
relatively high value obtained for OAO~1657-415
(f = 1.2) is broadly consistent with slower wind
acceleration, whereas the very low value found for
Vela~X-1 (f = 0.14) may indicate more rapid
acceleration. Intermediate B values (~0.6-0.8)
obtained for Cen~X-3, 4U~1538-52, GX~301-2,
and 2S~0114+650 are compatible with moderately
accelerating winds. Nevertheless, these associations
should be treated as qualitative rather than predicti-
ve, because the present sample is small and the
inferred correlation remains weak and statistically
insignificant.

4.3 Limitations of the study

It should be emphasized that our sample is small
(six systems) and does not include Be/X-ray
binaries. Therefore, the statistical significance of the
inferred correlations is low (with a Pearson cor-
relation coefficient » = 0.22). In addition, the model
is based on the simplified f-law and does not ac-
count for the effects of photoionization, magnetohy-
drodynamic processes, or wind clustering (clum-
ping). These factors can significantly modify the
actual wind acceleration, particularly in systems
subject to strong X-ray irradiation. It should also be
noted that the derived values of § and b are sensitive
to uncertainties in the input parameters (R,, d, Ve,
v(a)); more accurate observations may change the
shape of the inferred dependence.

4.4 Comparison with theory and observations.

Our results are generally consistent with theo-
retical expectations: classical models of radiatively
driven winds in single OB stars predict f ~ 0.5-1.0
whereas in HMXBs higher £ values may arise due to
X-ray irradiation and orbital interaction effects.
Recent analytical work on generalized f-velocity
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laws in X-ray-illuminated HMXBs has shown that
the allowed parameter space of b and [ is physically
constrained by the requirement of a smooth
monotonic CAK-type outflow, with a robust lower
bound g > 1/2, while strong X-ray irradiation may
favor larger f values [32]. In the present sample, the
fitted linear relation yields only a small positive
slope, and the correlation remains weak and
statistically insignificant. Therefore, the current data
do not support a firm monotonic dependence of £ on
orbital geometry alone. A comparison with previous
studies shows that our estimated § values (0.14—1.19)
lie within the broad range reported for donor-star
winds and wind-fed accretion systems. In particular,
systems with relatively low v, and high S, such as
OAO 1657-415, are broadly consistent with denser
and more slowly accelerating winds, whereas systems
with higher v_oo and lower f may be associated with
more rapidly accelerating and less dense outflows.
However, these interpretations should be regarded as
qualitative, since the present sample is limited and the
inferred trend is not statistically strong.

Future work based on an expanded sample,
including Be/X-ray binaries, will be necessary to
clarify whether any systematic dependence of f on
orbital parameters is physically meaningful.
Investigating orbital-phase variations of S and
incorporating photoionization effects may also help
to develop more accurate models capable of
reproducing the observed behavior of X-ray
luminosity and neutron-star spin evolution.

5. Conclusion

In this work, we proposed and implemented a
simple linear model relating the wind acceleration
parameter f to the orbital-to-stellar radius ratio
a/R,. The correlation analysis shows that the
relationship between a/R, and f is weak (r = 0.22)
and accompanied by substantial scatter, indicating
that the dependence is not statistically significant.
The fitted empirical relation, f = 0.14 (a/R,) +
0.44, therefore represents only a preliminary
approximation rather than a robust physical law.

The proposed model may be useful for obtaining
rough first-order estimates of f in systems where
detailed spectroscopic constraints are not available.
However, due to the limited sample size and the
weak correlation, the relation should be applied with
caution and should not be used for quantitative
predictions of accretion regimes or neutron-star spin
evolution without additional supporting evidence.
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The results suggest that the wind acceleration
parameter S is influenced not only by orbital geo-
metry but also by other physical factors, such as X-
ray photoionization, wind clumping, and magnetic
interactions. Therefore, the orbital-to-stellar radius
ratio alone cannot serve as a reliable predictor of
wind acceleration properties in high-mass X-ray
binaries.

Future work should focus on expanding the
sample of sources, including systems with Be-type
companions, in order to improve the statistical
significance of the analysis. It is also important to
incorporate additional physical processes into the
modeling and to investigate possible orbital-phase
and long-term variations of S and related
parameters. Such studies will help to clarify the role
of wind structure in accretion processes and to
develop more accurate models of mass transfer and
spin evolution in high-mass X-ray binaries.
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We present the results of a search and identification of young stellar objects (YSOs) in the Serpens South
star-forming region, which is part of the Aquila Rift complex. Using AIIWISE catalog data within a radius
of 7' from the center of the region, a multi-stage filtering procedure was applied to remove contaminating
sources, including galaxies, active galactic nuclei, shock emission sources and PAH emission. Photometric
criteria were then used to classify the sources according to their evolutionary stages. As a result, a sample
of 145 YSO candidates was identified, including 1 protostar, 37 Class I objects, 48 Class II objects, 47
Class III objects and 12 transition disks. A quantitative analysis of the spatial distribution of the sources
was performed using cumulative distribution functions, the Kolmogorov—Smirnov test and bootstrap
resampling. The results show that early-stage objects (Class I) exhibit pronounced clustering in the central
region (Rso = 0.26 pc) and are associated with dense filamentary structures, whereas Class II and III
objects display a more extended distribution. A Jeans analysis combined with Monte Carlo simulations
yielded a median gas density of n ~ 1.6 x 10° cm™, consistent with dense prestellar cores. Multiwavelength
verification using infrared, X-ray, optical and radio catalogs showed that 78.6% of the objects possess
independent infrared confirmation, while 70.3% have X-ray detections. In addition, 11 new YSO candidates
not previously reported in published catalogs were identified. The obtained results demonstrate the high
efficiency of WISE data for detecting heavily obscured sources and provide new insights into the early
stages of star formation in dense filamentary environments.

Keywords: Young stellar objects, Serpens South, Aquila Rift, WISE, star formation.

1. Introduction

The study of star formation and stellar evolu-
tion remains one of the central problems of modern
astrophysics, since stars play a fundamental role in
the formation and dynamical evolution of galaxies.
In this context, star-forming regions are of particu-
lar importance, as they provide an opportunity to in-
vestigate the early stages of stellar evolution and the
spatial distribution of young stellar objects (YSOs).

Observations of young stars embedded in mo-
lecular clouds are significantly hindered at optical
wavelengths because of strong extinction caused by
interstellar dust [1]. Infrared observations provide an
effective way to overcome this limitation by reveal-
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ing sources with infrared excess emission associated
with circumstellar disks and envelopes. Major ad-
vances in this field have been enabled by the Spitzer
Space Telescope [2] and the Wide-field Infrared Sur-
vey Explorer (WISE) mission [3], which provided
extensive infrared photometric surveys that form the
basis of modern YSO identification techniques.

The classification of YSOs [4-10] is commonly
performed using two principal approaches: infrared
color diagnostics and the spectral index o, which
characterizes the slope of the spectral energy distri-
bution. Infrared color criteria are widely used in the
analysis of large infrared surveys, allowing efficient
identification of YSO candidates while simultane-
ously removing a significant fraction of background
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contaminants [11-14]. At the same time, classifica-
tion based on the spectral index provides a physically
motivated separation of sources into evolutionary
classes (Class I, II and III) [15]. In the present work,
we primarily focus on photometric classification
based on infrared colors using modern criteria for
contaminant rejection and sample purification.

The Serpens South star-forming region, which
is part of the Aquila Rift complex, is an active en-
vironment characterized by a high concentration of
young stellar objects and a pronounced filamentary
structure [16—19]. Despite the availability of high-
angular-resolution observations obtained with facili-
ties such as Spitzer and Herschel, the WISE catalog
remains an important resource because of its full-sky
coverage and the uniformity of its photometric data,
which are particularly valuable for statistical analy-
ses and cross-matching studies.

In contrast to studies aimed at constructing large-
scale YSO catalogs across extended sky regions us-
ing uniform selection criteria [20], this work focuses
on a detailed investigation of the local Serpens South
star-forming region. Such a localized analysis makes
it possible to examine how environmental factors, in-
cluding extinction, gas density and the evolutionary
state of the molecular cloud, influence the observed
properties of the YSO population [21].

A comprehensive source-selection procedure
was implemented, combining successive contami-
nant removal with multi-stage verification of YSO
candidates using data from 19 astrophysical catalogs
covering the infrared, X-ray, radio and optical wave-
length ranges. In addition, statistical techniques and
numerical simulations were employed to study the
spatial distribution of YSOs belonging to different
evolutionary classes, enabling an assessment of their
clustering behavior and its relation to the physical
characteristics of the surrounding medium.

The adopted methodology resulted in the iden-
tification of previously uncataloged YSO candidates
and allowed us to investigate the connection between
their spatial distribution and evolutionary properties.
These results provide additional constraints on the
physical conditions and dynamical state of the star-
forming environment in the Serpens South region.

2. Observations

The Aquila molecular cloud complex, also
known as the Aquila Rift, is a prominent dark-cloud
structure located in the constellations Aquila, Ser-
pens Cauda and Ophiuchus. It consists of extended
interstellar dust and molecular clouds distributed
along a large northeast—southwest elongated feature.
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The Aquila Rift forms part of the Great Rift, a nearby
system of dark clouds whose dust obscures the cen-
tral regions of the Galactic plane and the inner sectors
of the Milky Way.

Several active star-forming regions are located
within the western part of the Aquila Rift, including
Serpens Main, Serpens South, W40 and MWC297.
CO and HI observations [22, 23] show that the com-
plex extends along the Galactic plane over Galactic
longitudes from approximately 20° to 40° and Galac-
tic latitudes from about —1° to 10°. However, the rel-
ative distances between the embedded protoclusters
Serpens South and W40 remain uncertain. Whether
the Aquila Rift and the main Serpens cloud belong
to the same molecular complex and therefore share
a common distance is still under discussion [24, 25].

Previous studies have suggested that Serpens
Main and the Aquila Rift may represent physically
distinct structures, which could explain the discrep-
ancy between their estimated distances [26, 27]. In
particular, distance estimates of approximately 200—
280 pc have been reported for the Aquila Rift com-
plex, whereas Serpens Main is commonly placed at a
distance of about 415 pc, implying that Serpens Main
is located farther away than Serpens South. More re-
cent studies focused on the Serpens South protoclu-
ster [28] adopted a distance of approximately 260 pc
for this star-forming region.

Based on extinction measurements [29] and radio
spectral-line observations [30, 31], the nearby H II
region W40 has generally been placed at distances
ranging from about 300 to 700 pc. A more recent
Chandra X-ray study [32], based on X-ray luminosity
function arguments, suggested that the most probable
distance to the W40 cluster is approximately 600 pc,
although a smaller distance of about 300 pc could not
be excluded.

Among the star-forming regions associated with
the Aquila Rift cloud complex, Serpens South is of
particular interest. Serpens South is a young embed-
ded cluster discovered through infrared observations
with Spitzer. The cluster is embedded within a dense
filamentary molecular cloud containing a large pop-
ulation of protostars. Owing to the high concentra-
tion of protostars and prestellar cores in this region,
Serpens South is considered one of the most active
sites of star formation within the Aquila Rift complex
(Figure 1). Large-scale magnetic fields have been de-
tected in the region, oriented predominantly perpen-
dicular to the main cloud filament, whereas several
sub-filaments tend to align parallel to the primary fil-
amentary structure. Such magnetic fields may play an
important role in slowing the gravitational collapse of
dense molecular condensations within the complex.
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Figure 1. Aquila Rift/Serpens region based on 2MASS observations [16].

