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Section 1. MODERN PROBLEMS OF PHILOLOGY AND LINGUISTICS

UDC. 004.89:81'342.1
A COMPLEX ASSESSMENT MODEL FOR THE FOREIGN-LANGUAGE
ORAL SPEECH OF CONVICTED PERSONS BASED ON SEGMENTAL AND
SUPRASEGMENTAL INDICATORS
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Annotatsiya. Ushbu maqolada sudlangan shaxslarning chet tilidagi og‘zaki nutqini
segmental va suprasegmental ko‘rsatkichlar asosida kompleks baholash uchun ikki
tarmoqli ierarxik model taklif etiladi. Segmental tarmoq majburiy fonetik
moslashtirish (forced phonetic alignment) orqali olingan Talaffuzning to‘g‘rilik
darajasi (Goodness of Pronunciation — GOP) ko‘rsatkichi, fonemalar aniqligi,
talaffuzning to‘ligligi, davomiylik va chegara barqarorligi ko‘rsatkichlarini
birlashtiradi. Suprasegmental tarmoq esa asosiy ton konturi, so‘z urg‘usi, energiya,
ritm, pauza, artikulyatsiya tezligi va ravonlik ko‘rsatkichlarini hisoblaydi. Har bir
tarmoq alohida quyi ball va ishonchlilik qiymatini hosil qiladi. Meta-darajadagi
dinamik darvoza audio sifati, topshiriq murakkabligi, moslashtirishning
ishonchliligi va prosodik barqarorlikka qgarab ushbu kanallarning hissasini
moslashtiradi. Yakuniy natija 0—100 oralig‘idagi kompleks ball, ikkita quyi ball
hamda izohlanadigan xatolar xaritasidan iborat bo‘ladi. Model 120 ta virtual
profilga tegishli 720 ta sintetik nutq namunasi asosida, oltita tashqi va beshta ichki
blokdan tashkil topgan kross-validatsiya sxemasida sinovdan o‘tkazildi. Taklif
etilgan model Pearson korrelyatsiya koeffitsienti 1=0,963, Spearman korrelyatsiya
koeffitsienti p=0,963, o‘rtacha absolyut xatolik MAE=3,27 va o‘rtacha kvadratik
xatolik ildizi RMSE=4,11 ball natijalarini ko‘rsatdi. C>0,55 filtri qo‘llanilganda,
qamrov darajasi 84,6% bo‘lgan holda MAE qiymati 3,19 ballgacha kamaydi.
Ushbu ko‘rsatkichlar real respondentlarga taalluqli emas; ular model arxitekturasi
va baholash protokolining qayta ishlab chiqilishi mumkin bo‘lgan sintetik
verifikatsiyasi natijalaridir.

Kalit so ‘zlar: kompleks baholash, segmental ko ‘rsatkichlar, suprasegmental
ko ‘rsatkichlar, GOP, majburiy fonetik moslashtirish, prosodiya, ierarxik
birlashtirish, ishonchlilik, izohlanadigan baholash.

AHHoTaumsa. B naHHON cTaThe mpenayaraercs JBYXBETBEBas HepapXxuueckas
MO/IeJTb KOMITJIEKCHOM OLIEHKH YCTHOM pedH OCYKJIEHHBIX Ha MHOCTPAHHOM SI3bIKE
Ha OCHOBE CEIMEHTHBIX M CYIPACerMEHTHBIX Mokazareineil. CerMeHTHash BETBb
obbenuusier mokazareiab Goodness of Pronunciation (GOP — cremnenb
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MPABMWIBHOCTU MPOU3HOIICHHUS), TOTYUYEHHBIM MOCPEACTBOM MPHUHYIUTEIHHOTO
¢onernueckoro BbipaBHuUBaHUs (forced phonetic alignment), TOYHOCTB
npou3HeceHus: (hOHEM, MOJTHOTY MPOU3ZHOUIEHUS, JUITUTEIBHOCTh U CTAOMIBHOCTD
rpanuil. CynpacerMeHTHas BETBb BBIUMCIISIET KOHTYP OCHOBHOT'O TOHA, CJIOBECHOE
yAapeHue, dHEPruio, PUTM, Tay3bl, CKOPOCTh APTUKYJALUUU U OErJIOCTh PEuu.
Kaxnmass BerBb (opMupyeT OTACHbHBIA Ccy00amn W 3HA4YeHHE HaIEKHOCTH.
JlunaMuueckui 103 Ha METaypOBHE PETYIUPYET BKJIa/l KAHAIOB B 3aBUCUMOCTH
OT KauyecTBa ayJMO3aIMCH, CIOKHOCTH 3aJaHusl, HaAE&KHOCTU BbIPABHUBAHUS U
MPOCOJIUYECKON CTaOMIbHOCTH. MITOTOBBIA pe3ysbTaT BKIIOYAET KOMILIEKCHBIN
6amn B auanaszone ot 0 mo 100, nBa cy6baiia U OOBACHUMYIO KapTy OIIMOOK.
Mopens Obima ampoOupoBana Ha 720 cuUHTeTHYECKHMX oOpaslax peuw,
oTHOCcsMXcs K 120 BUPTyalbHBIM MPOMUIISM, C UCTIOIB30BAHUEM CXEMbI KpOCC-
BAIMAAIMM C IIECTbIO BHEIIHUMH MW TSTHIO BHYTPEHHUMHU OJIOKaMH.
[Ipemnoxkennass Mojenb MPOJAEMOHCTpUpPOBaia KOIPPULIHUEHT KOPPENsSIuu
ITupcona r=0,963, koardbduinment koppensanuu Crnupmena p=0,963, cpemHioro
abcomoTHyr0 ommbOky MAE=3,27 u kKopeHb U3 CpEeIHEH KBaJIPaTUUHON OIINOKH
RMSE=4,11 6anna. [Ipumenenne ¢unptpa C>0,55 MO3BONMMIO CHU3UTH 3HAUCHHUE
MAE no 3,19 6anna npu oxBate 84,6% BbiOOpKH. [losydeHHBbIE TTOKa3aTeNN HE
OTHOCSITCSL K  peajbHbIM PECHOHACHTaM; OHHU  MPEACTABISIOT  CcO0O0M
BOCIIPOM3BOJIMMYIO CHHTETUYECKYIO BEPHUPHUKAIUIO aAPXUTEKTYpPhl MOJCIH |
IPOTOKOJIa OIICHUBAHUSI.

Knrouesvie cnosa: komniekcHas oOyeHKa, ce2MeHmHble NoKazameiu,
cynpaceemenmuvle  noxasamenu, GOP, npumyoumenvnoe @onemuyeckoe
8bIPAGHUBAHUE,  NPOCOOUs,  uepapxuyeckoe  00beOUHeHUue, HAOEHCHOCDb,
00bACHUMAS OYEHKA.

Abstract. This paper proposes a two-branch hierarchical model for the complex
assessment of the foreign-language oral speech of convicted persons based on
segmental and suprasegmental indicators. The segmental branch combines the
Goodness of Pronunciation (GOP) obtained from forced phonetic alignment, phone
accuracy, pronunciation completeness, duration and boundary stability; the
suprasegmental branch computes the fundamental tone contour, word stress,
energy, rhythm, pause, articulation rate and fluency. Each branch produces a
separate subscore and a reliability value. A meta-level dynamic gate adjusts the
channels' contributions according to audio quality, task difficulty, alignment
reliability and prosodic stability; the final result consists of a 0-100 complex score,
the two subscores, and an explainable error map. The model was demonstrated on
720 synthetic speech samples belonging to 120 virtual profiles, in a cross-validation
scheme with six outer and five inner blocks. The proposed model achieved Pearson
r=0.963, Spearman p=0.963, MAE=3.27 and RMSE=4.11 points. A C>0.55 filter
reduced the MAE to 3.19 points at 84.6% coverage. These indicators do not pertain
to real respondents; they are a reproducible synthetic verification of the model
architecture and the assessment protocol.
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Key words: complex assessment, segmental indicators, suprasegmental
indicators, GOP, forced alignment, prosody, hierarchical fusion, confidence,
explainable assessment.

Introduction

The quality of foreign-language pronunciation is a multidimensional construct.
Whereas the correspondence of phonemes to the reference and the completeness with
which a word is pronounced express segmental accuracy, stress, intonation, rhythm,
pause and fluency define the suprasegmental organization. The CEFR Companion
Volume interprets phonological control as the unity of sound articulation and prosodic
features [1]. Consequently, a system based solely on phoneme scores or solely on
prosodic similarity cannot capture the entire construct of pronunciation competence.
Another problem in automatic assessment is measurement error. An incorrect phoneme
boundary in forced alignment can produce a low GOP value and thereby flag correct
pronunciation as an error [5, 6]. The prosodic channel, in turn, is sensitive to the
microphone, loudness, the speaker's individual FO range, and task length. For this
reason, a complex model must take the reliability of each channel into account rather
than combining the two channel scores by a simple arithmetic mean.
The aim of the study is to develop an information-computational model that models the
segmental and suprasegmental indicators at the phoneme, word and sentence levels
separately and combines them, through a dynamic gate and interaction terms, into a 0-
100 complex score that routes uncertain cases to an expert. The scientific novelty
consists of: 1) a multi-level, two-branch architecture; 2) dynamic fusion that depends on
alignment and prosodic reliability; 3) returning, together with the complex score, the
segmental/suprasegmental subscores and an explainable error map.

Literature Review

The classical GOP approach evaluates the probability that the acoustic model
assigns to the reference phoneme relative to alternative phonemes [2]. The Montreal
Forced Aligner combines the text, a pronunciation dictionary and an acoustic model to
produce phoneme and word boundaries [4]. However, Mathad and co-authors [5] and
Kadambi and co-authors [6] have empirically shown that automatic segmentation error
propagates into the pronunciation score. For this reason, retaining boundary stability
alongside the segmental score is a methodological necessity.
The open speechocean762 corpus provides 5,000 recordings from 250 non-native
English speakers together with phoneme-, word- and sentence-level scores from five
experts [3]. A multi-level assessment network models phoneme-word-sentence
relationships [7]. GOPT and the subsequent Gradformer work treat accuracy,
completeness, fluency and prosody as a multi-aspect, multi-granularity task [8, 10]. The
hierarchical context-aware model likewise exploits cross-aspect and cross-level
dependencies [9]. The multi-task model of Ryu and co-authors demonstrated the mutual
benefit of joint overall scoring and phonetic mispronunciation diagnosis [11]. Although
SSL representations are effective for pronunciation assessment [12, 23, 24], explainable
acoustic features remain important for auditing and pedagogical recommendations. In
prosodic assessment, features such as F0O, loudness and duration, combined with neural
representations, have better predicted expert scores [13]; adding suprasegmental features
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has improved the correlation of prosody and fluency [14]. Jointly learning phonetic
and prosodic information is likewise useful for fluency scoring [15]. Most existing
approaches yield a final score but do not combine a safe local environment, separate
channel reliability and selective expert decision-making within a single model.