Spitzer observations show that W40 and the em-
bedded Serpens South cluster are located close to
each other on the plane of the sky, suggesting that
Serpens South may be physically associated with the
more evolved W40 region. Recent distance measure-
ments for Serpens Main and W40 yielded values of
approximately 436 pc, implying that Serpens South
may be located at a similar distance because the two
regions appear to be kinematically connected. Stud-
ies by [33, 34] estimated the mass of the giant molec-
ular cloud associated with W40 to be approximately
~1.4 x 10° M and derived a characteristic distance
of about 474 pc. Similarly, it has been suggested that
Serpens South may interact with the expanding shell
of the W40 H II region, further supporting the pos-
sibility that the two regions are located at nearly the
same distance. However, large-scale observations of
the 2CO (2-1) and "*CO (2—1) emission toward the
Aquila Rift revealed two spatially extended compo-
nents associated with Serpens South and W40 that

exhibit different radial velocities. These results sug-
gest that large-scale expanding shells, bubbles and/or
gas flows influence the observed velocity fields and
may play an important role in the formation and evo-
lution of these molecular clouds [35].

As part of the Herschel Gould Belt Survey [36],
a 3.3° x 3.3° region toward the Aquila complex was
mapped in the far-infrared wavelength range. The re-
sulting maps provide high spatial resolution and sen-
sitivity across five bands between 70 and 500 pm. A
large population of previously unidentified protostars
and prestellar cores was detected, primarily concen-
trated within three active star-forming regions: the
filamentary molecular cloud hosting Serpens South,
the eastern H II region W40/Sh2-64 and the southern
MWC 297/Sh2-62 region.

Therefore, the Aquila Rift complex, which con-
tains star-forming regions at different evolutionary
stages and physical conditions, represents an impor-
tant laboratory for investigating the early stages of
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star formation over a wide range of wavelengths and
observational techniques.

3. Source Selection and Initial Data Processing

A literature review of nearby star-forming re-
gions was carried out in order to determine their cen-
tral coordinates, angular sizes and the corresponding
search radius required for the identification of young
stellar objects (YSOs). The Serpens South region,
centered at RA(J2000) = 18"30™03% and Dec(J2000)
=—02°01'58.2", has an apparent size of approximate-
ly 14.4 x 20.3 arcmin.

The search for YSO candidates was performed
using the SIMBAD Astronomical Database (CDS,
Strasbourg) and the AIIWISE Data Release catalog
[37]. For the Serpens South region, a search radius
of 7 arcmin was adopted within the coordinate range
277.39° <0 <277.62° and —2.031° < § <—2.036°. A
total of 682 infrared sources were identified within
this area. The detected source density is consistent
with the expected infrared source population toward
this portion of the Galactic plane and includes both
potential YSO candidates and a significant number of
background and extragalactic contaminants.

An initial photometric quality filtering was ap-
plied to the Serpens South dataset in order to exclude
sources with unreliable flux measurements. Only ob-
jects with photometric uncertainties smaller than 0.2
mag were retained. This threshold provides a balance
between sample completeness and photometric reli-
ability by removing low signal-to-noise detections,
consistent with approaches commonly adopted in
similar studies. At the same time, it should be noted
that this criterion may exclude a fraction of faint but
physically real sources.

For the subsequent analysis, only sources with
non-zero magnitudes in all four WISE bands (W1,
W2, W3 and W4) were considered. For convenience,
the following color-index notation was adopted
throughout this work: W1-W2 by W ; W2-W3 by
W,.; WI-W3 by W ., W2-W4 by W_, u W3-W4 by

23°

34
The next stage of the analysis involved the re-

moval of contaminating sources that may exhibit in-
frared colors similar to those of YSOs. The first class
of contaminants consists of star-forming galaxies.
Galaxies undergoing active star formation typically
show enhanced polycyclic aromatic hydrocarbon
(PAH) emission produced through interactions be-
tween interstellar dust and ultraviolet radiation fields.

Star-forming galaxies dominated by polycyclic
aromatic hydrocarbon (PAH) emission typically ex-
hibit very red infrared colors, characterized by large

13°
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values of W23 and are generally fainter than typical
young stellar objects. In this study, we adopted the
same approach based on established color-selection
criteria. The criteria used to identify and remove
probable star-forming galaxies were: W,.>1; W <1,
W ,<0.46:W _.-0.466 and W1>12 (or W2>11). All
criteria were required to be satisfied simultaneously
in order to reliably identify contaminating sources.
Applying these conditions to the Serpens South re-
gion resulted in the identification of 5 infrared sourc-
es associated with star-forming galaxies. The adopted
selection criteria are based on characteristic infrared
colors related to PAH emission and are widely used
in similar studies, confirming their effectiveness for
separating extragalactic contaminants from YSO
candidates.

Another important class of contaminants consists
of active galactic nuclei (AGNs), whose mid-infrared
fluxes may closely resemble those of young stellar
objects. AGN emission is generally fainter than that
of typical YSOs in regions located within approxi-
mately 5 kpc. Since the studied region is located at
a distance of less than 1 kpc, these selection crite-
ria are particularly important for the present sample.
The criteria adopted to identify and remove prob-
able AGNs were: W1>1.8-W +4.1 and W1>13 (or
W2>12, or WI> W +11). Applying these criteria
to the Serpens South region resulted in the identifi-
cation of 211 infrared sources consistent with AGN
contamination. It should be noted that, despite the ap-
plication of strict selection criteria, some AGNs may
still remain within the sample because of the overlap
between their photometric properties and those of
young stellar objects, representing one of the main
sources of uncertainty in the classification process.

In addition to star-forming galaxies and AGN:s,
infrared emission may also arise from shocked gas
structures and polycyclic aromatic hydrocarbon
(PAH) emission associated with the interstellar me-
dium. The criteria adopted for removing these Ga-
lactic contaminants were based on their characteristic
infrared colors. Shock-emission sources were identi-
fied using the color criteria W ,>1 and W,,<2. Ap-
plying these conditions to the Serpens South region
resulted in the identification of 40 shock-emission
sources. The relatively large number of such sourc-
es supports previous evidence for active motions of
interstellar material within the region. To exclude
PAH-emission sources, two sets of color criteria
were applied: first, W , <1 and W, > 4.9 and sec-
ond, W, < 0.25 and W,, > 4.75. Using these con-
ditions, 17 PAH-emission sources were identified
in the Serpens South region. The removal of these
types of contaminants represents an important step
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in the analysis, since diffuse interstellar emission and
shocked structures may mimic the infrared character-
istics of young stellar objects, particularly in active
star-forming environments.

For the investigated Serpens South region, the
application of all photometric quality and color-se-
lection criteria resulted in the exclusion of 273 out
of 496 infrared sources as potential contaminants,
including galaxies, active galactic nuclei, PAH-
emission sources and shock-related structures. Such
a high contamination fraction is a common charac-
teristic of wide-field infrared surveys such as WISE,
where extragalactic sources and diffuse interstellar
structures may reproduce the photometric properties
of young stellar objects.

To improve the reliability of the results, an ad-
ditional assessment of photometric quality was per-
formed using the AIIWISE catalog flags [38]. Only
sources with quality flags A and B, corresponding to
signal-to-noise ratios of wg, ., > 3, were included in
the analysis, ensuring sufficient photometric accura-
cy in the infrared bands. Nevertheless, even sources
satisfying these criteria may still be associated with
diffuse interstellar emission, particularly in the W3
(12 pm) band, where the background contribution
becomes significant. Therefore, all candidates were
additionally inspected visually using W3 images
and combined W1-W3 maps, following approaches
commonly adopted in studies of star-forming re-
gions. Sources that did not exhibit a clear point-like
morphology in the W3 band or were associated with
diffuse structures were excluded from further analy-
sis [39].

After all stages of filtering, the final sample con-
sisted of 148 sources, corresponding to approximate-
ly 29.8% of the initial sample. Although photometric
classification based on infrared criteria inevitably
retains some degree of uncertainty because of the
limited spatial resolution of WISE data and the par-
tial overlap between the color properties of different
source populations, the applied filtering procedure
substantially reduces contamination and provides a
statistically reliable sample of probable young stellar
object candidates suitable for further analysis.

4. Results and discussion

4.1 Identification of young stellar objects

In this study, the identification of YSOs was
performed using WISE photometric criteria com-
bined with a classification scheme supplemented
by 2MASS data. The inclusion of near-infrared
measurements makes it possible to refine the clas-
sification boundaries and reduce the overlap be-

tween the color distributions of different source
populations, thereby improving the robustness of
the method and reducing the probability of false
classifications.

Additional selection criteria involving fluxes in
all four WISE bands (W1-W4) were applied for the
identification of protostars, allowing a more reliable
separation from extragalactic contaminants, includ-
ing active galactic nuclei (AGNSs). As a result, 2 pro-
tostar candidates were identified in the Serpens South
region. Their presence is supported by previous infra-
red observations, particularly Spitzer Gould Belt Sur-
vey data, which revealed a dense embedded cluster
of protostars in this region, as well as by far-infrared
Herschel observations indicating a large population
of protostellar and prestellar cores.

The identification of Class I and Class II objects
was carried out using WISE color criteria with ad-
ditional constraints based on 2MASS data. In total,
37 Class I objects and 48 Class II objects were identi-
fied. In addition, 12 sources were classified as transi-
tion-disk objects, while 49 sources were assigned to
Class III.

Based on the resulting classification, a color—
color diagram (W , versus W,.) was constructed for
all identified YSO candldates (Flgure 2). The dashed
lines indicate the classification boundaries separating
different evolutionary stages of YSOs. The horizon-
tal boundary at W , = 0.25 defines the lower limit
of infrared excess, whereas the vertical boundary at
W,, = 2.0 separates more deeply embedded sources
with enhanced mid-infrared emission.

The distribution of sources on the diagram dem-
onstrates a clear evolutionary sequence. Class I ob-
jects are concentrated in the region of large color
indices, consistent with the presence of dense dusty
envelopes. Class I objects occupy an intermediate
region associated with protoplanetary disks, while
Class III objects and transition disks are located clos-
er to the photospheric region, reflecting the reduced
infrared excess at later evolutionary stages. One pro-
tostar is located in the region of high W12 values,
indicating the presence of a dense cocoon-like en-
velope of gas and dust. Although its color index is
lower than that of some Class I objects, it remains
significantly separated from the photospheric and
Class II regions, supporting its classification as one
of the youngest and most deeply embedded objects
in the sample.

During the analysis, several sources with anoma-
lous color indices were identified, including objects
with negative values of W23 or W12. Such values
are inconsistent with the expected infrared proper-
ties of dusty envelopes and are most likely associ-
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ated with the sensitivity limitations of the WISE tele-
scope, particularly in the W3 band, as well as with
contamination from diffuse background emission. In

total, 3 anomalous sources out of 148 (=2.0%) were
identified. The complete list of anomalous objects is
provided in Appendix A.
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Figure 2. WISE color—color diagram (W1-W2) vs. (W2-W3)
for young stellar object candidates in the Serpens South region.

The presence of these anomalous sources reflects
residual photometric uncertainties and does not sig-
nificantly affect the overall distribution of the sam-
ple. The relatively low fraction of anomalous objects
(~2%) indicates the high purity of the final sample
and confirms the effectiveness of the adopted filter-
ing procedure.

Thus, the constructed color—color diagram re-
flects the distribution of reliably identified sources
and confirms the validity of the adopted classifica-
tion criteria, while also demonstrating the evolution-
ary structure of the young stellar object population in
the Serpens South region.

4.2 Spatial distribution of young stellar objects

a) Spatial distribution map of young stellar ob-
Jects

To investigate the structural relationship between
YSOs at different evolutionary stages and the sur-
rounding interstellar medium, a spatial distribution
map of YSOs in the Serpens South region was con-
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structed. Figure 3 presents the identified YSO candi-
dates overlaid on a WISE 12 pm infrared image. Such
a visualization makes it possible to examine the de-
gree of concentration of the youngest objects, includ-
ing protostars and Class I sources, along the dense
gas-and-dust filaments of the nebula, as well as to
trace the evolutionary segregation process, in which
stars gradually disperse as they evolve from deeply
embedded protostellar cores into more evolved Class
III systems.

Figure 3a shows the spatial distribution of Class
I objects, Class II objects, transition disks and pro-
tostars. Sources at the earliest evolutionary stages,
including protostars and Class I objects, exhibit a
pronounced concentration toward the central region,
spatially coinciding with the densest and most highly
obscured structures visible in the infrared map. Such
a distribution is characteristic of young protostellar
populations closely associated with dense molecular
filaments [40]. Class II objects display a more ex-
tended distribution, occupying both the central and
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peripheral regions, indicating a more advanced evo-
lutionary stage and partial dynamical relaxation [41].
Transition-disk objects do not exhibit a strong cen-
tral concentration and are predominantly distributed
at intermediate and larger distances from the cluster

YSOs and Protostars over WISE 12 pm
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Class Il (N=48}
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(a) YSO candidates: protostar, Class I and Class Il objects
and transition disks

center, consistent with their interpretation as more
evolved systems. It should be noted that the protostar
sample in the present study is limited (N = 1), pre-
venting statistically significant conclusions regarding
their spatial distribution.

Class Il distribution over WISE 12 pm

*  Class lll (N=47)
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(b) Class 111 YSO candidates

Figure 3. Spatial distribution of YSO candidates of different evolutionary classes
in the Serpens South region overlaid on the WISE 12 pm map.

The observed spatial distribution of different
YSO classes reflects an evolutionary sequence in
which younger objects remain closely associated
with dense molecular-cloud structures, whereas more
evolved sources gradually disperse as a result of clus-
ter dynamical evolution and interactions with the sur-
rounding environment. Similar behavior has previ-
ously been reported in several star-forming regions,
including Serpens South and Orion.

Figure 3b shows the spatial distribution of Class
IIT YSO candidates in the Serpens South region. In
contrast to younger objects, Class III sources exhibit
a significantly more uniform and extended spatial
distribution, without a pronounced concentration to-
ward the central part of the region. Such a distribu-
tion is consistent with the expected dynamical evo-
lution of stellar clusters, in which Class III objects,
having lost their protoplanetary disks, represent a
more evolved population that has had sufficient time
to migrate away from their formation sites. The ab-
sence of a clear correlation with dense infrared struc-
tures further indicates that these objects are no longer

directly associated with active star-forming regions,
in agreement with observations of other star-forming
environments.

b) Radial properties of YSO candidates of differ-
ent evolutionary classes

To quantitatively investigate the spatial distribu-
tion of YSO candidates in the Serpens South region,
radial distances relative to the cluster center were
analyzed. Source coordinates were obtained from
the AIIWISE catalog and converted into equatorial
coordinates (J2000) expressed in degrees. The clus-
ter center was defined using the median coordinates
of the Class I objects. This choice is motivated by
the fact that Class I sources correspond to the earli-
est evolutionary stages and are therefore expected to
remain spatially associated with ongoing star forma-
tion. The use of median values instead of mean co-
ordinates reduces the influence of asymmetries and
outliers in the spatial distribution.

Radial distances were calculated under the small-
angle approximation with a cosine correction applied
to declination r = /(dcosé ) + (468)2, where Aa and
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A represent the offsets in right ascension and decli-
nation relative to the cluster center and r is expressed
in arcminutes [42].

To compare the spatial distributions of different
evolutionary classes (Class I, II, III and transition-
disk YSO candidates), cumulative distribution func-
tions (CDFs) were used, thereby avoiding depen-
dence on binning and enabling robust comparisons
between samples of different sizes [43]. For each
class, an empirical cumulative distribution function
of radial distances was constructed. The statistical
significance of the differences between distributions
was evaluated using the Kolmogorov—Smirnov test,
which measures the maximum deviation between two
empirical cumulative distributions and estimates the
probability that the samples originate from the same
parent distribution. In addition, mean and median ra-
dial distances were calculated for each class and used
as independent indicators of spatial concentration.

To evaluate the robustness of the median values,
a bootstrap resampling procedure was applied [44].
For each sample, 5000 bootstrap realizations with re-
placement were generated, allowing the distribution
of median radii and the corresponding 68% confi-
dence intervals to be determined. This procedure is
particularly important for the relatively small sample
of transition disks (N = 12), for which standard statis-
tical estimates may be unstable.

Figure 4 presents the cumulative radial distribu-
tions (CDFs) for Class I, II, III and transition-disk
YSO candidates relative to the cluster center. The
distribution corresponding to Class I objects is sys-
tematically shifted toward smaller radii, indicating
a high degree of spatial concentration. The median
radius for this class isr__ = 3.50 arcmin.

The distributions of Class II and III objects are
nearly identical and are characterized by median radii
of approximately 5.2 arcmin, indicating a more spatially
extended structure. This result is supported by the Kol-
mogorov—Smirnov test, which reveals no statistically
significant difference between these classes (p = 0.91).

Transition disks exhibit a systematic shift toward
larger radii, with a median value of r_ = 5.46 arc-
min. The confidence interval derived from bootstrap
resampling (5.38—6.09 arcmin) does not overlap with
that of the Class I population, indicating the absence
of strong central concentration for transition-disk ob-
jects. At the same time, partial overlap with the distri-
butions of Class II and III sources suggests statistical
consistency with more evolved populations.

Overall, the obtained results are consistent with
the standard evolutionary picture of YSOs, in which
younger objects remain concentrated in the central
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star-forming regions, whereas more evolved sources
become distributed over a larger spatial volume.
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Figure 4. Cumulative distribution functions of radial distances
for young stellar object candidates of different evolutionary
classes in the Serpens South region.

Table 1. Radial properties of YSO candidates belonging to dif-
ferent evolutionary classes.

Class of objects N (arﬁfiin) (archain) éff&ﬁf)
Class I 37 3.27 3.50 3.30-3.77
Class I1 48 4.81 5.19 4.93-5.31
Class II1 47 4.66 5.22 4.85-5.37
Transition Disk 12 5.55 5.46 5.38-6.09

¢) Quantitative analysis of the spatial distribu-
tion of YSOs

A quantitative analysis of the spatial distribution
of young stellar objects at early evolutionary stages
in the Serpens South region was further performed,
revealing systematic differences between evolution-
ary classes.

Figure 5 presents the spatial distribution of YSO
candidates in the Serpens South region overlaid on
the WISE 12 um infrared emission map together
with contour lines corresponding to the kernel den-
sity estimation (KDE) of the source distribution [45].
The color map represents the infrared intensity on a
logarithmic scale (MJy/sr'). The left panel (Figure
5a) shows the distribution of protostars (yellow stars)
and Class I objects (red circles). Regions of enhanced
source density, indicated by white contours, demon-
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strate pronounced clustering, with the sources con-
centrated along an elongated structure associated with
a dense molecular filament. The right panel (Figure
5b) presents the distribution of Class II objects (green
squares). Their spatial distribution appears more dif-
fuse, while the density contours (green) indicate sig-
nificantly weaker clustering compared with the Class
I population.

For the early evolutionary classes of YSO can-
didates, several quantitative spatial parameters were

calculated, including R50, the characteristic radius
containing 50% of the objects of a given class; NN
(Nearest Neighbor), defined as the mean distance to
the nearest neighboring source; and KDE (Kernel
Density Estimation), corresponding to the peak value
of the kernel density distribution. The first parameter
characterizes the local concentration of objects, the
second describes the compactness of the population
and the third reflects the maximum projected surface
density of sources within the cluster.

Spatial distribution and clustering of YSOs in WISE 12 um emission

a) Protostars + Class | b) Class I

-1°55' 4 -

-2°00"

05" 4

Declination (J2000)

10 4

18M30m40° 20° 00° 29™M40% 20°

1055

0
]
b
[=2]
8
-
7]
2
=
z
a
3
05' - =
£
3
o~
—
B
10' =
18"30m40° 208

Right Ascension (J2000)

Figure S. Spatial distribution and clustering of YSO candidates based on WISE infrared emission at 12 pum.

Class I objects exhibit a more compact spatial
distribution, characterized by a radius of R,; = 0.26 +
0.03 pc, whereas Class II objects show a larger char-
acteristic radius of R,; = 0.37 + 0.02 pc. Thus, the
characteristic spatial scale increases by approximate-
ly 40% from Class I to Class II sources. The mean
nearest-neighbor distance also increases from 0.055
pc for Class I objects to 0.066 pc for Class II objects,
indicating a decrease in the local source density. The
KDE analysis further shows that the peak density of
the Class I population is approximately three times
higher than that of the Class II population, implying
significantly stronger clustering at earlier evolution-
ary stages.

Protostars in the present sample are represented
by a limited number of objects (N = 1), preventing a
statistically meaningful quantitative analysis of their
spatial distribution. Nevertheless, their localization
within the region of maximum source density is con-

sistent with the expected location of the youngest ob-
jects near the centers of active star formation.

The obtained results are consistent with the es-
tablished evolutionary picture of stellar clusters, in
which the youngest objects, including protostars and
Class I sources, remain concentrated within dense fil-
amentary structures, whereas more evolved objects,
such as Class II and Class III sources, exhibit a more
extended spatial distribution.

Table 2. Spatial distribution parameters.

Parameter Class I Class II
Number of objects (N) 37 48
(R,,) (pc) 0.26 +0.03 0.37 +0.02
NN (pc) 0.055 0.066
KDE peak 2.95-10° 1.05-10°
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d) Estimation of the Physical Parameters of the
Serpens South Region Using the Monte Carlo Method

To quantitatively interpret the observed cluster-
ing scale of the identified young stellar objects, a
Jeans analysis was performed taking into account
the uncertainties of the input parameters. The mean
nearest-neighbor separation, L |~ 0.06 pc, was ad-
opted as the characteristic fragmentation scale. The
gas temperature was assumed to lie within the range
of 10-15 K, corresponding to typical conditions in
dense molecular clouds [46]. Since the Jeans length
depends nonlinearly on both temperature and densi-
ty, Monte Carlo simulations were applied in order to
obtain a statistically robust estimate of the physical

parameters of the environment. Within 10* realiza-
tions, the gas temperature and the observed spatial
scale were randomly varied and for each realization
the gas density satisfying the condition A, = L was
determined.

The simulation results are presented in Figure
6, which shows the resulting gas-density distribution.
The histogram represents the Monte Carlo sample,
while the solid curve corresponds to the smoothed
kernel density estimation (KDE). The vertical dashed
line marks the median value, whereas the dotted lines
indicate the 68% confidence interval. The resulting
distribution is close to log-normal in shape, with a
moderate asymmetry toward higher densities.

Monte Carlo estimate of gas density (jeans analysis)
. T .