Table 1. Taxonomy of Indicators in the Complex Model

Level Segmental Channel Suprasegmental Explainable Output
Channel
Phoneme | GOP margin, alternative | — substitution, deletion,
phoneme, duration insertion, boundary
deviation, boundary shift
stability
Syllable | phoneme coverage and | FO, energy and duration | stressed-syllable match
nucleus accuracy prominence
Word phoneme edit distance, | word stress and local erroneous word and
completeness rhythm correction flag
Phrase alignment coverage FO contour, pause intonation and phrasing
threshold, rhythm nPVI
Sentence | segmental subscore and | prosodic subscore and complex score, C, and
R align R pros channel profile
Research Methodology

3.1. Input Data and Overall Pipeline

The input accepts 16 kHz, 16-bit, mono PCM audio, the reference text, a language
code, the task type and a pseudonymous session identifier. VAD isolates the voiced
segments; SNR, clipping and sufficient duration are checked. The reference text is
converted into an admissible phoneme graph via a grapheme-to-phoneme converter and
a pronunciation dictionary. The acoustic model's posteriors are aligned to the graph
using Viterbi or CTC dynamic programming. Shared timestamps link the segmental
errors and the prosodic contours.

Complex Assessment Architecture for Segmental and Suprasegmental Indicators

Audio + reference text Quality Control G2P and Forced Shared Speech Representation Versioned Context
+ task metadata VAD * 16 kHz * SNR Phonetic Alignment SSL / Acoustic Features language « reference = task
phoneme / word contour / sentence
SEGMENTAL CHANNEL SUPRASEGMENTAL CHANNEL
GOP « phone accuracy * completeness + duration * boundary stability FO « stress « energy » rhythm » pause  rate « fluency

v

[ Segmental Head

A

Suprasegmental Head
$_sup and R_pros

confidence

HIERARCHICAL FUSION

S_seg and R_align dynamic gate w * interaction « calibration

Jad

score explafation

Complex Score Explanation
0-100 + two subscores phoneme = stress » rhythm « pause

Local network * pseudonymous ID * encryption * role-based access * audit

Selective Decision
C < 0.55 - expert review

Automated score is not a legal decision

Figure 1. Two-branch hierarchical architecture for the complex assessment of segmental and
suprasegmental indicators.
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3.2. The Segmental Channel
Let the audio frames be X=(xu,...,xr), the reference phonemes Y=(yu,...,yn), and let B
denote the mapping that removes blanks and repetitions from a CTC path. Forced
alignment selects, among the paths that produce Y, the path with the maximum log-
posterior:
= arg max B(v)} 5 log P(xx) (1)

For each phoneme i, the average margin of the reference posterior relative to the
strongest alternative gives the GOP indicator:

GOP; = (1/Ly) 215 [log P(yi|x) — maxygzy; og Piglvy) - (2)
The freely recognized and reference phoneme sequences are compared using dynamic
edit distance. The numbers of substitutions N_sub, deletions N_del and insertions N_ins
are converted into pronunciation completeness and segmental accuracy:

Sphone =1- (Nmb + Nt + ]vznc) /maxﬂ\fref, 1) (3)

Boundary reliability is constructed from audio quality, the margin between the top-2
alignment paths, and the variance of the boundary under re-alignment. The segmental
feature vector Zseg=[GOP, Sphone, Scomplete, Sduration, Ralign] 1S passed to a calibrated
regression head. A low R align cancels the phonetic-error verdict and routes the
segment to an expert.

Linking Multi-Level Features on a Single Time Axis

Phoneme /8/ /a/ Is/ 1t/ Juz/ /d/ /a/ /n/ 1t/ Is/
Word the students
Sentence The students ... — intonation unit and overall fluency

segmental word level rhythmic level sentence level

GOP ¢ error type stress « completeness nPVI ¢ rate FO « pause * fluency

Figure 2. Linking segmental and suprasegmental features at the phoneme, word and sentence levels
on a single time axis.

3.3. The Suprasegmental Channel
The fundamental frequency FO(t) is extracted on voiced frames and normalized in
semitones relative to the speaker's median FO value. This reduces the direct transfer of
the absolute range difference between male and female voices into the score:

pt) = 12-log:(FO(t) / median(F0,viceq)) (4)
Word stress is computed from the within-sentence z-scores of syllable FO, RMS
energy and nucleus duration; AitAx+As=1:

8 = Aiz(F0) + Loz(E)) + Asz(dy) (5)
Rhythm is measured using the normalized pairwise variability index of successive
vocalic intervals [20]. The pause threshold is defined by F1, the proportion of excess

http://khorezmscience.uz 8
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pauses and the duration deviation; the articulation rate is defined as the number of
syllables relative to the phonation time with silence excluded:
nPVI = 100/(m—1) - 2 |dei—di| / ((dee1+di)/2) (6)
AR = vall / (Ttoml - Tpause) (7)

The FO contour is aligned to the reference using DTW; the FO range, stress, energy,
rhythm, pause, rate and fluency are converted into 0-1 similarity scores. The
suprasegmental vector Zsuy=[Sro, S_stress, Sk, Sthythm, Spause, Srate, Stluency, Rpros] 1S passed
to a prosodic regression head. Prosodic reliability Ryros 1s constructed from the stability
of FO tracking (the proportion of uninterrupted voicing), the DTW alignment error, and
the estimated confidence of the stress/rhythm scores; a low Rpros, just like Raiign,
discounts the corresponding channel's verdict and routes it to an expert.
3.4. Hierarchical Fusion and Multi-Task Training

The two base heads produce the segmental S seg and suprasegmental S sup
subscores. Within the training set they are passed to the meta-level only as out-of-fold
predictions via an inner GroupKFold. This restricts the meta-model from overfitting to
the base heads' own training predictions. The channel weight is determined dynamically
from alignment reliability, prosodic stability and task difficulty:

@ = clip(o(Go + O1Ruiign — O2Rpros + O3D1ask), 0.25, 0.75) (8)

Here 00=—0.30, 6:=2.00, 0.=2.00 and 65=0.40 are calibrated constants; @ always remains
within [0.25, 0.75], which prevents the meta-model from disregarding either channel
entirely. The complex score accounts for the channel scores, their product term, and their
interaction with the context. The interaction term ensures that when one channel is very
low, a high score from the other channel does not entirely mask the overall deficiency:

¥ = clip(Bo + P1wSseq + f2(1—@)Ssup + P3Sseassuy/100 + BTc, 0, 100)  (9)
Here o is the dynamic channel weight taken from equation (8), which weights the
segmental and suprasegmental terms respectively; ¢=[Qaudio, Diask, Ralign, Rpros, Sseg,
Ralign, Ssup, Rpros] is the context-and-reliability vector. The training objective combines
three scoring tasks with a calibration regularizer:

L = ArMSE(3,y) + s MSE(Vseg, Vseg) + Ap MSE (Vsup, Vsup) + AAPI? (10)
Here Ayw=1.00 (the primary complex-score task), A=0.30 and A,=0.30 (the auxiliary
channel-subscore tasks), and A=0.01 (the * regularization weight); An has the largest
value, ensuring priority for the primary task. In the practical pipeline this joint objective
is approximated by a two-stage, leakage-free OOF regression: the segmental and
suprasegmental heads separately minimize MSE(Yseg,¥se) and MSE(Ysup,Ysup)
respectively, while the meta-head minimizes MSE(y,¥) over the OOF subscores with
Ridge regularization (equivalent to A;).
3.5. Confidence and Selective Decision-Making
The final confidence C combines audio quality, the stability of phonetic alignment,
prosodic stability, the minimum coverage of the two channels, and the cross-channel
prediction disagreement (model uncertainty). C is not the score itself; it indicates
whether the result is fit for automatic release:

C= Cllp(aQaudio + pRalign + VRpros + 5Acovemge - 7’]Um0del, 0, 1) (1 1)

Here 0=0.30, p=0.25, y=0.20, 6=0.25 (at+p+y+06=1), and n=0.15 is a separate penalty
weight (not included in the sum). Acoverage=min(Aseg, Asup), Where A_seg is the proportion
of successfully aligned phonemes and A sup is the proportion of reliably detected
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(uninterrupted) FO frames. U _model=|S_seg—S sup|/100 expresses the normalized
difference between the two channel subscores: a higher value means the channels have
reached conflicting conclusions and confidence decreases.

If C>0.55, the complex score and explanation are returned automatically. If C<0.55, re-
recording or expert review is required. The 0-100 score is not automatically mapped to
CEFR A1-C2 levels until the level thresholds are calibrated on a real expert corpus.
3.6. Software Implementation

Table 2. Modules of the Complex-Assessment Software Suite

Module Input QOutput Control and Audit
Audio gateway | PCM stream, audio object, SNR, | format, clipping, checksum
session ID VAD
Text and G2P | reference text, phoneme graph dictionary/model version
language
Alignment audio, phoneme bi, i, posterior top-2 margin, boundary
graph variance
Segmental head | phoneme segments | S seg, error map R align, calibration
Prosodic head | FO, E, duration S_sup, channel R _pros, reference ID
profile
Fusion and subscores, context | ¥, C, decision threshold, model version
selection
Expert panel C<0.55 records confirmed score two experts, audit trail
Storage result and metadata | encrypted record role, retention period,
deletion

3.7. Algorithm Steps
1. Check audio quality, VAD and SNR; if the minimum criteria are not met, stop the
assessment and request a re-recording.
2. Normalize the reference text and build the phoneme graph with the admissible
pronunciation variants.
3. Compute the acoustic posteriors and obtain the phoneme, syllable and word
boundaries via Viterbi/CTC.
4. Compute GOP, the phoneme edit distance, completeness, duration deviation and
R align.
5. Compute F0, energy, stress, nPVI, pause, articulation rate, fluency and R_pros.
6. Obtain the S_seg and S_sup subscores via the segmental and suprasegmental heads.
7. Compute the complex score y and the confidence C using the dynamic gate,
interaction term and context features.
8. If C<0.55, route the case to an expert; otherwise return the complex score, the two
subscores and a specific practice recommendation.
3.8. Design of the Synthetic Experiment

Since no real corpus was available, a deterministic synthetic experiment was
constructed to verify the architecture and the assessment protocol. Six samples were
generated for each of the 120 virtual profiles. Segmental ability was drawn from
Beta(4.2, 2.6), prosodic ability from a Beta(3.7, 2.9) component partially correlated with
segmental skill, task difficulty from U(0.1, 0.9), and audio quality from U(0.5, 1.0). The
noise of the observed features was increased as audio quality decreased.