3.0 1

25 1

Probability density
= r
i =

-
=1

0.5 1

0.0 -

4.8 5.0 5.2

= KDE

== Median

----- B8% interval

0 Monte Carlo samples

54 5.6 58 6.0

logy, N (cm™)

Figure 6. Monte Carlo estimation of gas density from Jeans analysis in Serpens South.

The numerical estimates are summarized in
Table 3. The median gas density is found to be
n=1.6x10°cm>, with a 68% confidence interval of
n=(1.1-2.2)x10°cm>. These values significantly ex-
ceed the average density of typical molecular clouds
(~10°-10*cm™) and are consistent with dense fila-
mentary structures and prestellar cores [47]. Previ-
ous studies of the Serpens South region have shown
that star formation occurs within a dense filamentary
structure characterized by a high concentration of
protostars [48].

Thus, the obtained results are consistent with the
current paradigm of filamentary star formation, in
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which gravitational fragmentation of dense filaments
plays a key role [49]. The observed clustering scale
of the YSO candidates corresponds to the Jeans scale
within the densest regions of the filaments, confirm-
ing the connection between the spatial distribution of
the sources and the physical conditions of the sur-
rounding medium.

It is important to note that the contribution of tem-
perature uncertainty to the final result is secondary
compared to the effect of gas density, in agreement
with theoretical estimates of the Jeans-length sensitiv-
ity [50]. This indicates that gas density plays the domi-
nant role in determining the fragmentation scale.



N.Sh. Alimgazinova et al.

Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 103-130

Table 3. Estimated gas density parameters.

Parameter Value

Median (n) (1.56x10° ) cm™
Mean (n) (1.71x10° ) em™
Lower limit (16%) (1.12 x10° ) em™
Upper limit (84%) (2.24 x10° )y em™

Confidence interval (68%) ((1.12-2.24)x10%) cm™®

4.3 Multiwavelength verification and compara-
tive analysis of YSO candidates

To independently verify the adopted classification
and evaluate the novelty of the resulting YSO candi-
date sample in the Serpens South region (1 protostar,
37 Class I objects, 48 Class II objects, 47 Class III
objects and 12 transition disks), a multiwavelength
cross-identification analysis was performed using
19 astrophysical catalogs and published studies. The
analysis included infrared catalogs (7 catalogs, in-
cluding 2MASS, WISE/NEOWISE, Spitzer, as well
as the general source catalog and YSO sample pre-
sented in [20]), X-ray catalogs (3 catalogs: SFINCs
[51], Chandra and MORX [52]), radio [40] and sub-
millimeter catalogs (4 catalogs: VLA GBS [53-55]),
as well as combined and optical datasets [56-59].
The results of the cross-identification analysis are
presented in Appendices B and C.

a) Cross-identification with infrared catalogs

To independently validate our classification and
assess the novelty of the resulting sample, we per-
formed a cross-identification of all 145 YSO can-
didates with the infrared catalogs presented in [20],
where deep near-infrared (NIR) mapping of the
W40-Serpens South region was carried out using
CFHT observations combined with data from the
2MASS, UKIDSS and Spitzer surveys, resulting in a
cleaned catalog containing 901,910 point sources. It
is important to emphasize that the data presented in
[20] were obtained using an independent methodol-
ogy based on deep NIR and Spitzer observations and
do not include WISE photometry, which forms the
basis of the classification adopted in the present work.
This makes the cross-comparison particularly valu-
able for an objective assessment of the reliability of
our sample. The positional cross-identification shows
that 137 out of 145 YSO candidates (94.5%) have
counterparts in the general catalog presented in [20].
The highest completeness is achieved for the more
evolved populations (Class I1, Class III and transition
disks), which is expected because of their enhanced
brightness in the near-infrared wavelength range. A

key result, however, is that comparison with the final
sample of 832 verified YSOs identified in [20] shows
that 124 out of our 145 candidates (85.5%) are absent
from their final YSO catalog. Particularly notable are
the results for the later evolutionary classes: 97.9% of
the Class III objects and 100% of the transition-disk
objects were not classified as YSOs in [20], indicat-
ing a substantial degree of novelty within the result-
ing sample. At the same time, it should be noted that
a significant fraction of these sources had previously
been identified in other studies of the Serpens South
region based on X-ray, infrared and submillimeter
observations. As an additional verification step, the
2MASS photometry of our objects was compared
with the catalog data reported in [20], confirming the
reliability of the source identifications (see Appendix
B for details).

Since the infrared wavelength range provides the
dominant contribution to the identification of young
stellar objects in the studied region, additional data
from several independent infrared surveys and spe-
cialized YSO catalogs were incorporated into the
analysis

First, data from the Spitzer, WISE and NEOWISE
space missions were used. The Spitzer survey (IRAC
and MIPS) provides deep mid-infrared coverage in
the 3.6-24 um range, which is critically important for
detecting circumstellar disks and protostellar objects,
whereas WISE and its extension NEOWISE (3.4-22
um) provide complete coverage of the entire region
over a wider field of view, although with lower sensi-
tivity compared to Spitzer. The combination of these
surveys enables reliable identification of sources ex-
hibiting infrared excess emission associated with ac-
cretion disks and dusty envelopes.

Second, several specialized YSO catalogs were
employed. The MIRES (Mid-InfraRed Excess Sourc-
es) catalog presented in [60] was developed for the
identification of massive young stellar objects and
protostars using Spitzer/IRAC observations. In addi-
tion, the Spitzer YSO SED catalog provides a sys-
tematic classification of sources based on spectral en-
ergy distribution (SED) modeling in 22 star-forming
regions, including Serpens South and represents one
of the most widely used resources for identifying cir-
cumstellar disk systems.

Third, results from several independent stud-
ies were incorporated into the analysis. A combined
analysis of infrared and X-ray observations in the
Serpens South region revealed a significant number
of YSO candidates. A machine-learning approach for
YSO classification based on WISE data was devel-
oped in [61], while an updated catalog of young stel-
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lar objects was presented in [62]. In addition, YSO
candidates in the Serpens—Aquila Rift complex were
identified using a combination of WISE, 2MASS and
Gaia observations.

Taken together, the combined use of these data-
sets showed that 114 out of 145 objects (78.6% of
the sample) possess independent infrared confirma-
tion of their YSO nature. Such a high fraction is ex-
pected because infrared wavelengths, particularly in
the mid- and far-infrared ranges, penetrate the pa-
rental molecular clouds that strongly absorb optical
and ultraviolet radiation. Moreover, infrared excess
emission is a direct indicator of circumstellar disks
and dusty envelopes, making infrared observations
the primary and in many cases the only, method for
identifying young stellar objects at early evolution-
ary stages. The obtained results confirm that the in-
frared wavelength range remains the principal tool
for identifying protostellar and disk-bearing systems
in the Serpens South region and further demonstrate
the high reliability of the present sample, since the
overwhelming majority of the candidates possess in-
dependent infrared confirmation from multiple data-
sets.

b) ross-identification with radio and X-ray cata-
logs

To independently verify the young nature of the
sample of 145 YSO candidates, a cross-identification
analysis was performed using radio and X-ray cata-
logs, as well as independent source catalogs associ-
ated with star-forming regions (the results are pre-
sented in Appendices B and C).

A comparison with the VLA Gould’s Belt Survey
(GBS) radio catalog, containing 146 sources detected
at 4.5 GHz with a sensitivity of 10—15 plJy, revealed
no positional matches within a search radius of 30".

Despite the absence of direct matches with the
VLA catalog, three objects in our sample possess in-
dependent confirmation in the radio and submillimeter
wavelength ranges based on specialized studies of the
Serpens South region. Previous molecular and radio in-
vestigations of the Aquila Rift complex have revealed
dense molecular condensations, selective CO disso-
ciation regions and complex gas kinematics associated
with active star formation [63-65]. A catalog of milli-
meter and submillimeter sources in the W40—Serpens
South region obtained with the JCMT telescope using
the SCUBA-2 instrument (450 and 850 um) revealed
dense cold cores, many of which are associated with
protostellar objects at early evolutionary stages. High-
angular-resolution SMA observations further identi-
fied several compact millimeter sources corresponding
to individual protostars and compact multiple systems
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in Serpens South. Recent interferometric studies of
massive star-forming regions obtained with ALMA
have additionally demonstrated the importance of mo-
lecular and ionized gas diagnostics for investigating
the physical and dynamical properties of embedded
young stellar environments [66-70]. Additional confir-
mation is provided by complementary catalogs of sub-
millimeter and infrared-selected YSOs, as previously
reported in [40, 62]. The catalog presented in [71] in-
cludes submillimeter and millimeter continuum sourc-
es identified in the Serpens South region using JCMT
and IRAM 30m observations. The Spitzer YSO SED
catalog additionally includes millimeter and radio de-
tections for part of the sample, allowing these sources
to be classified as protostellar objects with confirmed
cold dust components. Based on these studies, three
objects in our sample were identified as having radio
or submillimeter confirmation: the first source was
detected in the submillimeter range, as previously re-
ported in [58, 62]; the second object was classified as
a millimeter/radio source in [40]; and the third object
was identified in the submillimeter range [71].

All three objects belong to the early evolution-
ary stages (Class I), which is expected because such
sources possess the most massive and cold dusty
envelopes emitting strongly in the submillimeter
and millimeter wavelength ranges. The absence of
matches with the VLA GBS catalog even for these
three objects can be explained by differences in sen-
sitivity and observing frequencies. The survey pre-
sented in [53] was carried out at 4.5 GHz (6 cm) and
was optimized for the detection of free—free emission
from ionized gas, whereas submillimeter observa-
tions in the 450-850 um range are primarily sensi-
tive to cold dust emission. Thus, these two observa-
tional regimes trace different physical components of
protostellar systems (ionized winds/jets versus cold
dusty envelopes) and are not necessarily expected to
correlate directly.

The very small number of radio detections
(=2.1% of the total sample) is consistent with the re-
sults previously reported in [53], where only ~30% of
YSOs in the Gould Belt were found to be detectable
at radio wavelengths. Under the extreme conditions
of the Serpens South region, this fraction may be
even lower because of free—free absorption and the
high optical depth of the surrounding medium.

Additional cross-identification with the MORX
(Million Optical Radio/X-ray Associations) catalog
did not reveal statistically significant matches within
the investigated area (=0.05 deg?), which is likely ex-
plained by the high extinction and incomplete cover-
age by deep surveys.
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In contrast, X-ray observations provide strong
independent confirmation of the young nature of
the sources, since high-energy emission is a direct
indicator of magnetic activity characteristic of stars
at early evolutionary stages. The principal contribu-
tion comes from two major catalogs. The first is the
SFiNCs (Star Formation in Nearby Clouds) catalog,
derived from a homogeneous analysis of archival
Chandra X-ray and Spitzer infrared observations
covering 22 star-forming regions [51]. This project
identified more than 15,300 X-ray sources, nearly
8,500 of which were classified as probable young
stellar members, increasing the known Y SO popula-
tions in some regions by factors of 6%—200%.

The second dataset is a dedicated X-ray study of
the Serpens South region, as previously reported in
[52]. Using Chandra ACIS-I observations, that study
identified 152 X-ray sources, of which 66 obtained
reliable infrared counterparts based on Spitzer and
2MASS data, while 95 were classified as new YSO
candidates.

Within our sample, 102 objects (70.3%) possess
independent X-ray confirmation. This fraction dem-
onstrates not merely a significant but rather a domi-
nant overlap between the infrared- and X-ray-select-
ed populations. The obtained value is fully consistent
with the fundamental observational trends estab-
lished for star-forming regions. Previous studies [63]
have shown that the X-ray detection fraction of YSOs
reaches approximately 70%—75% for more evolved
objects, particularly Class II and Class III sources.
Our results are therefore fully consistent with this
established statistical behavior and confirm that the
observed population represents a typical sample of
young stars, for which X-ray activity serves as a reli-
able indicator of youth independent of the effects of
dusty envelopes and circumstellar disks. The optical
depth for soft X-ray emission (~0.5-8 keV) is sub-
stantially lower than at optical wavelengths, allow-
ing the detection of sources deeply embedded within
their parental molecular clouds.

Thus, the X-ray data not only complement but
also independently validate the infrared classifica-
tion. The high fraction of joint detections (infrared +
X-ray) serves as a robust indicator that the identified
sources represent a real and physically young stellar
population rather than artifacts or erroneous identifi-
cations.

¢) Cross-identification with multiwavelength
data

An integrated assessment of the multiwavelength
confirmations was performed in order to quantita-
tively evaluate the contribution of each wavelength

range to the verification of the sample. Based on
comparisons with infrared (Spitzer, WISE, NEO-
WISE and 2MASS), X-ray (SFiNCs and Chandra, as
previously reported in [52]) and optical datasets, all
145 candidates were classified according to the type
of observational confirmation.

Objects possessing exclusively infrared confir-
mation, without detections in the X-ray or optical
wavelength ranges, account for 61 sources (42.1%
of the sample). This category mainly includes highly
obscured objects for which the X-ray emission may
be significantly attenuated, as well as intrinsically
faint X-ray sources lying below the sensitivity limits
of the adopted surveys.

A total of 13 objects (9.0% of the sample) are
detected only in X-rays without independent infrared
confirmation. The presence of X-ray emission in the
absence of detectable infrared excess may indicate
several possible scenarios: (a) very low-mass objects
such as ultracool dwarfs, (b) sources so strongly ob-
scured in the infrared range that they are absent from
the adopted catalogs, or (¢) possible artifacts related
to X-ray data processing. Additional spectral energy
distribution (SED) analysis is required for the final
classification of these objects.

Joint infrared and X-ray confirmation is observed
for 28 objects (19.3% of the sample). Such sources
represent highly reliable YSO candidates because
two independent physical mechanisms — thermal
emission from circumstellar dust and X-ray emission
from magnetically active coronae — simultaneously
indicate a young stellar nature. This category may
therefore be considered the “gold standard” for cross-
validation of YSO samples.

Optical data play a secondary role, provid-
ing confirmation for only 21 objects (14.5% of the
sample). Such a low fraction is expected because of
the extreme conditions in the Serpens South region:
the high level of interstellar extinction typical of
dense molecular clouds strongly suppresses optical
emission, even in the I band (~800—900 nm). Con-
sequently, optical detections are generally limited to
the outermost and least obscured members of the as-
sociation or to foreground objects.

Complete three-wavelength confirmation (in-
frared + X-ray + optical) is achieved for 21 objects
(14.5% of the sample). These represent the most reli-
able YSO candidates, for which not only high-energy
and dust-related emission but also optical radiation
has been detected, primarily in red optical filters.
This suggests comparatively low extinction along the
line of sight or a location outside the densest regions
of the molecular cloud.
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Particular attention should be given to 11 objects
(7.6% of the sample) that do not possess confirmation
in any of the considered wavelength ranges (infrared,
X-ray, or optical) (Table 4). A key result of the pres-
ent study is the demonstration that all of these sourc-
es are present in the general point-source catalog
presented in [20], which contains 901,910 reliable
astronomical sources in the Serpens South region.
Therefore, these objects represent real astrophysi-
cal sources rather than artifacts related to WISE data
processing. Moreover, although these sources are in-
cluded in the deep multiwavelength catalog reported
in [20], they were not included in the final sample
of 832 verified YSOs identified in that study. This
discrepancy is likely explained by two factors. First,
the methodology adopted in [20] relied primarily on
deep NIR (CFHT) and Spitzer observations together
with more restrictive selection criteria designed to
minimize false identifications, potentially excluding
fainter or more heavily obscured sources. Second, the
present work makes extensive use of WISE photom-
etry, which was not incorporated into the methodol-
ogy of [20]. In particular, the W3 (12 um) and W4
(22 pm) bands provide unique sensitivity to warm
dust emission associated with circumstellar disks and
dusty envelopes, enabling the identification of YSOs
that may remain undetected in shorter-wavelength
NIR observations. Thus, the WISE-based criteria ad-
opted in the present study made it possible to identify
a population of young objects that was not recovered
using the more restrictive selection procedure of [20].
Collectively, these results emphasize the substantial
novelty of the present study, in which these sources
are identified for the first time as YSO candidates.

The absence of X-ray, optical and radio detec-
tions for these 11 objects, including Class I, I and III

Table 4. New YSO candidates in the Serpens south region.

sources, does not contradict their young stellar nature.
For Class II and III objects, this may be explained by
several factors: (a) the large intrinsic spread in YSO
X-ray luminosities, which may vary by up to two or-
ders of magnitude within a single evolutionary class
[72, 73], allowing weak sources to fall below the sen-
sitivity limit of Chandra observations; (b) variability
of magnetic activity analogous to solar flares; and (c)
residual extinction attenuating soft X-ray emission.
For Class I objects, an additional factor is the strong
shielding produced by dense dusty envelopes.

The absence of optical detections is also expect-
ed. Even for Class III sources in Serpens South, the
typical extinction reaches several magnitudes, ren-
dering optical emission inaccessible to most ground-
based surveys. Likewise, the absence of radio detec-
tions is not unusual, since only approximately 30% of
YSOs in the Gould Belt are detectable at 4.5 GHz, as
previously reported in [53].

Therefore, the absence of multiwavelength con-
firmations can be explained by a combination of fac-
tors, including low luminosity, variability, extinc-
tion and survey sensitivity limitations, rather than
by the absence of a young stellar nature. These 11
objects represent valuable candidates for future deep
observations. Additional observations with facilities
such as ALMA, JCMT and NOEMA, together with
detailed Herschel-based spectral energy distribution
analysis are required for the final verification and
classification of these sources.

Overall, the combined analysis presented here
demonstrates the varying levels of reliability in YSO
identification across the studied region and emphasiz-
es the essential role of a multiwavelength approach,
particularly for heavily obscured star-forming envi-
ronments.

Ao AWISE RA(.ZOM), DE (52000), wi, w2, w3, w4, Carlzlgtga te
g eg mag mag mag mag (class)
SS_YSO 01  J183003.69-015842.5 277.52 -01.98 15.877 13.835  10.513 8.120 I
SS_YSO_02  J183016.33-020149.3 2717.57 -02.03 15.210 13.840 9.555 7.049 I
SS_YSO 03 J183017.04-020409.5 271.57 -02.07 15.548 13.280  10.075 7.338 I
SS_YSO 04  J183000.31-020616.0 277.50 -02.10 14.222 12.732  10.414 4.829 I
SS_YSO 05  J183006.84-020806.8 277.53 -02.14 14.243 12.207  10.120 8.193 I
SS_YSO 06  J183004.38-020539.0 277.52 -02.09 14.050 12.936  10.799 8.580 II
SS_YSO 07  J182947.76-015941.6 277.45 -01.99 13.132 12.588  10.866 8.631 II
SS_YSO_08  J183022.05-015921.5 277.59 -01.99 13.266 12.547 9.367 6.740 II
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Continuation of the table

N AlWISE RA(£000), DE(£2000), Wi, w2, w3, W4, Carl:giga ‘o
74 eg mag mag mag mag (class)
SS YSO 09  J183017.84-020215.3 277.57 -02.04 14.179 13.792 9.900 7.986 I
SS YSO 10  J182942.40-020515.0 277.423 -02.09 12.044 11.902 9.898 6.883 111
SS YSO 11  J182937.64-020401.0 277.41 -02.07 13.242 13.067 9.947 6.579 I

4.4 Comparison with other star-forming regions
and interpretation

The results obtained in the present study allow
a comparison between the Serpens South region and
other well-studied star-forming environments, in-
cluding NGC 1333, Ophiuchus, Serpens Core and IC
348.

1. A systematic comparison of five star-forming
regions — Serpens South, Serpens Core, Ophiuchus,
NGC 1333 and IC 348 — was previously presented
in [74]. That study showed that, for most regions, the
distribution of young stellar objects on scales larg-
er than 0.15 pc is well described by the gas column
density distribution, while the spatial distribution of
YSOs at a given column density remains statistically
random. However, Serpens South and NGC 1333
exhibit significant deviations from this behavior on
smaller spatial scales (~0.15 pc), indicating that star
formation in these two regions cannot be explained
solely by gas column density. Instead, additional lo-
cal processes, such as turbulence, magnetic fields, or
dynamical interactions, likely play an important role.

Our analysis of the spatial distribution (Figures
3-5) fully supports this interpretation. Figure 3a
shows that the youngest objects, including protostars
and Class I sources, are concentrated toward the cen-
tral region and coincide with the densest structures
visible in the WISE 12 pm infrared map, whereas
Figure 3b demonstrates that Class III objects exhibit
a substantially more uniform distribution. Figure 4
presents the cumulative distribution functions (CDFs)
of radial distances for different evolutionary classes,
showing a systematic shift of the Class I distribu-
tion toward smaller radii compared with the Class II
and III populations. In addition, Figure 5 shows the
kernel density estimation (KDE) of the source dis-
tribution, where the contours associated with Class I
objects demonstrate pronounced clustering, while the
Class II population exhibits a significantly weaker
concentration.

The quantitative estimates summarized in Table
2 show that the characteristic radius for Class I ob-
jects is Rso = 0.26 £+ 0.03 pc, whereas for Class 11
objects Rso = 0.37 &+ 0.02 pc. The median gas density

derived from our Jeans analysis (n = 1.6x10° cm73;
see Figure 6 and Table 3 in Section 3.3d) significant-
ly exceeds the average density of typical molecular
clouds (~10°-10* cm™) and corresponds to dense fila-
mentary structures and prestellar cores detected with
Herschel, as previously reported in [28, 36].

2. Comparison with the nearby W40 region pro-
vides important evolutionary information. According
to the deep near-infrared survey presented in [20],
the central region of W40 is dominated by Class II
Y SOs, corresponding to a more evolved stellar popu-
lation, whereas approximately half of the YSOs in
Serpens South belong to the younger Class I stage.
This suggests that Serpens South is in an earlier stage
of cluster evolution despite its spatial proximity and
kinematic association with W40.

Our results are fully consistent with this interpre-
tation. In the present sample, the fraction of Class I
objects and protostars reaches approximately 26%
(38 out of 145 objects). Furthermore, 124 out of 145
YSO candidates (85.5%) are absent from the final
YSO catalog presented in [20], demonstrating the
high efficiency of WISE data for identifying heavily
obscured sources at early evolutionary stages.

3. The density estimates and clustering scales
derived in this work can also be compared with those
observed in other young embedded clusters. For ex-
ample, in the NGC 1333 cluster, which also exhibits
deviations from the model of on small spatial scales,
the average gas density is approximately ~10° cm3,
nearly identical to our estimate for Serpens South
(n = 1.6x10° cm73; see Table 3). By contrast, in more
diffuse star-forming regions such as IC 348 and Tau-
rus, the gas density is significantly lower and the
spatial distribution of YSOs is more accurately de-
scribed by the gas column density distribution with-
out requiring additional local interactions.