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. AVGUST, 2026-8. ISSN 2181-9750

The expert score (y) was generated from two independent latent ‘true’ ability
variables — segmental and prosodic skill, partially correlated at the profile level —
combined with a FIXED formula (a linear average in a 0.75/0.25 ratio plus a small
‘weak-syllable’ product term), with random rater noise added on top. The observable
segmental (four primary) and suprasegmental (seven primary) features are
measurements of these latent skills obtained with heteroscedastic noise that depends on
the R align/R_pros reliability level. The dynamic gate @ and the meta-level  weight
terms are NOT included in the definition of the expert score — they are estimated
independently by the model during training, based solely on leakage-free OOF
subscores; this ensures that the complex score's dependence on the two channels is
GENUINE and not guaranteed by construction. The outer 6-fold GroupKFold provided
the final test, while the inner 5-fold GroupKFold provided leakage-free subscore
predictions for the meta-model during training. All regression blocks were built with
StandardScaler and Ridge. The result was evaluated using Pearson r, Spearman p, MAE,
RMSE, and QWK over strict 20-point ranges.

Table 3. Parameters of the Synthetic Experiment and Validation

Parameter Value Methodological Purpose
Random seed 20260830 exact reproducibility of results
Virtual profiles 120 not real individuals
Speech samples 720 6 per profile
Segmental features | 4 primary + reliability | phoneme accuracy and alignment
Suprasegmental 7 primary + reliability | prosodic organization and fluency
features
External validation | 6-fold GroupKFold final generalization
Internal validation | 5-fold GroupKFold OOF subscores for the meta-model
Selective threshold | C>0.55 route uncertain records to an expert
Results

Table 4 compares the single-channel models with four fusion variants. The
segmental model achieved r=0.893 and the suprasegmental model r=0.851. This reflects
the fact that, in the synthetic generator, the complex score is somewhat more strongly
tied to segmental skill. The flat eleven-feature model produced r=0.963 and MAE=3.27,
and the proposed hierarchical model produced r=0.963 and MAE=3.27 — a practically
negligible difference. The equal-weight variant likewise produced an almost identical
result (r=0.964, MAE=3.26), meaning the statistical difference among the three top-tier
variants is very small. At the same time, removing the interaction term (the no-
interaction variant, r=0.960, MAE=3.41) produces a clear decline, confirming that the
product term in equation (9) is useful in its own right. This finding avoids overclaiming
and shows the need to verify the model choice on a real external corpus.

Table 4. Synthetic Results of the Complex-Assessment Variants

Model Pearson r | Spearman p MAE RMSE QWK
Segmental 0.893 0.893 5.50 6.89 0.765
Suprasegmental | 0.851 0.843 6.41 8.03 0.725
Flat fusion 0.963 0.963 3.27 4.12 0.875
Equal-weight 0.964 0.964 3.26 4.10 0.876
No interaction | 0.960 0.960 341 4.29 0.868
Proposed 0.963 0.963 3.27 4.11 0.876
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Synthetic Test Results of Complex Assessment Variants

120 virtual profiles * 720 samples * nested GroupKFold 6x5 * not real respondent data
Correspondence with Expert-Like Score Mean Absolute Error
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Figure 3. Correlation and MAE indicators of the segmental, suprasegmental and fusion models in the
synthetic test.

The C>0.55 filter retained 84.6% of the samples for automatic assessment. Within this
subset, r=0.965, MAE=3.19 and RMSE=4.02, so the error decreased by 0.08 points
relative to the full-coverage MAE=3.27 (positive across all 10 seeds). The selective
result must be interpreted together with coverage; the 15.4% of recordings routed to an
expert 1s not a hidden rejection by the model but a safety mechanism. MAE was 3.35
points in the low-audio-quality tertile and 3.22 points in the high-quality tertile; although
the difference is smaller than before, it confirms the need for quality control and the C
indicator. Across the task-difficulty cut, MAE ranged from 3.20 to 3.32. The fact that
correlation remains high on difficult tasks is partly explained by the larger variance of
the distribution; for this reason, MAE and RMSE are reported together with r, not r
alone.

Table 5. Ablation and the Contribution of Architectural Components

Variant Pearson | MAE | RMSE | Scientific Interpretation
r
Proposed 0.963 3.27 4.11 dynamic context and
interaction

No interaction 0.960 341 4.29 channels combined linearly
in the meta-model
Equal-weight 0.964 3.26 4.10 no reliability or task context

— segmental 0.851 6.41 8.03 suprasegmental features
channel only
— suprasegmental | 0.893 5.50 6.89 segmental features only
channel
Table 6. Stability Across Audio Quality and Task Difficulty
Slice n Pearson r MAE RMSE
Low audio quality 240 0.962 3.35 4.19
Medium audio quality | 240 0.963 3.24 4.08
High audio quality 240 0.964 3.22 4.04
Easy task 240 0.965 3.20 4.05
Medium task 240 0.963 3.29 4.11
Hard task 240 0.961 3.32 4.16
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Synthetic Diagnostics of the Proposed Model

Sample-Level Correspondence 10-Bin Calibration Diagram
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Figure 4. Agreement of the proposed model's predictions with the synthetic expert scores and the 10-
bin calibration diagram.

Discussion

The model's main benefit lies not in inflating the final score but in correctly
decomposing the structure of the assessment. The segmental channel independently
reports the phoneme-level errors and completeness, while the suprasegmental channel
independently reports the temporal-melodic organization of speech. The dynamic gate
can automatically restrict the segmental verdict when alignment is of poor quality, or
the prosodic verdict when FO is unstable or the sentence is short. As a result, the user is
not limited to an ‘overall score of 68’ but can see specifically which phoneme, stress,
rhythm or pause needs work. The synthetic difference among the proposed, flat and
equal-weight variants is practically negligible across all metrics (r, p, MAE, RMSE,
QWK); none is consistently superior to the others. At the same time, the ablation shows
that the interaction term itself is beneficial: removing it (the no-interaction variant) leads
to a clear decline across all metrics. Thus, the advantage of the full hierarchical
architecture is grounded not in an overall statistical superiority but in (a) the confirmed
added value of the interaction term and (b) the possibility of auditing, explainability,
selective decision-making and independent module updates. If the flat or equal-weight
variant proves equal or better on a real corpus, choosing the simpler variant would be
scientifically justified. The synthetic experiment does not represent real accents,
microphones, stress, health condition, or the lexical-grammatical errors found in
spontaneous speech. The model is close to a read-aloud task with a reference text. In
spontaneous speech, the reference phoneme sequence would have to be taken from an
ASR transcript, and the content score must be kept separate from the pronunciation
construct. Real-world validation requires at least two phoneticians, inter-expert
ICC/QWK, an external test split by profile, and a fairness analysis across native
language, age, gender, microphone and noise conditions.
Data Security and Ethics

Convicted status is not a phonetic or prosodic feature of speech. It is not
incorporated into the model's input, weights or calibration; it only defines organizational
requirements such as a local network, restricted access, and data protection. The
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complex score is intended for diagnostics and individual practice selection in foreign-
language instruction. It cannot serve as the sole or indirect basis for disciplinary
punishment, sentence terms, privileges, risk assessment, or any other legal decision.
For a real corpus, approval from an authorized ethics committee, comprehensible
informed consent, assurance that non-participation carries no consequences, and the
right to delete one's recording are all provided. Audio is encrypted under a
pseudonymous identifier and governed by role-based access and a retention period. The
version of the model, dictionary, reference and thresholds is logged to an audit trail at
every assessment. A human expert retains final oversight; the system openly displays its
errors and uncertainty.

Conclusion and Recommendations

A two-branch complex assessment model has been developed that combines
segmental and suprasegmental indicators at the phoneme, syllable, word, phrase and
sentence levels. The segmental head assesses GOP, phoneme accuracy, completeness
and alignment stability; the suprasegmental head assesses FO0, stress, thythm, pause, rate
and fluency. The meta-level dynamic gate and interactions determine the 0-100 complex
score, while C determines whether the result is fit for automatic release. In the synthetic
nested GroupKFold test, the proposed model achieved r=0.963, p=0.963, MAE=3.27
and RMSE=4.11. The C>0.55 filter produced MAE=3.19 at 84.6% coverage. Since the
flat and equal-weight variants gave almost identical results, the advantage of the
proposed architecture rests mainly on the ablation-confirmed benefit of the interaction
term and on explainability; the overall statistical advantage must be confirmed on a real
corpus. The next stage consists of an ethically approved corpus, annotation by two
phoneticians, external validation, calibration, and a fairness audit.
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Section 2. MODERN PROBLEMS OF TECHNICAL SCIENCES
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Annotatsiya. Agglyutinativ tillarda grammatik munosabatlarning katta qismi
o‘zakka ketma-ket qo‘shiladigan affikslar orqali ifodalanadi. BERT oilasidagi
encoderlar ushbu xususiyatlarni katta matn korpusidan bilvosita o‘rganishi
mumkin, biroq standart diggat mexanizmi lemma, o‘zak, so‘z turkumi, affiks va
grammatik kategoriyalarni mustaqil axborot manbai sifatida ajratmaydi. Ushbu
tadgiqotda Morph-QKV deb nomlangan yangi model taklif qilindi. Model
morfologik belgilardan alohida M vektorini hosil qilib, undan morfologik Query,
Key va Value proyeksiyalarini oladi hamda attention score tarkibiga morphology-
to-morphology, content-to-morphology va morphology-to-content o‘zaro
ta’sirlarini qo‘shadi. Morph-QKV standart absolute-position BERT (Tahrirchi-
BERT), disentangled relative-position DeBERTa (mDeBERTa-v3-base) va RoPE
hamda local/global attention asosidagi ModernBERT (mmBERT-base) uchun
alohida matematik shakllarda ishlab chiqildi. MAGNet, LISA, LUKE, tokenizer
hamda character/byte modellariga oid tadqiqotlar explicit lingvistik signalning
samaradorligini ko‘rsatadi. Shu asosda Morph-QKV modeli o‘zbek tili NLP
vazifalarida aniqlik va Macro-F1 ko‘rsatkichlarini oshirishga yo‘naltirilgan.

Kalit so‘zlar: tabiiy tilni qayta ishlash, o ‘zbek tili, agglyutinativ morfologiya,
Transformer, digqat mexanizmi, Query-Key-Value, BERT, DeBERTa,
ModernBERT.