The characteristic clustering scale obtained for
Serpens South in the present study (Rso = 0.26 + 0.03
pc for Class I objects; see Table 2) is also consistent
with the typical sizes of dense cores embedded with-
in filamentary structures observed by Herschel as
part of the Gould Belt Survey, as previously reported
in [28, 36]. The mean nearest-neighbor distance for
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Class I objects is 0.055 pc (Table 2), corresponding
to typical fragmentation scales of dense molecular
filaments.

4. A recent study [75] investigated the hierarchi-
cal structure of YSOs in the W40—-Serpens South re-
gion using the minimum spanning tree (MST) meth-
od. The authors showed that the fractal dimensions
in the central regions are approximately 1.6 for W40
and 1.4 for Serpens South. The lower fractal dimen-
sion derived for Serpens South indicates a higher de-
gree of clustering, implying that the YSOs in Serpens
South are concentrated into more compact groups.

Our analysis (see Figure 5 with KDE contours
and Table 2 with the quantitative parameters) yields
results fully consistent with this interpretation. Figure
3 shows that the youngest objects (Class I sources)
exhibit the highest degree of spatial concentration,
whereas Class II and III objects are distributed more
uniformly throughout the region. The peak KDE
density for the Class I population (2.95%107®) is ap-
proximately three times higher than that of the Class
II population (1.05x107°), confirming a substantially
stronger degree of clustering at earlier evolutionary
stages. As previously reported in [20], four MST
branches overlap with the main filament of Serpens
South and molecular gas “hubs” together with an en-
hanced concentration of Class I YSOs are observed
at their intersection points.

Thus, the comparison presented here, based on
the quantitative results of our study (Figures 3—6 and
Tables 1-3), allows the following conclusions to be
drawn.

Serpens South, together with NGC 1333, belongs
to the class of star-forming regions in which small-
scale processes, including local interactions, turbu-
lence and magnetic fields, play a key role in regulat-
ing star formation, distinguishing these environments
from more diffuse regions such as IC 348 [76]. Our
CDF distributions (Figure 4) and radial parameters
(Table 1) quantitatively support this conclusion.

From an evolutionary perspective, Serpens South
appears to be at an earlier stage of cluster evolution
than the neighboring W40 region, as indicated by the
high fraction of Class I objects identified both in our
sample and in the catalog presented in [20].

The higher degree of clustering (corresponding
to a lower fractal dimension) observed for the young
population in Serpens South relative to other star-
forming regions reflects the hierarchical structure
of the dense filamentary cloud in which the stars are
forming. Our KDE maps (Figure 5) and clustering
parameters (Table 2) provide a quantitative basis for
this interpretation.
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5. Conclusion

In the present work, a comprehensive study of the
young stellar object (YSO) population in the active
star-forming region Serpens South, located within
the Aquila Rift complex, has been carried out. Us-
ing multiwavelength data from the AIIWISE catalog
together with modern photometric selection criteria,
a set of results was obtained that provides insight into
the physical processes occurring within the region.

A representative sample of 145 YSO candidates
was identified and classified according to their prob-
able evolutionary stages. Protostellar candidates to-
gether with Class I objects account for approximately
26% of the sample, which, combined with the detect-
ed Class II population, suggests a high level of on-
going star formation activity. The presence of Class
IIT candidates and transition disks further indicates
a possible evolutionary sequence within the region,
supporting the interpretation of Serpens South as one
of the youngest nearby star-forming environments in
the Galaxy.

The analysis of the spatial distribution of the
sources indicates a likely correlation between evolu-
tionary stage and the morphology of the surrounding
gas. Early-stage objects exhibit clear spatial segrega-
tion and are preferentially concentrated along dense
dusty filaments. In contrast, the more diffuse distri-
bution of Class II and III objects may reflect dynami-
cal relaxation processes and the gradual dispersal of
the stellar population from the parental molecular
structures.

A Jeans analysis combined with statistical mod-
eling was used to estimate the local physical condi-
tions within the fragmentation regions. The derived
gas volume density, n =~ 1.6 x 10° cm™, is consistent
with theoretical models of star formation occurring
within filamentary hubs and may support the impor-
tant role of gravitational instability in this region.

The performed cross-identification with inde-
pendent astrophysical catalogs, including Chandra/
SFiNCs and Spitzer datasets, provides additional
confirmation of the reliability of the adopted meth-
odology. A substantial fraction of the sample exhib-
its both infrared excess emission and X-ray activity,
characteristic of magnetically active young stellar
objects.

During the course of this study, 11 new YSO can-
didates not previously reported in the literature were
identified, including one potentially deeply embed-
ded Class I source. These results suggest that WISE
observations provide an efficient method for detect-
ing objects located in regions of strong interstellar
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extinction that may remain inaccessible to near-in-
frared surveys.

Overall, the obtained results expand the current
understanding of the star-forming architecture of the
Serpens South region. The identified spatial structure
together with the newly detected YSO candidates
demonstrates the importance of further observational
studies aimed at determining the detailed physical
properties of individual members of this association.
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APPENDIX A
Complete list of anomalous sources.

Table Al. Candidate YSOs with anomalous color indices.

WI-W2,  W2-W3,

AIIWISE ID RA (deg) Dec (deg) WI1,mag W2, mag W3, mag mag mag YSO
J183003.51-015647.0  18.500978  —1.946338 12.561 9.569 11.027 2.992 —1.458 Protostar
J183010.76—-015813.1  18.502991  —1.970293 11.385 10.394 10.632 0.991 —0.238 Class III
J182936.66—-015548.3  18.493519  —1.930082 13.666 13.692 10.151 —0.026 3.541 Class III

APPENDIX B

Cross-identification with the infrared catalog.

Cross-identification with the infrared catalog previously reported in [20] was performed to independently verify our classification
and assess the novelty of the obtained sample. The authors of [20] carried out deep near-infrared (NIR) mapping of the W40—Serpens
South region using the CFHT (Canada—France-Hawaii Telescope) and combined these observations with data from the 2MASS,
UKIDSS and Spitzer surveys. As a result, they produced a cleaned point-source catalog containing 901,910 reliable objects after apply-
ing strict artifact rejection procedures, including the removal of halos, false detections and lateral stripes. From this catalog, a sample
of 832 verified young stellar objects (YSOs) of different evolutionary classes was identified.

It is important to emphasize that the data presented in [20] were obtained using an independent approach based on deep NIR and
Spitzer observations and do not include WISE photometry, which forms the basis of our classification scheme. This makes the cross-
comparison particularly valuable for an objective assessment of the reliability of our sample.

For each of the 145 YSO candidates identified in this work, we searched for positional counterparts in the catalog reported in [20].
A matching radius of 2" was adopted, corresponding to the typical astrometric accuracy of the surveys considered. For every source
in our sample, the angular distances to all objects in the comparison catalog were calculated and the closest source within the adopted
radius was considered a counterpart.

The cross-identification with the full catalog of 901 910 sources demonstrated a high degree of positional agreement. Detailed
statistics for the different object classes are presented in Table B1.

Table B1. Results of the cross-identification of YSO candidates with the full catalog.

Total Number of Objects

YSO Class Identified in This Study Found in the Catalog of [20] Agreement (%)
Class I 37 31 83.8
Class 11 48 47 97.9
Class 111 47 46 97.9

Transition Disk 12 12 100.0

Protostars 1 1 100.0

Total 145 137 94.5

n average, 94.5% of our candidates have positional counterparts in the independent deep NIR catalog previously reported in [20].
This strongly demonstrates that our sample consists of real astrophysical sources rather than artifacts or noise associated with WISE
data processing. The highest matching completeness is achieved for the more evolved classes (Class 11, Class Il and Transition Disk),
which is expected because these objects are brighter in the near-infrared wavelength range forming the basis of the catalog presented
in [20].

Among the eight YSO candidates in our sample (5.5% of the total 145 sources) that were not found in the cleaned catalog of [20],
seven objects possess independent confirmations in other astrophysical databases and published studies, indicating their genuine astro-
physical nature despite the absence of cross-identification with the catalog of [20]. In particular, several objects have independent cross-
identifications confirming their nature: J183000.62—020208.8 (Class I) is classified as a “confirmed Young Stellar Object” based on
the 2MASS survey [39]; J183002.38—020356.9 (Class I) is identified as a “confirmed millimetric source (protostar)” [56]; the objects
J183000.27-020356.1, J182952.35-015745.9 (Class I) and J183010.50—020307.6 (Class II) are confirmed as “Young Stellar Objects”
in Spitzer surveys, whereas J183005.37—-020746.5 (Class I) and J183008.32—-015705.7 (Class III) are classified as “Young Stellar
Object candidates” based on the same data [54]. All of these sources therefore possess independent cross-identifications in published
catalogs, confirming their astrophysical reality.
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The only object that was not found either in the catalog of [20] or in any other available published studies is WISE
J183000.32-020616.0 (Class I) with coordinates a(J2000) =18'30™00.316° and 5(J2000)=—02°06"16.04". Since it has not previously
been reported either as a confirmed YSO or as a YSO candidate, we classify it as a new Class I young stellar object candidate, cor-
responding to the most deeply embedded and earliest evolutionary stage of star formation. This makes the source particularly valuable
for future spectroscopic and multiwavelength investigations. Thus, our study not only confirms the existence of previously known
sources omitted from the catalog of [20], but also reveals one genuinely new candidate, highlighting the advantage of the WISE-based
classification method for identifying highly obscured protostellar objects.

For additional verification, we compared the 2MASS photometry of our objects with the measurements reported in the catalog
of [20]. A match was considered confirmed when the photometric difference satisfied Am < 0.05 mag in all three bands (J, H and K).
The adopted threshold corresponds to a flux ratio of F1/F2 = 0.955 (a relative difference of 4.5%) and exceeds the typical photometric
uncertainties (¢ = 0.01-0.03 mag) by a factor of 2-5, corresponding to a significance level of approximately 1.7-5¢ [39, 24]. Overall,
74.5% (102 out of 137) of the positionally matched sources passed the photometric consistency test. A clear dependence on evolution-
ary class is observed, ranging from 32.3% for heavily embedded Class I objects to 100% for Transition Disk sources with optically thin
disks, further supporting the reliability of our classification scheme.

Table B2. 2MASS photometric confirmation for matched objects.

Found in the Full Catalog of

YSO Class 120] Good 2MASS Agreement Fraction (%)
Class 1 31 10 323
Class 1T 47 38 80.9
Class 11T 46 42 91.3

Transition Disk 12 12 100.0

Protostars 1 0 0

Total 137 102 74.5

A key result of our study is the comparison with the sample of 832 YSOs previously reported in [20]. As shown in Table B3, 124
out of 145 of our candidates (85.5%) are not included in their final YSO list.

The results are particularly significant for the later evolutionary classes: 97.9% of the Class III objects and 100% of the Transition
Disk sources were not classified as YSOs in the study of [20]. At the same time, it should be emphasized that, despite the absence of
identification in that work, a substantial fraction of these sources has been independently detected and classified as young stellar objects
in other catalogs and studies of the Serpens South region based on X-ray, infrared and submillimeter observations.

Table B3. Comparison of our sample with the verified YSOs of [20].

Total Number of Objects Found in the YSO Fraction of Unmatched

RESAS Identified in This Study Sample Unmatched Objects Objects (%)
Class I 37 14 23 62.2
Class 1T 48 5 43 89.6
Class IIT 47 1 46 97.9

Transition Disk 12 0 12 100.0

Protostars 1 1 0 0

Total 145 21 124 85.5
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Peculiarities of diffusive and convective mixing
in gas mixtures with fine dust in isobaric-isothermal conditions

(i (iD;
V. Mukamedenkyzy' ™ , H. Altenbach> ™ ,
(" (i
1* -.-';;.:' 3 -.-'i-':'

A. Tolepbergen and V. Kossov
'Al Farabi Kazakh National University, Almaty, Kazakhstan
20tto von Guericke University, Magdeburg, Germany
3Abai Kazak National Pedagogical University, Almaty, Kazakhstan
*e-mail: arsen4236@gmail.com
(Received January 12, 2026, received in revised form May 9, 2026, accepted May 16, 2026)

This paper presents a numerical study of diffusive—convective mixing in gas—solid systems under isothermal
and isobaric conditions. Two model systems, CO, + Si — N, and H,O + C — Air, were investigated to
analyze the transport of gas components and dispersed solid particles. Simulations were performed in the
ANSYS Fluent environment using the Species Transport and Eulerian Multiphase Flow models, enabling
the coupled description of gas-phase diffusion and particle motion. Calculations were carried out for a two-
dimensional vertical channel geometry previously employed in studies of gas—gas mixing, where instability
of mechanical equilibrium in the diffusion layer was observed. The results show that the dispersed solid
phase forms localized regions of increased density that subsequently undergo gravitational displacement,
leading to the development of convective structures and intensive mixing. At later stages, the system
evolves toward a quasi-stationary concentration distribution. The study extends a previously validated
numerical approach for gas mixtures to gas—solid media with different physicochemical properties and
demonstrates the formation of Rayleigh—Taylor-type structures in the absence of thermal and chemical
effects. The proposed methodology provides an effective tool for modeling diffusion—convective processes
in multiphase systems and may be applied to the analysis of aerosol transport and dust particle dynamics in
both atmospheric and technological environments.

Keywords: diffusion, convection, instability, Eulerian model, numerical modeling, ANSYS fluent,
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Rayleigh-Taylor instability.

1. Introduction

Diffusion and convective mass transfer in gas—
solid systems play a critical role in a wide range of
natural and industrial processes, including
atmospheric aerosol transport, dust emission from
thermal power plants, and mixing in chemical
reactors. In many practically relevant scenarios,
these processes occur under isothermal and isobaric
conditions, yet their dynamics remain poorly
understood due to the complex interplay between
concentration-driven instabilities and gravitational
settling of the dispersed phase.

In isothermal multicomponent gas mixtures, a
substantial difference in the diffusion coefficients of
the components can disrupt the mechanical
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equilibrium of the system [1-3]. Depending on the
relationship between the partial concentration
gradients and the thermophysical parameters of the
mixture, regions of elevated or reduced density may
form [4, 5], triggering concentration-driven
gravitational convection. The threshold conditions
for this instability can be determined experimentally
[6], analytically within the framework of Rayleigh
stability theory [1, 7], or numerically [8, 9]. A
comprehensive review of this phenomenon for gas
mixtures is given in [10].

Previous studies [1, 10] addressed the case in
which the mixture density decreases with height — a
configuration that suppresses gravitational instabi-
lity. The present work focuses on the opposite si-
tuation: a density gradient directed upward, which
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gives rise to Rayleigh-Taylor convection. Identi-
fying the thermophysical parameter ranges in which
convective contributions to mass transfer are negli-
gible is of direct practical importance, as it defines
the experimental conditions under which mutual
diffusion coefficients can be reliably determined.

When the density gradient is directed such that
the heavier phase is positioned above the lighter
one, the system becomes susceptible to Rayleigh—
Taylor instability [11]. In gas—solid mixtures, this
instability takes a distinctive form: the dispersed
solid phase generates local density inversions that
drive the formation of descending particle jets,
clump structures, and vortex cells. While Rayleigh—
Taylor dynamics have been extensively studied in
gas—liquid and gas—gas configurations [12—14], the
corresponding behavior in gas—solid systems —
where interphase momentum exchange, buoyancy,
and particle inertia act simultaneously — has
received considerably less attention.

Experimental investigation of such processes is
hindered by the optical opacity of particle-laden
media, micro-scale interfacial effects, and the
inherently non-stationary character of the phase
boundary [15-18]. Computational fluid dynamics
(CFD) methods provide a viable alternative,
enabling detailed resolution of multicomponent and
multiphase flows. However, existing numerical
models frequently rely on simplified approximations
or empirical closures that limit predictive accuracy
for stratified gas—solid flows [19-23].

The present work addresses this gap by
proposing a physically consistent numerical model
for diffusion-convective mixing in binary gas
mixtures containing a dispersed solid phase. The
approach combines the Species Transport
formulation — previously validated for ternary gas
systems [24, 25] — with the Eulerian Multiphase
Flow method, which accounts for interphase
momentum exchange without the need for empirical
corrections. Two representative systems are
examined: CO, + Si — N, at T = 300 K and H,O +
C — Air at T = 393 K, both modelled under isobaric
conditions at p = 0.1 MPa with initial solid-phase
volume fractions of 1%, 2.5%, and 5%. The
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objective is to characterize the universal stages of
flow evolution, quantify the influence of particle
loading on gas-phase transport, and establish the
conditions under which Rayleigh-Taylor-like
convective structures emerge in gas—solid media.

2. Mathematical model and numerical methods

The system under study consists of two
cylindrical vessels arranged vertically and connected
by a thin cylindrical channel. At the initial moment
of time, the upper vessel is filled with a mixture of
gases (CO, or H,0) and solid microparticles (Si or
C), and the lower vessel contains pure N, or air.
After the partition between the vessels is opened,
the components interpenetrate under the action of
concentration gradients and gravitational forces.

The process proceeds under isothermal and
isobaric conditions. The interaction between phases
is described by volume fractions and momentum
exchange. The solid phase is modelled as a
dispersed medium with spherical particles with a
diameter of d,=10~° m. The initial volume fractions
of solid particles in the upper vessel are 1%, 2.5%,
and 5%. The selected initial particle volume
fractions (1%, 2.5% and 5%) correspond to a dilute
and moderately loaded dispersed phase regime. This
range was chosen to evaluate the influence of
particle loading on the evolution of diffusion-
convective structures while remaining within the
applicability limits of the adopted Eulerian
multiphase approach without introducing additional
submodels for agglomeration, hindered settling, or
dense granular interactions. At these concentrations,
the solid phase already produces a noticeable
contribution to the local density stratification and
interphase momentum exchange, but the system
does not yet transition to a densely packed regime.
At particle concentrations exceeding approximately
10%, one may expect stronger interparticle effects,
partial suppression or restructuring of convective
cells, and a substantial increase in the role of
collective settling and nonlinearity of momentum
exchange. Detailed thermophysical properties of
gases and solid particles can be found in Table 1.
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Table 1. Physicochemical properties of gases and particulate matter for the systems CO, + Si— N, and H,O + C — Air.

Molar mass Density Viscosity Them}a}
Component Phase type /mol ’ Ka/m> ’ Pa-s ’ conductivity, cp, JI(kg'K)

& & W/(mK)

CO, gas 44.01 1.977 1.48x10°5 0.0166 844

Si solid 28.09 2330 - 148 700

N, gas 28.02 1.165 1.76x1075 0.0259 1040

H,O (steam) gas 18.02 0.804 2.00x107° 0.025 1995

C solid 12.01 2000 - 6 710

Air gas 28.97 1.161 1.85x107° 0.026 1005

Based on the thermophysical parameters the present work to account for the solid dispersed

presented in Table 1, a computational model of
diffusion-convective mixing was developed. The
spatial configuration of the system, reproducing the
mutual arrangement of the flasks and the connecting
channel, is shown in Figure 1.

_47.5 mm_

165 mm

Figure 1. Geometric model of the study area.

The geometry of the area (Fig. 1) is two-
dimensional and axisymmetric: the height of each
vessel is 47.5 mm, the height of the connecting
channel is 70 mm, and the diameter of the channel is
6.1 mm. The walls are considered impermeable and
adhesive to particles, without slippage or heat
exchange.

3. Basic equations of the model

The calculation method is based on a previously
verified gas diffusion model [24, 25], extended in

phase. The gas-phase transport of species is
described by the Species Transport equations under
isothermal and isobaric conditions, with turbulence
modelled using the k-w SST approach. To
incorporate the solid phase, the Eulerian Multiphase
Flow framework is adopted, in which each phase —
gas and solid — is treated as an interpenetrating
continuum with its own velocity, pressure, and
volume fraction fields.

Mass conservation for phase q is expressed by
the continuity equation:

d .
E(aqpq) +V(a,pv,)=

n (1
- Z(mpq _mqp)+Sq
p=1
where ﬁq — phase ftransition rate and M,

characterizes mass transfer from phase p to phase g,
and my,, characterizes mass transfer from phase g to
phase p and these mechanisms can be specified
separately [26]. In the present configuration, no
phase transition or chemical reaction occurs, so
these terms vanish identically.

The momentum balance for phase q takes the
form:

0 - —
8_1‘ (aqpqvq) +V- (aqpqquq) -

=—aVp+V-T +a,p,8+

n
+Z; (qu T,V mqpvqp) +
=

@)

+17“W,’q+F +F,,)

+(F:] + E vm,q

ift.q
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where the stress—strain tensor, effective phase
density, and standard body-force contributions are
defined according to the Eulerian multiphase
formulation [26]. The gravitational term plays a
central role in the present problem, as the density
inversion between the particle-laden upper region
and the pure gas in the lower flask drives the
Rayleigh—Taylor-like instability observed in the
results.

Interphase momentum exchange between the
gas and solid phases is described by:

ZEM :Z qu (Vp _vq) &)
p=l1 p=1

where K, is the interphase momentum exchange
coefficient, determined from the Schiller—Naumann
drag correlation for spherical particles of diameter
d,=10"° m. This term is the primary coupling
mechanism between the two phases and governs the
rate of gravitational particle settling and the
feedback of particle drag on the gas velocity field.

The volume fraction of each phase is obtained
by solving the transport equation:

1 o _
—((a,p)+V-(,pV,)=
Pry ot
“4)

n
= Z (mpq -m
p=1

subject to the constraint that volume fractions sum
to unity across all phases. This equation is solved
for each secondary phase; the primary phase fraction
is then determined algebraically.

The momentum balance for the solid phase s,
accounting for particle pressure and granular
stresses, is given by:

%(aspsvs) PV (@7, =
= —asz—VpS +V-z='s +05Sps§+

+Z (Kls (Vl V ) + mls Vls - mslvsl) +
= (5)

+(F+E +F +F +F)

ift,s vm,s
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where p; — solid particle pressure s, K;s = Kg; —
momentum exchange coefficient between liquid or
solid phase / and solid phase s, N — total number of
phases.

The rheological behaviour of the solid phase is
described within the kinetic theory of granular
flows. By analogy with molecular motion in a gas,
the random translational velocity of particles arising
from inter-particle collisions is characterised by a
granular temperature @, defined as one third of the
mean square of the particle velocity fluctuation.
This quantity governs the effective pressure,
viscosity, and normal stresses of the solid phase, and
accounts for the partially inelastic nature of inter-
particle collisions. The granular temperature is
solved as an additional transport equation coupled to
the momentum balance (5).