AHHOTanuA. B  arrIlOTUHATHBHBIX — s3bIKAX ~ 3HAYUTENbHAs  4acTh
rpaMMaTUYECKUX OTHOIICHHUN BBIPAXKAETCA MOCIEN0BaTENbHOCTAMU ad(HUKCOB,
MPUCOCIUHAEMBIX K OCHOBE. OJHKojaepbl cemeiictBa BERT MoryT HesBHO
yCBauWBaTh ATH 3aKOHOMEPHOCTH M3 OOJBIIMX TEKCTOBBIX KOPIYCOB, OJIHAKO
CTaHJAPTHBIM MEXaHW3M BHHUMAaHUS HE BBIACISIET JIEMMY, OCHOBY WJIH KOPEHbD,
yacTh peud, adpPuKChl M rpaMMaTUYECKUE KAaTErOpUH KaK CaMOCTOSITEIbHBIC
ucTOuHUKH HHGopManuu. B uccnenoBanuu npemyioxkeHa Hoas Mojaenb Morph-
QKV. 13 mopdonoruueckux npu3HaKoB GopMHUpPYETCs OTIAEIbHbIN BEKTOp M, U3
KOTOporo monydaroTcs Mopdonoruyeckue mnpoeknuu Query, Key u Value;
UCXOJIHAsl OIICHKa BHUMAHMS JOMOJHSETCS B3auMoJehcTBUsiMU morphology-to-
morphology, content-to-morphology u  morphology-to-content. Monens
pazpaboTaHa Juisi TpEX AapXUTEKTypHO pa3nuuHbix cemeiictB: BERT ¢
abcomotHbIM no3urionupoBanueM (Tahrirchi-BERT), DeBERTa ¢ pa3znenénnsim
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OTHOCHUTENbHBIM mo3uimonupoBanueM (mDeBERTa-v3-base) 1 ModernBERT ¢
RoPE u uepenoBanuem nokanpHOTO U Tio0ansHOro BHuManus (mmBERT-base).
Pesynpraret MAGNet, LISA, LUKE, uccinenoBanuii TOKEHU3aUUU U CUMBOJIBHO-
0alTOBBIX MOJENeH MOATBEPKAAIOT (PPEKTUBHOCTh SBHBIX JUHTBUCTHYECKUX
curHanioB. Ha atoit ocHoBe mojaens Morph-QKV HampaBieHa Ha TOBBIIICHHE
touHocTH ¥ Macro-F1 B 3agadax 06paboTku y30€KCKOTO sI3bIKa.

Kniwuesvie cnosa: obpabomka ecmecmeenHHO20 A3bIKA, Y30EKCKUll A3bIK,

azenmomunamusHas mopgonoeus, Transformer, mexanusm snumanus, Query-Key-
Value, BERT, DeBERTa, ModernBERT.

Abstract. Agglutinative languages encode a substantial part of grammatical
relations through ordered affix sequences attached to lexical stems. Encoders in the
BERT family can learn some of these regularities implicitly from large corpora, but
conventional self-attention does not treat lemma, stem/root, part of speech, affixes,
or grammatical categories as separate information sources. This study proposes a
new model named Morph-QKV. The model builds a dedicated morphology
representation M, derives morphological Query, Key, and Value projections from
it, and extends the native attention score with morphology-to-morphology, content-
to-morphology, and morphology-to-content interactions. Morph-QKV is
developed in architecture-specific mathematical forms for absolute-position
BERT, instantiated with Tahrirchi-BERT; disentangled relative-position
DeBERTa, instantiated with mDeBERTa-v3-base; and RoPE-based local/global
ModernBERT, instantiated with mmBERT-base. Results from MAGNet, LISA,
LUKE, tokenizer studies, and character/byte-level encoders demonstrate the value
of explicit linguistic signals. On this basis, Morph-QKYV is designed to improve
accuracy and Macro-F1 on Uzbek NLP tasks.

Key words: natural language processing, Uzbek language, agglutinative
morphology, Transformer, attention mechanism, Query-Key-Value, BERT,
DeBERTa, ModernBERT.

Introduction

The Transformer architecture computes relations between tokens through Query
Key, and Value vectors [1]. BERT converted this mechanism into a bidirectional
pretrained encoder that became a foundation for many natural language processing tasks
[2]. In a conventional BERT layer, however, the Query, Key, and Value vectors for a
token are projected from a single contextual content representation. The model is not
separately provided with the token’s lemma, stem, part of speech, ordered affixes, or
grammatical categories such as case, possession, person, tense, mood, and voice.

This limitation is important for agglutinative languages such as Uzbek. In the
Uzbek word kitoblarimizdan, for example, the lexical base kitob combines with plural,
possessive, and ablative meanings within one orthographic word. A subword tokenizer
may split the form into several pieces, but its boundaries need not coincide with
morpheme boundaries and the grammatical role of each piece remains unspecified.
Tokenizer quality has been shown to affect downstream performance across languages
[8], and morphological complexity remains a systematic challenge for language models

[12].



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. AVGUST, 2026-8. ISSN 2181-9750

Prior approaches to morphology in Transformers generally improve
tokenization, move to character/byte representations, or fuse morpheme and
grammatical-feature representations with a main content stream. MAGNet encodes
morpheme segmentation and morphological tags in a fine-grained path and combines
them with a word-level representation through gated fusion [7]. Its dependency-parsing
and NER experiments on Mongolian and Turkish support the usefulness of explicit
morphology. Nevertheless, MAGNet does not replace the native self-attention score:
morphology is introduced at the representation-fusion stage.

The present study instead introduces morphology directly into attention routing,
both in the pre-softmax score and in post-softmax value aggregation. It asks:

How can dedicated morphological Q, K, and V vectors derived from lemma,
stem/root, POS, affixes, and grammatical features be integrated mathematically into
three distinct Transformer encoder attention families?

The contribution is threefold. First, a common Morph-QKYV morphology branch is
defined. Second, the original attention equations of BERT, DeBERTa, and
ModernBERT are preserved and extended into architecture-specific models. Third, the
expected advantages, implementation constraints, and application areas of the model are
specified.

Literature Review
Transformer encoders and positional modeling

Standard self-attention measures token compatibility by the dot product [1].
BERT adds token, segment, and learned absolute-position embeddings and applies
standard multi-head self-attention at every layer [2]. Tahrirchi-BERT is configured as a
BERT model with 12 layers, hidden size 768, and 12 attention heads [3]. We therefore
call the first family BERT (Tahrirchi-BERT): BERT identifies the architecture, whereas
Tahrirchi-BERT identifies the Uzbek pretrained checkpoint used to instantiate it.
DeBERTa separates content and relative-position representations and combines content-
to-content, content-to-position, and position-to-content scores [4]. DeBERTa-v3 retains
this attention structure while changing pretraining through ELECTRA-style replaced-
token detection and gradient-disentangled embedding sharing [5]. mDeBERTa-v3-base
1s the multilingual checkpoint used to instantiate this family. ModernBERT updates the
bidirectional encoder with rotary position embeddings, alternating local/global
attention, long-context training, and efficient computation [6]. mmBERT applies
ModernBERT principles to multilingual pretraining and covers more than 1,800
languages [15]. In this third family, position is encoded by rotating Q and K rather than
by adding an absolute embedding or constructing a separate relative-position vector.
Morphological and multiscale representations

CharacterBERT replaces subword lookup with a character-CNN representation
while retaining the BERT encoder [9]. CANINE is a tokenization-free character
encoder, while ByT5 processes UTF-8 byte sequences [10,11]. These approaches reduce
dependence on a fixed subword vocabulary, but they do not provide named grammatical
functions such as Case=Acc, Number=Plur, or Voice=Pass as an explicit channel in the
attention score. MAGNet is the closest methodological precedent for agglutinative
languages [7]. It adds a morphological-tag embedding to every morpheme embedding,
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encodes the morpheme sequence with a Transformer, obtains a fine-grained word
vector through intra-word attention pooling, and combines this vector with a coarse-
grained word representation through a gate. The authors report consistent improvements
over strong baselines for dependency parsing and NER in Mongolian and Turkish; their
ablations support the complementary roles of morphological tags and whole-word
modeling. These results demonstrate the effectiveness of explicit morphology and
provide a methodological basis for moving the morphology signal into the Q, K, and V
stages of attention computation.

Table 1. Relation between prior work and the proposed mechanism.

Direction Iniection point Result or Difference from Morph-
J P contribution QKV
. Monolingual .. .
Tokenizer Vocabulary and tokenizers hel No explicit grammatical
analysis [8] subword segmentation P channel in attention logits

across many settings

CharacterBER Character- or byte- Open-
T/CANINE/B level input Y vocabulary/tokenizati
yT5[9-11] p on-free modeling

Grammatical functions
remain latent

Improved parsing

Morpheme encoder, Native QKV score remains

MAGNet 7] ooling, gated fusion and NER for unchanged
P &8 Mongolian/Turkish &

LISA [13] Syntactic supervision | Improved semantic | Syntactic parent attention, not
for one head role labeling morphological Q/K/V
Token-type-dependent . Word/entity types rather than

LUKE [14] query matrices Improved entity tasks lemma/affix/FEATS

Morph-QK'V M2M, C2M, M2C, and | Proposed new One morphology-routing

morphology Value Morph-QKYV model | principle for three families

Linguistic information inside attention

LISA trains one attention head to attend to a token’s syntactic parent,
demonstrating that linguistic supervision can modify attention routing [13]. LUKE uses
type-aware query matrices for word and entity tokens, showing that token-type-
dependent attention projections can improve entity-centered tasks [14]. Relative-
position attention [16] and RoPE [17] further demonstrate that structured pairwise
signals can be represented in Q/K computations.

Prior work demonstrates that adding structured signals to attention routing can
improve downstream behavior. At the same time, a common set of M2M, C2M, and
M2C interactions derived jointly from lemma, root, POS, affixes, and FEATS has not
been studied systematically across BERT, DeBERTa, and ModernBERT attention
families.

Research Methodology
Notation and conventional QKV. Assume that a sentence is split into subwords and
that the input to layer 1is
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For each attention head, the content projections are
= O = O - O

) )

where , * and , X Forabase encoder with =
768 and 12 heads, = 64.
Softmax 1s computed independently for every query row:
exp
z =1 eXp ( ) ’

=1

Here isthe scaled and masked attention logit. Queries and keys determine where
and how strongly a token attends; values determine what information is transmitted from
the selected tokens. Common morphological representation

For every word or MWE unit, the model receives information that is available at
inference time:

= (B I ) ):
where € is the lemma, the stem/root, the POS tag, = 4,.., an

ordered affix sequence, and  a bundle of grammatical features. The syntactic BIO
target and gold dependency labels are not included, because doing so would cause label
leakage.

Order-sensitive affix pooling is defined by

= )+ ()
exp tanh( )

2 _,exp tanh -1

The final morphology vector is
=LNC [ ) C) CX» ;5 I+ )
=[] 4., | X is aligned with the subword sequence. When a word is
split into several subwords, its morphology vector is broadcast to the associated pieces;
task loss can be computed only on the first subword.
Dedicated morphology projections are

) )

The three pairwise interactions are
M2M = )

C2M = , M2C = :

M2M models morphological compatibility between two tokens; C2M matches a
contextual content demand against another token’s morphology; M2C uses a
morphology-conditioned query to retrieve contextual content. The value stream is
enriched by

= +
, , ,  are non-negative learnable coefficients. A parameterization
suchas = softplus( ) allows the model to learn the contribution of every
interaction.
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Model 1: BERT (Tahrirchi-BERT) Original BERT attention
Tahrirchi-BERT belongs to the conventional BERT architecture. Its original per-
head score is

_l_
= softmax —— , = )

where i1s the padding mask. Learned absolute-position embeddings have
already been added to  before attention. Proposed MA-BERT
o=+ M2M + C2ZM + M2C .

= (A+ 2% +2 +2)+,

+
= softmax , =

If every equals one, the simplified denominator is 4 . The gate-aware is
preferable for initializing the model near its pretrained behavior while controlling the
variance introduced by the new score components.

Model 2: DeBERTa (mDeBERTa-v3-base)Original DeBERTa disentangled attention

DeBERTa separately computes content and relative-position interactions:

= + G)y T

2 2 2
+
= softmax ————— , =
3
(, ) denotes the clipped relative-position index between tokens.
Proposed MA-DeBERTa

= + M2M + C2M + M2C .

= B+ 2 +2 +2)+,

_|_
= softmax , =

When every equals one, the simplified denominator is 6 . The native C2C,

C2P, and P2C pathways remain unchanged; morphology is introduced as a third explicit

information source.

Model 3: ModernBERT (mmBERT-base). Original RoPE local/global attention
ModernBERT rotates queries and keys according to token position:
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= softmax —+ O, =

O assigns oo to pairs outside the window in a local layer and zero to permitted
pairs in a global layer. The native local-window/global-layer schedule of mmBERT-

base is retained.
Proposed MA-ModernBERT
The same position-dependent rotation is applied to morphology queries and keys:

)

T = + + +

= A+ 2 4+ 2 4+ 2)+,

= softmax ——+ O , To= B

Values are not rotated and the local/global mask remains unchanged. The
modification therefore introduces morphological compatibility only among token pairs
permitted by the native sparse-attention pattern.

Morph-QKV: morphology-aware attention across three Transformer families

Native attention is preserved; explic y is introduced through dedicated Q/K/V projections and learnable gates v Mophiokv. [ o

(a) Shared representations

PR Contast otates Content projections Position handling Preserved
H g gnxd QF =HW§, K®=HWg, V< =HW{ absolute - relative - RoPE by family
G — -
et Explicit features Morphological encoder Dedicated projections L. Learnable gates
:»;”1'7.-.' d affi e "Clj;x,‘-.):zf M, = LN(Wyl L; R;; Pi; Aj; G, + bu) Q7 =MWg, K™ =MW, V™ =MW] Aume Acw Auc, Ay 2 0
+
(b) Per-head attention-score construction
ATTENTION FAMILY NATIVE SCORE S MORPH-QKV ADDITION COMBINED
BERT [ c2c } + MuM2M + AcuC2M + Auc2C W — { shus ‘
Tahrirchi-BERT (
J N J
DeBERTa [ C2C +C2P + P2C ] + NM2M + AcuC2M + AucM2C W 3 { G
’ o L J C J
r P ~
ModermBs ERT L RoPE(C2C) J + ROPE(AuuM2M + AcuC2M + AucM2C) W - G
ERT-base |
( P
v
(c) C nor ization and value aggr i
- 2
. . MA _ MA
;= softmax; (55 + M%) ‘ — ( VM=V +AV] W — o} ‘Za.,v, J
L )
TARGET NLP APPLICATIONS
e N \ r \
Dependency parsing ‘ Morphological analysis ‘ Semantic analysis 1 Other NLP tasks
@ g X ) L J

ed Morph-QKV model: explicit iilies for agglutinative-language NLP.

Figure 1. Proposed Morph-QKV model across three attention families.

Analysis and Results
The architectural analysis establishes the mathematical integration of Morph-QKV

into three native attention families, identifies the preserved and modified components,
and specifies its expected advantages for NLP tasks. The proposed Morph-QKV model
supports improved accuracy through five mechanisms:

http://khorezmscience.uz 22
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1. Complementing implicit knowledge with explicit signals. A pretrained
encoder may learn morphology indirectly; Morph-QKV makes grammatical categories
separate and controllable.

2. Reducing subword-morpheme mismatch. A word-level morphology
vector supplies the same grammatical anchor to all associated subword pieces.
3. Strengthening grammatical compatibility under flexible word order.

Case and agreement features may support long-distance relations when content alone is
ambiguous.

4. Enriching both routing and transmitted information. Q/K modify where
attention is directed, while modifies what linguistic content is retrieved.
5. Safe adaptation through gates. The model may reduce for unreliable

features and increase it for useful interactions.

Table 2. Comparative description of original and proposed attention mechanisms.

Model Original Added Preserved native
. Expected advantage
family score components property
BERT Affixes and
. M2M + C2M + | Absolute-position | grammatical features
(Tahrirchi- C2C ) )
M2C; embeddings may sharpen token-
BERT) .
to-token routing
Content, position,
DeBERTa C2C+C2P+ |[M2M +C2M + | Disentangled and morphology may
(mDeBERTa- ) . ..
pP2C M2C; relative position act as separate
v3-base) . .
information sources
Morphological
N B
ModernBER | RoPE(C2C) ROPE(M2M-+C2 | RoPE and sparse rqutmg may operate
T (mmBERT- | local/global within native short-
M+M2C); local/global pattern
base) mask and long-context
connectivity

These advantages are supported by the morphology gains reported by MAGNet
[7], linguistically informed attention in LISA [13], type-aware projections in LUKE
[14], and the documented difficulty of morphologically complex inputs [12]. Morph-
QKYV extends these directions by injecting morphological signals directly into the Q,
K, and V computations of three attention families.

Discussion

The main novelty is not the construction of a morphological embedding by itself;
prior work already provides such representations. The proposed contribution is the
architecture-specific integration of a common M2M, C2M, M2C, and principle into
pre-softmax token-to-token routing in three native attention geometries.

The BERT variant is the simplest control because its new terms are added directly
to conventional . DeBERTa provides a suitable host because content and relative
position are already separated, allowing morphology to become a third disentangled
source. ModernBERT is the most demanding engineering case: morphology Q/K must
receive the same RoPE transformation while local/global masking and computational
efficiency remain intact. Four risks accompany the expected benefits. First, errors from
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an automatic morphological analyzer enter attention directly. Second, additional
parameters can increase overfitting. Third, a custom score may not be compatible with
an existing fused kernel such as FlashAttention. Fourth, explicit morphology may
duplicate information already encoded in contextual content and yield no measurable
benefit. Future evaluation therefore requires more than a baseline-versus-full-model
comparison. Required ablations include removing M2M, C2M, M2C, or  ; POS-only
and affix+FEATS-only variants; shuffling morphology within each sentence; predicted
versus gold morphology; and late output concatenation versus QKV injection. The
shuffled-morphology control is particularly important because it distinguishes linguistic
alignment from generic gains caused by additional capacity.

Conclusion and Recommendations

This paper proposed an enhanced Morph-QKV model that transforms lemma,
stem/root, POS, affixes, and grammatical features of agglutinative languages into
dedicated morphological Q, K, and V vectors and integrates them into three Transformer
encoder attention families. Original and modified equations were provided separately
for BERT (Tahrirchi-BERT), DeBERTa (mDeBERTa-v3-base), and ModernBERT
(mmBERT-base). Because prior work demonstrates the value of explicit morphology
and linguistically informed attention, the proposed model may enable higher accuracy
on NLP tasks in agglutinative languages, including syntactic dependency parsing,
morphological analysis, semantic analysis, and related tasks. In future work, it is planned
to train the models based on this idea and demonstrate improvements in their accuracy.
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Annotatsiya. Ushbu sharh maqolasida texnik selenni tozalash
texnologiyalarining zamonaviy holati va rivojlanish istigbollari ilmiy adabiyotlar
asosida tahlil qilingan. Vakuum distillatsiyasi, fraksion kristallanish, zonali
tozalash hamda oksidlash, sublimatsiya, eritish va qaytarishga asoslangan
kombinatsiyalashgan usullarning fizik-kimyoviy asoslari va texnologik
imkoniyatlari ko‘rib chiqilgan. Mazkur usullar aralashmalarni ajratish selektivligi,
mahsulot tozaligi, selenning ajratib olish darajasi va sanoat miqyosida qo‘llash
imkoniyatlari bo‘yicha qiyosiy baholangan. Tozalash samaradorligi boshlang‘ich
xomashyoning tarkibi, aralashmalarning kimyoviy shakli va jarayon sharoitlariga
bog‘ligligi yoritilgan. Mahsulotning tozalik darajasi va selenning ajratib olish
darajasini alohida baholash, shuningdek, analitik aniqlash chegaralarini hisobga
olish zarurligi ta’kidlangan. Istigbolli tadqiqot yo‘nalishlari sifatida o‘zaro
to‘ldiruvchi tozalash bosqichlarini birlashtirish, moddiy va energetik balanslarni
aniqlash hamda tajriba-sanoat sinovlarini kengaytirish taklif etilgan.
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Texnologiyalarning energiya tejamkorligi va ekologik afzalliklarini teng mahsulot
sifati sharoitida o‘lchangan ko‘rsatkichlar bilan asoslash zarurligi ko‘rsatilgan.
Kalit so‘zlar: texnik selen, yuqori tozalikdagi selen, vakuum distillatsiyasi,
fraksion  kristallanish, zonmali tozalash, kombinatsiyalashgan tozalash,
aralashmalarni ajratish, ajratib olish darajasi, energiya samaradorligi.