4. Boundary and initial conditions

At the initial moment:

e upper region: mixture of gas (CO, or H,0)
and dust from solid particles (Si or C);

¢ lower region and channel: pure gas (N, or

Air);
On the walls:
oY,
u =0, —=0 6
g o (6)
For particles — no-slip boundary condition.

Pressure and temperature are assumed to be
constant: p=0.1 MPa, 7=300 K (CO;+Si-N;) and
7=393 K (H,O+C-Air).

5. Numerical implementation

The calculation was performed in a non-
stationary setting, which made it possible to track
the dynamics of mixing and phase transfer over
time. The time step was 1 s, and the total number of
integration steps in time was 1200, which
corresponds to 20 minutes of real time of the
process. This time interval was chosen to make it
possible to track the transition of the system from
the initial unstable state to a quasi-steady-state
distribution of concentrations.

The calculations used a pressure-based coupled
solver with full coupling between the pressure and
velocity fields. The Second Order Upwind scheme
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was used to approximate convective terms, and the
PRESTO! scheme was used for pressure, providing
increased accuracy in the presence of gravitational
effects. Time discretization was implemented using
the Second Order Implicit scheme, which ensured
the stability of the solution at the selected time step.
The computational grid had a structured
topology and contained 164 120 cells and 165 974
nodes. The minimum cell size in the channel area
was 0.25 mm, which ensured correct resolution of
local concentration and velocity gradients at
interphase boundaries. Convergence criteria for all
equations were set at no higher than 107° for
velocity and pressure fields, and 10 for
concentrations and volume fractions of phases.

6. Results and discussion

The mixing process in both systems considered
— CO; + Si — N and H,O + C — Air — is
characterized by pronounced non-stationarity and
multi-stage evolution. Almost immediately after the
start of the calculation, a contact zone with
contrasting densities forms, causing a disturbance in

mechanical equilibrium and the formation of
downward and upward flows. In the first seconds of
the calculation, gas from the upper flask begins to
penetrate the lower flask, while the solid phase
settles under the action of gravity.

The spatial evolution of both phases is
illustrated in Figs. 2 and 3 for the CO, + Si— N, and
H,O + C — Air systems, respectively, at four time
instants: t = 30, 60, 90, and 120 s.

For the gas phase (Figs. 2a and 3a), the
concentration front descends progressively through
the connecting channel. At t = 30 s, the CO, (or
H,0) distribution is already non-uniform along the
channel axis, with a distinct concentration gradient

visible between the upper and lower regions. By t =
60-90 s, the front reaches the lower flask and begins
to spread laterally, driven by the combined action of
diffusion and the developing convective flow. The
H,O + C — Air system (Fig. 3a) shows a visibly
more advanced penetration front at equivalent time
steps, consistent with the higher gas-phase transfer
rates reported in Table 2 and attributable to the
lower molar mass and higher diffusion mobility of
water vapor.

The solid phase dynamics (Figs. 2b and 3b)
present a qualitatively different picture. Att =30 s,
the particles have already concentrated into a narrow
elongated region within the channel, indicating
rapid gravitational settling from the upper flask. At t
= 60 s, a compact high-concentration cluster is
clearly visible at the channel exit — this structure
corresponds to the moment of maximum local solid-
phase density prior to its entry into the lower flask.
By t =90 s, the cluster detaches and enters the lower
flask, adopting the characteristic teardrop
morphology discussed in relation to Fig. 5. For the
C particles in the H,O system (Fig. 3b), this
sequence occurs approximately 7-10 s earlier
compared to Si in the CO, system, reflecting the
influence of gas viscosity and density on particle
settling dynamics. At t = 120 s, the solid phase in
both systems has largely accumulated at the bottom
of the lower flask, with only a residual thread
remaining in the channel.

In general, the behavior of the systems is
consistent with diffusion-convection processes in a
gravitational field, where concentration and density
gradients act simultaneously. Already in the early
stages of the calculation, Rayleigh-Taylor
instabilities form, manifesting themselves in the
form of local wave-like deformations of the gas
interface, which then transition into elongated
convective jets.
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Figure 2. Gas/solid particle movement for the system CO2 + 0.025 Si — N at
p=0.1 MPa, T=300 K depending on the time:
a) concentration change of COz; b) concentration change of Si.
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Figure 3. Gas/solid particle movement for the system H20 + 0.025 C — Air at
p=0.1 MPa, T=393 K depending on the time:
a) concentration change of H20; b) concentration change of C.

Upon opening of the partition, CO, (or H,0)
undergoes immediate penetration into the lower
flask, driven by the concentration gradient across
the channel. Within the first seconds, the volume-
averaged mole fraction of CO, in the lower flask
reaches approximately 0.035 — a value established
quasi-instantaneously relative to the total process
duration. This rapid onset reflects the dominant role
of molecular diffusion prior to the development of
convective structures. The solid phase remains
largely confined to the upper flask during this

interval, exhibiting negligible transfer to the lower
volume.

The redistribution of the dispersed phase within
the upper flask generates local regions of elevated
density near the bottom wall. The resulting density
inversion triggers Rayleigh—Taylor-type instability,
manifesting as elongated convective jets visible in
Figs. 2-3. For the gas phase (Fig. 4a, 4c), this stage
appears as a sustained and monotonic concentration
increase. The solid phase (Fig. 4b, 4d), by contrast,
exhibits strongly oscillatory behavior with
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characteristic fluctuations in the range 200-500 s,
peak amplitude reaching ~0.025-0.026 for Si and
~0.023-0.025 for C. This contrast in kinetic
behavior — smooth for the gas, impulsive for the
particles — reflects a fundamental difference in the

transfer mechanisms: gas transport is governed by
diffusion-enhanced convection, whereas particle
transfer occurs intermittently through gravitational
avalanches associated with the evolving instability
structures.
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Figure 4. Dynamics of changes in the amount of gas/solid particles for systems CO2 + 0.025 Si — Nz at p=0.1
MPa, T=300 K and H.0 + 0.025 C — Air at p=0.1 MPa, T=393 K depending on the time in the lower flask:
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a) plot for CO2; b) plot for Si; ¢) plot for H20; d) plot for C.
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Both phases approach stable concentration
distributions. The gas fraction in the lower flask
continues to grow slowly, while solid phase
oscillations decay and converge to a near-constant
value. At t = 1200 s, the volume fraction of particles
in the lower flask reaches 95-99% of the total
injected particle mass, confirming near-complete
gravitational settling.

Table 2 reveals a clear and quantitatively
significant inverse relationship between initial solid-
phase volume fraction and the extent of gas-phase

transfer. For the CO, + Si — N, system, the mole
fraction of CO, in the lower flask at t = 1200 s
decreases from 0.1179 at ¢ = 1% to 0.0764 at ¢ =
2.5% and 0.0439 at ¢ = 5% — a reduction by a factor
of 2.7 across the studied range. This trend indicates
that higher particle loading progressively suppresses
convective gas transport, likely through increased
momentum dissipation in the dispersed-phase con-
tinuum and partial disruption of coherent convective
structures. A symmetric but less pronounced effect
is observed for the H,O + C — Air system (Table 2).

Table 2. The amount of gas/solid particle diffusing from one chamber to another.

System CO2 Si N2 System H20 C Air
CO2 +0.050 Si— N2 0.0439 0.04980 0.8990 H>0 + 0.050 C — Air 0.0425 0.0396 0.8102
CO2+0.025 Si— N2 0.0764 0.02364 0.8812 H20 + 0.025 C — Air 0.1377 0.0240 0.7944
CO2+0.010 Si—N2 0.1179 0.00998 0.7813 H>0 + 0.010 C — Air 0.2496 0.0101 0.6997

Under identical geometric and boundary
conditions, the H,O + C — Air system consistently
exhibits higher gas-phase transfer relative to CO,
+ Si— N,. At ¢ = 1%, the mole fraction of H,O in
the lower flask (0.2496) is approximately 2.1
times higher than that of CO, (0.1179). This
difference is attributable to the lower molar mass
and higher diffusion mobility of water vapor
compared to CO,, which leads to a larger
diffusion-driven contribution at early stages and
faster convective onset. The qualitative flow
structure, however, remains identical between the
two systems, confirming the universality of the
observed instability mechanism.

A particularly notable finding concerns the
timing of teardrop-shaped particle cluster formation
in the lower flask (Fig. 5). For both systems and
both ¢ = 1% and ¢ = 2.5%, the cluster appears at t =
82.5 s, while at ¢ = 5% it forms marginally earlier at

t = 75.0 s — a difference of only 9%. This near-
independence of cluster formation time from initial
solid-phase concentration suggests that the onset of
Rayleigh-Taylor-like instability is governed
primarily by hydrodynamic factors — the density
inversion threshold and gravitational acceleration —
rather than by the quantity of dispersed material.
The consistent timing across both chemical systems
further supports the interpretation of this
phenomenon as a universal structural feature of gas—
solid convective instability under the given
geometric and thermodynamic constraints.

The results obtained are consistent with general
ideas about the behavior of dispersed phases in
gravitational flows and demonstrate the possibility
of using the ANSYS Fluent numerical model based
on a combination of Species Transport and Eulerian
Multiphase Flow to describe such processes without
the use of experimental data.
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Figure 5. The moment of formation of a teardrop-shaped solid phase structure in the lower flask:
a) CO2+ 0.010 Si— N2 (t=82.5 s); b) CO2 + 0.025 Si — N2 (t=82.5 s); ¢) CO2 + 0.050 Si — N2
(t=75.0 5); d) H20 + 0.010 C — Air (t=82.5 s); ) H20 + 0.025 C — Air (t=82.5 s);

f) H20 + 0.050 C — Air (t=75.0 s).

7. Conclusion

This paper presents a numerical study of
diffusion-convective mixing in multiphase systems
containing gas and solid dispersed components.
Modeling was performed under isothermal and
isobaric conditions using a combined approach
based on the integration of Species Transport and
Eulerian Multiphase Flow models in the ANSYS
Fluent 2025 R1I environment.

Two systems are considered: CO, + Si — N, and
H,O + C — Air, which differ in terms of the

140

temperature and physical properties of the gas
phase. The same qualitative patterns of flow
evolution have been established for both systems. At
the initial stage, gas diffusion into the lower flask
and sedimentation of solid particles under the action
of gravity are observed. At subsequent stages,
convective structures typical of Rayleigh-Taylor
instability are formed, which is confirmed by the
formation of droplet-like solid phase formations in
the channel. It is shown that the moment of
formation of structural aerosol formations
practically coincides for both systems and does not
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depend on the initial concentration of solid particles
(1%, 2.5%, 5%), which indicates the dominant role
of hydrodynamic factors and density inversion of
the mixture in the development of the flow
structure.

A comparison with a previously verified model
showed a qualitative match in the dynamics and
time scales of mixing, confirming the correctness of
the numerical approach used [21].

The results obtained are of fundamental
importance, as they allow determining the ranges of
thermophysical parameters in which reliable
determination of mutual diffusion coefficients is
possible. These coefficients are key transport
constants that affect the accuracy of calculations
when  modeling  various  multiphase  and
multicomponent  systems. Thus, this study
contributes to the refinement of diffusion transport
parameters and expands our understanding of the
laws of mass transfer in gas-solid media.

The developed methodology can be used to
analyze gas-solid diffusion processes of various
nature—from laboratory experiments to problems
related to aerosol mixture emissions from thermal
power plants. A promising direction for further

research is the inclusion of heat exchange, reaction
effects, and the transition to three-dimensional
geometry for a more complete description of the
dynamics of mixing and sedimentation of solid
particles.
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