AnHOTanusa. B o0030pHON cTaTbe Ha OCHOBE HAy4YHBIX MyOIUKaIMil
MpOaHaJIM3UPOBAHBl COBPEMEHHOE COCTOSIHUE M TEPCHEKTHBBI  Pa3BUTHUS
TEXHOJIOTUH OYMCTKU TEXHUYECKOTo celieHa. PaccMoTpeHsl (pU3UKO-XUMHUUYECKUE
OCHOBbl U  TEXHOJIOTUYECKHE BO3MOXKXHOCTHM BaKyyMHOW JUCTUIUISIINH,
(paKkIMOHHOW KPUCTAJUIM3AlMH, 30HHOM OYMCTKM H KOMOWHHPOBAHHBIX
IPOIIECCOB,  BKJIOYAKOIIMX  OKHUCJICHHE, CyOIuManuio, pacTBOPEHHE W
BOCCTAHOBJICHHWE. BpINMoOIHEHAa CpaBHUTENIbHAs OIEHKAa paccMaTPUBAEMbIX
MIOJIXO/IOB IO CEJICKTUBHOCTU OTJIEJICHUS IPUMECEH, YUCTOTE MPOAYKTa, CTSIICHH
M3BJICUCHHS CEJIeHa W BO3MOKHOCTSM IPOMBINUIEHHOTO mpuMeHeHus. Ocoboe
BHUMAaHUE YJCJICHO BIMSHUIO COCTaBa MCXOIHOTO CHIPhS, XUMHUUYECKUX (HopMm
npuMeceld W YCIOBUM TPOBENCHHS MPOIECCOB Ha 3(PPEKTUBHOCTh OYHCTKH.
[ToquépkHyTa HEOOXOIUMOCTD Pa3IeIbHON OIIEHKH YUCTOTHI MMPOAYKTA U CTCTICHU
M3BJICUCHUS CEJICHA, a TAKXKE YuéTa MPeAesiOB aHATUTUYECKOTr0 OOHAPYKEHUS TIPU
MHTEpIpEeTali OMyOJIMKOBAHHBIX PE3yJbTaTOB. B KadecTBe MEPCIEKTUBHBIX
HaIpaBJIEeHUN MPEIOKEHBI MHTETPALIHS B3aMMOIOTIOTHSIOMIUX CTaAUN OYHUCTKH,
COCTaBJICHHE MaTEePHUAJIbHBIX M SHEPTeTUUECKUX OAIAaHCOB M PACIIMPEHHUE OTBITHO-
MPOMBINIUICHHBIX ~ HcmbITaHui. [loka3zaHa HEOOXOAUMOCTh IOATBEPKICHUS
SHEProdPPEeKTUBHOCTH U DKOJOTMYECKUX  MPEUMYLIECTB  TEXHOJOTHI
M3MEPCHHBIMH ITOKA3aTEIISIMH IPU COTIOCTABUMOM KaueCTBE KOHEYHOTO MPOAYKTA.

Knroueevie cnoea: mexnuueckuli cenem, celeH 6blCOKOU YUCHOMbL,
BAKYYMHASL OUCMULIAYUS, DPAKYUOHHAS KPUCMALIU3AYUSL, 30HHASL OYUCTKA,
KOMOUHUPOBAHHASL OYUCMKA, OmOeleHUe npumecell, Cmenetsb U3eleueHUs CelleHd,
9HEP203IPPeKMUBHOCMb.

Abstract. This review examines the current status and future prospects of
technical-grade selenium purification technologies based on published scientific
literature. The physicochemical principles and technological capabilities of
vacuum distillation, fractional crystallization, zone refining, and combined
processes involving oxidation, sublimation, dissolution, and reduction are
discussed. These approaches are comparatively assessed in terms of impurity
separation selectivity, product purity, selenium recovery, and potential for
industrial application. Particular attention is given to the effects of feed
composition, impurity speciation, and operating conditions on purification
performance. The review emphasizes the need to distinguish product purity from
selenium recovery and to account for analytical detection limits when interpreting
reported results. Proposed research priorities include integrating complementary
purification stages, establishing material and energy balances, and extending pilot-
scale validation. Energy efficiency and environmental advantages should be
substantiated through measured performance indicators at equivalent product
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quality. The analysis provides a framework for selecting and developing
purification routes suited to specific feed materials and product requirements.

Key words: technical-grade selenium, high-purity selenium, vacuum
distillation, fractional crystallization, zome refining, combined purification,
impurity separation, selenium recovery, energy efficiency.

Introduction

Selenium purification is an important component of the comprehensive
processing of copper metallurgical by-products. Commercial selenium is recovered
primarily during copper electrorefining, where it accumulates in anode residues.
Consequently, improvements in selenium refining can increase the value obtained from
existing metallurgical resources and strengthen the integration of minor-element
recovery into copper production. The conversion of technical-grade selenium into a
product suitable for advanced applications requires effective control of residual
impurities. Research on selenium photovoltaics illustrates the relevance of material
quality: Nielsen et al. identified the optoelectronic quality of selenium films as a
limitation to device performance. Although bulk chemical purity alone does not
determine semiconductor performance, this finding provides a broader motivation for
improving purification and subsequent material processing. Several approaches have
been investigated for selenium refining, including vacuum distillation, fractional
crystallization, zone refining, and processes combining chemical conversion with
thermal separation. These methods exploit different properties of selenium-containing
systems: volatility differences, impurity partitioning during solidification, and changes
in chemical form. Their effectiveness therefore depends on the feed composition and the
required product specification. Published results demonstrate the potential of different
routes. Zha et al. reported an increase in selenium purity from 99.4% to 99.992% through
three consecutive vacuum-distillation stages. He et al. investigated fractional
crystallization for removing Fe, Pb, and Hg, while Zhang et al. reported the preparation
of 5N selenium through oxidation, atmospheric sublimation, dissolution, and reduction.
These studies provide useful benchmarks, although their results were obtained with
different materials and experimental arrangements. This article presents a focused
narrative review of technical-grade selenium purification. It examines the principal
separation mechanisms, compares selected experimental results, and identifies priorities
for further development. Particular attention is given to the relationship between product
purity, selenium yield, process integration, and the evidence required to substantiate
energy and environmental advantages.

Research Methodology

1. Criteria for evaluating selenium purification. A meaningful assessment of
purification technology should distinguish product purity from selenium recovery.
Purity describes the selenium concentration in the final material, whereas recovery
indicates the proportion of selenium in the feed that reaches the specified product. A
process can produce a highly pure fraction while transferring a substantial amount of
selenium to residues or rejected fractions.

For consistent comparison, selenium recovery can be calculated as:
Rse=MpWse o/ MWSe x100%,
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where m, and m¢ are the product and feed masses, respectively, and wse, and
Wses are their selenium mass fractions. Purity designations also require careful
interpretation. On a mass-fraction basis, 3N, 4N, and 5N correspond to 99.9%, 99.99%,
and 99.999% purity, respectively. These values represent total impurity allowances of
1000, 100, and 10 mg/kg. However, a reported purity must be interpreted together with
the analytical coverage, detection limits, and treatment of unmeasured constituents.

Accordingly, this review proposes that process comparisons include feed

composition, final impurity concentrations, recovery, batch size, processing time, and
specific resource consumption. These parameters are necessary to determine whether a
purification result is technically reproducible and economically relevant.
2. Vacuum distillation. Vacuum distillation separates selenium from impurities through
differences in volatility under reduced pressure. Its performance depends on
temperature, pressure, impurity chemical form, and the efficiency of vapor transport and
condensation. Zha et al. purified metallurgical-grade selenium through three consecutive
vacuum-distillation stages on a laboratory scale. The reported product purity was
99.992%, compared with an initial purity of 99.4%. Their evaporation measurements at
523 K and approximately 4 Pa provided kinetic information relevant to process design.
The study also used inductively coupled plasma mass spectrometry to examine residual
impurities. These findings support the feasibility of staged vacuum purification, while
remaining specific to the investigated feed and equipment.

Mechanical transport can also affect condensate quality. Volodin et al.
investigated the removal of droplet suspensions from selenium vapor during vacuum
refining and developed an arrangement based on inertial separation. Their work
highlights a practical limitation: impurities can reach the product through entrained
droplets even when their equilibrium volatility is low. Vapor-path design and droplet
capture therefore deserve attention alongside thermodynamic calculations. 6: Volodin et
al., 2025. For future development, vacuum-distillation studies should report the
distribution of selenium and impurities among all condensate fractions and residues.
This would help establish the relationship between separation selectivity, product yield,
and the number of required stages.

3. Fractional crystallization. Fractional crystallization exploits differences in impurity
concentration between solid selenium and the surrounding melt. Its separation principle
can be expressed through the equilibrium distribution coefficient:

ki=Cis/Ciy,

where Cisand Cj represent the concentrations of impurity ii in the solid and liquid
phases. For k<1, the growing solid preferentially rejects the impurity into the remaining
liquid. He et al. investigated a rotating, internally gas-cooled crystallizer. They reported
an appropriate crystallization temperature of 222 °C and an increase in selenium purity
from 99.9% to above 99.997%. The reported removal rates were 97.63% for Pb, 96.28%
for Fe, and 28.70% for Hg, with a direct selenium yield of 92.5%. These results
demonstrate strong impurity-dependent selectivity: effective removal of Fe and Pb did
not imply comparable removal of Hg. 4: He et al., 2023

This difference suggests that fractional crystallization should be selected
according to the impurity profile. Its integration with another separation stage is a
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reasonable research direction when the residual impurity is poorly rejected during
solidification.
4. Zone refining. Zone refining is another solidification-based purification method. A
localized molten zone moves through a solid charge, redistributing impurities according
to their partitioning between the solid and liquid phases. Repeated passes can
concentrate rejected impurities in a limited section of the material.

Burger et al. investigated selenium purification by zone refining, with particular

attention to copper removal. Their study establishes a selenium-specific experimental
basis for this approach. The practical assessment of zone refining should consider the
number of passes, zone travel rate, retained product fraction, and contamination from
the processing environment. For industrial selection, the relevant question is whether
the additional purification achieved justifies the processing time and material rejected.
In this review, zone refining is therefore considered a candidate for final purification
where stringent impurity limits warrant additional treatment.
5. Chemical conversion combined with thermal separation. Chemical conversion
offers an additional means of controlling separation behavior. Instead of relying
exclusively on the properties of elemental selenium and its original impurities, a process
can transform the material into compounds that are more readily separated.

Zhang et al. investigated a sequence comprising oxidation, atmospheric
sublimation, dissolution in water, and reduction. The authors reported laboratory testing
with 50 g of crude selenium dioxide and a semi-industrial experiment at a 50 kg scale.
The resulting selenium met the reported SN specification for the fourteen impurities
evaluated, and direct selenium yield exceeded 97%. 5: Zhang et al., 2024

This result demonstrates the potential of a combined chemical and thermal route
beyond a small laboratory batch. However, the assessment of such a process should
include reagent consumption, solution handling, washing requirements, and the
management of impurity-bearing streams. Atmospheric operation alone does not
establish a lower overall environmental impact.

Analysis and Results

The following table summarizes reported outcomes. It is not a direct ranking
because feed purity, impurity composition, scale, and analytical methods differ between
studies.

Purification route Reported feed or experimental | Reported Yield

basis product quality | information
Three-stage vacuum 99.4% selenium; laboratory 99.992% Se Not specified
distillation experiments in the abstract

examined

Fractional crystallization 99.9% selenium; rotating cooled | Above 92.5% direct

crystallizer 99.997% Se yield
Oxidation—sublimation— Laboratory and 50 kg semi- Reported 5N Above 97%
dissolution—reduction industrial experiments specification direct yield

Future research priorities
The reviewed evidence supports several directions for further investigation.
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First, purification sequences should be designed around measured impurity
profiles. Combining crystallization with vacuum treatment is a plausible research
strategy because these operations use different separation mechanisms. The preferred
sequence and operating conditions must nevertheless be established experimentally.

Second, scale-up studies should examine repeated operation. Product consistency,
equipment contamination, residue accumulation, and maintenance requirements are
important to sustained performance.Third, analytical reporting should include individual
impurity concentrations, detection limits, and uncertainty. This would make nominal
purity values more useful for comparing studies and assessing suitability for specific
applications. Finally, process optimization should address purity, recovery, and resource
consumption simultaneously. The research objective should be to obtain selenium that
consistently meets its intended specification with a well-characterized material and
energy balance.

Conclusion and Recommendations

The selected literature demonstrates that technical-grade selenium can be
upgraded through vacuum distillation, fractional crystallization, zone refining, and
combined chemical-thermal processing. These routes provide different separation
mechanisms, making their suitability dependent on the composition of the starting
material. Experimental studies report substantial purification improvements, including
99.992% selenium after staged vacuum treatment and above 99.997% after fractional
crystallization. A combined oxidation—sublimation—dissolution—reduction route has also
been demonstrated at semi-industrial scale with a reported 5N product specification.
These outcomes establish useful benchmarks, but differences in feed material, analytical
coverage, and yield definitions prevent an unconditional ranking of the technologies.

Future development should prioritize impurity-specific process integration,
reliable analytical verification, and repeated pilot-scale testing. Claims of energy
efficiency and environmental superiority should be supported by complete mass
balances and measured resource consumption. Such an approach would provide a
stronger basis for selecting selenium purification technologies for industrial
implementation.
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Annotatsiya. Ushbu maqolada oltin saqlovchi flotatsion konsentratlarni
quyultirish va tiniqlashtirilgan texnologik suvni gayta olish usullari ilmiy
adabiyotlar asosida qiyosiy tahlil gilingan. An’anaviy va yuqori unumdorlikdagi
quyultirish,  flokulyatsiya sharoitlarini hamda ta’minlash kamerasining
gidrodinamikasini optimallashtirish, cho‘kma gatlamini zichlashtirish, lamelli
tiniglashtirish  va  superabsorbent polimerlar yordamida suvsizlantirish
yondashuvlari ko‘rib chiqgilgan. Texnologiyalar quyi mahsulotdagi qattiq faza
miqdori, qimmatli zarrachalarni ushlab qolish, suvni qayta olish darajasi, quyilma
tiniqligi, reagent sarfi va keyingi texnologik jarayonlarga muvofiqligi bo‘yicha
baholangan. Oltin qayta ishlash mahsulotlarida olingan natijalar boshga mineral
suspenziyalar bo‘yicha tadqiqotlardan ajratilgan hamda ularni amaliyotga tatbiq
etish chegaralari muhokama qilingan. Adabiyotlar tahlili texnologiyani faqat
cho‘kish tezligi yoki quyi mahsulot zichligiga asoslanib tanlash yetarli emasligini
ko‘rsatadi. Samarali yechimni aniglash uchun mineralogik tarkib, zarrachalar
yirikligi, suv kimyosi, pulpa reologiyasi va oltinning oqimlar bo‘yicha
tagsimlanishini kompleks baholash zarur. Tiniglashtirilgan suvning qayta
foydalanishga yaroqliligini texnologik sinovlar bilan tasdiglash hamda tanlangan
usullarni bir xil xomashyo asosida uzluksiz rejimda taqqoslash tavsiya etilgan.
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Kalit so‘zlar: oltin saqlovchi flotatsion konsentrat, quyultirish, flokulyatsiya;
qattig—suyuq fazalarni ajratish; tiniglashtirilgan texnologik suv, lamelli
tiniglashtirish; superabsorbent polimerlar, pulpa reologiyasi; suvni qayta
ishlatish, adabiyotlar tahlili

AHHoTanus. B cTaThe mpeAcTaBiI€H CPaBHUTEJBHBIM AHAIW3 TEXHOJIOTHM
CTYIICHHUS 30JI0TOCOMEPKAMUX (IOTAMOHHBIX KOHIIEHTPATOB WM W3BIICYCHUS
OCBETJIIEHHOM TEXHOJOTMYECKOW BOABI HAa OCHOBE HAay4YHOM JUTEpaTyphl.
PaccMOTpeHbl  TpaguIIMOHHOE UM BBICOKOIPOW3BOAMTEIBHOE  CTYIIEHUE,
ONTUMM3AIUS yCIOBUN (GIIOKYISIUA W THAPOJWHAMUKH THTAIONICH KaMmephl,
VIUIOTHEHUE CJIOS OCaJika, TOHKOCIOWHOE OCBETICHHUE M OO0E3BOKMBAHUE C
NPUMEHEHHEM CyIepabcopOUpYyIONIMX MOMUMEPOB. TEXHONIOTHMH OLIEHEHBI TI0
Collep)KaHMIO TBEPAOW (pa3bl B CTyIIEHHOM TMPOAYKTE, YACPKAHUIO IIEHHBIX
YaCTHII, CTENICHU U3BJICYEHUsS BOJIbI, IPO3PAYHOCTH CIIMBA, PACXOJIy PEareHTOB U
COBMECTHMOCTH C TIOCTEAYIOIUMHA TEXHOJIOTHUYSCKIMHU OTepanusMu. Pe3ynbrarsl,
MOJTy4YE€HHBIE HEMOCPEACTBEHHO Ha MPOJIyKTax MepepaboTKU 30JI0TOCOACPKAIIETO
CBIPBS, OTJIEJICHBI OT JAHHBIX MO IPYTUM MUHEPAJIbHBIM CYCIIEH3USIM; 00CYKIEHbI
OTpaHUYEHUS UX TEPEHOCa B IMPOMBIIUICHHBIE YCIOBUS. AHAIHU3 JIUTEPATYpPHI
MOKAa3bIBAET, YTO BBHIOOP TEXHOJIOTMH UCKIIOUYUTEIHHO IO CKOPOCTH OCaXKICHHS
WIM TUIOTHOCTH CTYMEHHOTO TPOJAYKTa HEAOCTaTOYHO oOocHOBaH. Jlms
onpeznenenuss S(PPEKTUBHON cXeMbl HEOOXOJMMa KOMIUIEKCHas  OLIEHKa
MUHEPAJIBHOTO COCTaBa, PACHpPENeSICHUs YAaCTHI[ MO KPYIMHOCTH, XUMUYECKOTO
COCTaBa BOJIBI, PEOJIOTHYECKUX CBOWCTB MYJIBITBI M PACIIPEACIICHUS 30JI0Ta MEXKTY
TEXHOJIOTUYECKUMH  TOTOKaMU. PEKOMEHJOBaHbI MPOBEPKA MPHUTOJHOCTU
OCBETJIEHHOM  BOJBI  JUIsi  MOBTOPHOTO  KCIOJB30BAHUS ~ MOCPEICTBOM
TEXHOJIOTUYECKUX WCTBITAHUA W CpPaBHCHHE albTEPHATHBHBIX METOJIOB Ha
OJIMHAKOBOM HMCXOJHOM MaTepuajie B HEMPEphIBHOM pexkume. [IpencraBieHHbIH
aHaim3 (GOPMHUPYET OCHOBY IS BBIOOpA PEIICHUN, COUYETAIONINX HM3BIICUCHHE
KOHIIEHTpaTa ¢ 3()(PEKTUBHBIM YIPABICHHEM 00OPOTHON BOJIOM.

Knrwoueesvle cnosa: 3onomocodepocawui  GrLomayuoHHblil  KOHYEHmMpam,
ceywenue, (QroKyrayus;, pazoeieHue meepool U HCUOKOU a3z, oceemiénHasl
MmexHoIo2u4eckas  800da;  MOHKOCIOUHOe  OcC8emilieHue,  cynepabcopoupyroujue
nOAUMEPDL; Peoio2usi NYibnsl;, HOBMOPHOE UCHONb308AHUE BOObI.

Abstract. This article presents a comparative literature review of technologies
for thickening gold-bearing flotation concentrates and recovering clarified process
water. The approaches examined include conventional and high-rate thickening,
optimisation of flocculation conditions and feedwell hydrodynamics, sediment-bed
consolidation, lamella clarification, and superabsorbent-polymer-assisted
dewatering. Technologies are assessed in terms of underflow solids concentration,
valuable-particle retention, water recovery, overflow clarity, reagent consumption,
and compatibility with downstream processing. Findings obtained directly from
gold-processing materials are distinguished from evidence concerning other
mineral suspensions, and the limitations of transferring these results to industrial
applications are discussed. The review indicates that settling velocity or underflow
density alone cannot provide a sufficient basis for technology selection. Identifying
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an effective treatment configuration requires an integrated assessment of
mineralogy, particle-size distribution, water chemistry, slurry rheology, and gold
partitioning between process streams. Clarified-water suitability for reuse should
be verified through process-specific testing, while alternative separation methods
should be compared using the same feed material under continuous operating
conditions. The analysis provides a basis for selecting and validating separation
arrangements that combine concentrate recovery with effective process-water
management.

Key words: gold-bearing flotation concentrate; thickening; flocculation;
solid-liquid separation; clarified process water; lamella clarification;
superabsorbent polymers; slurry rheology; water reuse; literature review.

Introduction

Solid-liquid separation connects mineral concentration, downstream extraction,
and process-water management. In gold-processing circuits, thickening must produce a
concentrate suitable for subsequent treatment while limiting the transfer of valuable fine
particles into the overflow. Industrial thickener development has therefore addressed
both solids concentration and water clarification through improvements in equipment
configuration, flocculation, and process control. FLS, Thickeners and Water
Stewardship.

The separation behaviour of gold-bearing flotation concentrates can be
particularly challenging. Joseph-Soly et al. (2020), investigating refractory gold-
processing slurries, described a circuit in which flotation concentrate was thickened
from approximately 30 to 50 wt.% solids before storage and bio-oxidation. Conventional
settling of the investigated fine slurries was associated with slow separation and
insufficient supernatant clarity. These observations illustrate the importance of
evaluating dewatering performance for the actual material and processing stage.

An assessment based exclusively on underflow solids concentration provides an
incomplete description of process efficiency. A useful comparison must also consider
overflow quality, solids capture, water recovery, reagent demand, slurry handling, and
compatibility with downstream operations. Increasing the concentration of a valuable
product is beneficial only if the resulting stream remains suitable for transport and
treatment and if solids losses remain acceptable.

This article presents a focused narrative review of conventional and enhanced
thickening, feedwell optimisation, inclined-plate clarification, and superabsorbent-
assisted dewatering. It distinguishes evidence obtained directly from gold-processing
materials from findings established in other mineral or sediment systems. Its purpose is
to identify the conditions under which each approach may be useful and to establish a
defensible basis for comparative testing.

Research Methodology
1. Review scope and assessment approach

The review draws on selected experimental publications, a primary research
thesis, and manufacturer technical information. Searches addressed gold-concentrate
dewatering, thickener feedwell design, sediment-bed drainage, lamella clarification, and
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process-water recycling. The work is a narrative synthesis rather than a systematic
review or statistical meta-analysis.

The reviewed technologies do not all perform the same function. Some principally
increase solids concentration; others improve clarification or recover water through a
different separation mechanism. Consequently, their reported efficiencies cannot be
ranked without considering feed characteristics, operating conditions, and measurement
definitions.

The comparison uses five criteria: concentration of the recovered solids, retention
of valuable particles, quality and quantity of recovered water, operational requirements,
and strength of the supporting evidence. Where direct trials on gold-bearing flotation
concentrate are unavailable, the proposed application is identified as an engineering
inference requiring verification.

2. Settling behaviour and the distinction between thickening and clarification

Particle settling provides the physical basis of gravity separation. Under dilute
conditions, the terminal velocity of an isolated spherical particle in the Stokes regime is
expressed as:

vs= (ps—p1)gd*/18u

where vs is settling velocity, ps and p are particle and liquid densities, pi 1s particle
diameter, g is gravitational acceleration, and u is liquid viscosity. The relationship
explains the strong influence of particle size on settling. Its direct application to
concentrated, irregular, or flocculated suspensions is limited by the assumptions of
isolated particles and creeping flow.

Thickening and clarification should therefore be assessed as related but distinct
objectives. The former concerns the concentrated underflow; the latter concerns
particles remaining in the overflow. A rapidly moving settling interface does not, by
itself, establish that fine particles have been captured effectively. Feedwell modelling
has demonstrated that large aggregates can coexist with inadequate fines capture when
portions of the feed receive insufficient contact with flocculant.

For gold-bearing material, this distinction creates an additional analytical
requirement: overflow solids should be assayed for gold. Their economic significance
cannot be inferred from water appearance or suspended-solids concentration alone.

Analysis and Results
3. Conventional and high-rate thickening

Conventional gravity thickeners provide a baseline against which enhanced
processes can be assessed. High-rate systems combine effective aggregation with
equipment designed to accommodate increased throughput per unit area. Their
development reflects the integration of chemical conditioning and improved hydraulic
design. Conventional equipment may also employ flocculants; reagent use alone does
not define the distinction between thickener categories. FLS, Thickeners and Water
Stewardship.

For a specific concentrate, the relevant question is whether an enhanced design
can meet both underflow and overflow requirements under variable feed conditions. A
nominally higher processing capacity should not be interpreted as superior overall
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performance if it increases valuable-solids carryover or produces unstable discharge
conditions.

Comparative trials should therefore maintain a common feed and report dry-solids
throughput, overflow solids, underflow concentration, and reagent consumption
together. This approach avoids favouring equipment merely because its performance
was measured under less demanding conditions.

4. Flocculation and feedwell optimisation

Nguyen et al. (2012) developed a coupled population-balance and computational-
fluid-dynamics model to examine thickener feedwell performance. Their design
separated the functions of incoming-stream energy dissipation and flocculation,
allowing aggregate formation to occur before discharge into a lower-shear environment.
A full-scale installation in platinum processing provided evidence of improved operating
stability, although changing feed conditions complicated quantitative attribution of the
benefits.

The implication for gold-concentrate treatment is that reagent selection and
hydraulic conditions should be investigated jointly. A comparison of flocculants under
one mixing condition may not identify the most effective combination for another
feedwell.

A proposed test programme should vary polymer type, dosage, dilution, addition
point, and mixing intensity while measuring settling, overflow solids, and sediment
consolidation. The preferred condition should satisfy the complete separation objective
rather than maximise a single response.

5. Enhanced bed drainage and dense-underflow production

Research on tailings provides evidence that sediment-bed behaviour can be
modified mechanically. Chen et al. (2020) investigated pore connectivity during deep-
cone thickening using continuous tests and computed tomography. At a feed
concentration of 10 wt.% solids, the reported underflow concentrations reached 58.5
wt.% with shear and 55.8 wt.% without shear under the tested conditions. The study
associated drainage behaviour with changes in the pore network.

These results support investigating bed drainage when initial settling 1is
satisfactory but final concentration remains inadequate. They do not establish a
corresponding concentration increase for gold-bearing flotation concentrate: the
experimental material was tailings.

For concentrate applications, enhanced compression should be evaluated
alongside rheological measurements and the solids requirement of the next operation.
Producing the densest possible underflow is not necessarily an appropriate objective if
additional dilution is subsequently required or if transport becomes more demanding.
This is a process-design inference, not a performance result demonstrated for the
concentrate considered here.

6. Inclined-plate clarification

Lamella settlers increase the available settling surface and shorten the distance
particles travel before collection. Liu et al. (2020) tested synthetic sediment suspensions
at 500, 1,000, and 5,000 mg/L. Their experimental programme demonstrated that
settling distance, residence time, and feed characteristics influenced turbidity reduction.
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This evidence supports considering inclined plates for clarification, but the
tested suspensions were not gold concentrates. A reasonable application to investigate
is treatment of a relatively dilute overflow requiring additional solids removal. Direct
use on concentrated flotation slurry requires separate assessment of solids loading, flow
distribution, and sediment removal.

The comparison should also distinguish clarification from bulk dewatering. A unit
that produces a clearer liquid may still require a separate arrangement for concentrating
and recovering the captured solids.

7. Superabsorbent-assisted dewatering

Joseph-Soly et al. (2020) directly investigated superabsorbent polymers using
refractory gold flotation concentrate, bio-oxidation product, and cyanide-leach residue.
The polymers absorbed more than 94 wt.% of water from dilute slurries within 30
minutes. After 60 minutes, the authors reported 45—-76 wt.% more recovered water than
with gravity settling under their experimental conditions.

The distinction between water absorption and recovery of reusable liquid is
important. An industrial comparison must include polymer separation, regeneration,
water release, and repeated reuse. The reported laboratory improvement should not be
treated as proof of superiority over an optimised continuous flocculant-assisted
thickener.

8. Clarified-water suitability for reuse

Water-recycling performance must be tested within the intended circuit.
Bjorkqvist (2017) conducted ten consecutive flotation cycles using pyrite-bearing
tailings and reused water from the preceding experiment. Grade and recovery remained
broadly stable for the tested material despite the accumulation of chemical species. This
primary study demonstrates that recycling need not impair flotation under all conditions,
while its material-specific results cannot establish universal compatibility.

Accordingly, this review proposes defining recovered-water quality through both
physical and process-response measurements. Suspended solids and turbidity should be
accompanied by water-chemistry measurements relevant to the plant and by flotation or
downstream-treatment tests using the recovered liquid.

“Clarified process water” is therefore the appropriate description for a low-solids
overflow. The expression does not imply that dissolved substances have been removed
or that the water is suitable for every use.

9. Research needs

The selected literature does not provide a controlled comparison of all reviewed
technologies on the same gold-bearing flotation concentrate. This prevents a defensible
numerical ranking.

Future work should use representative concentrate samples and actual process
water, include feed variability, and progress from batch screening to continuous
operation. Measurements should cover gold distribution, water recovery, overflow
solids, underflow rheology, reagent consumption, and downstream performance.

Economic assessment should use a common functional basis, such as cost per
tonne of dry concentrate treated while satisfying defined solids-recovery and water-
quality requirements. For emerging processes, all auxiliary stages should be included in
that boundary.



10. Comparative synthesis

Table 1 presents an interpretive comparison of the reviewed approaches. The
suggested applications are candidates for testing, rather than a universal equipment

ranking.

Table 1. Comparative assessment of separation approaches
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Approach Principal objective Evidence considered Priority in
concentrate-specific
testing
Conventional Bulk water removal Established industrial | Baseline solids capture
thickening and solids practice and concentration
concentration
High-rate Increased processing Industrial technical Throughput at
thickening capacity documentation acceptable overflow
quality
Feedwell Effective conditioning | Modelling and Fines capture under
optimisation and controlled platinum-plant changing feed
discharge application conditions
Enhanced bed Greater sediment Experimental tailings | Underflow
drainage consolidation research concentration and
handling
Lamella Additional suspended- | Synthetic-sediment Overflow treatment
clarification solids removal experiments and solids withdrawal

Conclusion and Recommendations

The reviewed evidence supports treating gold-concentrate thickening as a
combined problem of solids recovery, sediment concentration, and process-water
management. No single reported indicator is sufficient to establish technological
superiority.

Conventional and high-rate thickening provide practical reference -cases.
Feedwell optimisation addresses conditioning and flow distribution, while enhanced bed
drainage targets consolidation. Inclined plates are a candidate for supplementary
clarification, and superabsorbent polymers have shown promising results directly on
gold-processing slurries.

The principal limitation is the absence, within the selected literature, of
comparable continuous trials using the same concentrate. Technology selection should
therefore rely on material-specific testing and complete process balances. The most
effective arrangement will be the one that retains valuable particles, produces a usable
underflow, and recovers water compatible with the receiving process at an acceptable
overall cost.
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Annotatsiya. Magolada intellektualizm insonning borligni anglashida aql va
bilimga bosh o‘rin beruvchi falsafiy pozitsiya sifatida talqin qilinib, uning
shakllanishi, tushunchaviy tuzilishi va bugungi ahamiyati ko‘rib chiqiladi.
Muammo shunday vaziyatda qo‘yiladiki, bunda bilishga to‘sqinlik giluvchi omil
axborot tanqisligi emas, uning haddan ziyodligidir; shu sababli falsafiy jihatdan
inson qancha bilishi emas, bilimni qanday o‘zlashtirishi, tekshirishi va qo‘llashi
muhim. Tadqiqot Aflotun, Arastu, Forobiy, Ibn Sino, Dekart, Leybnits, Kant va
Popper asarlariga tayanadi; tarixiy-falsafiy rekonstruksiya, qiyosiy tahlil,
tushunchalarni farqlash va germenevtik talqin wusullaridan foydalaniladi.
Tadqiqotda aniglandiki, intellektualizm bilimdonlikka tenglashmaydi: uni bilimni
ongli o‘zlashtirish, asosini esa talab qilish, tanqidiy tekshirish va xulosalarni qayta
ko‘rib chiqgishga tayyorlik tashkil etadi.

Kalit so‘zlar: intellektualizm, intellekt, aql, tafakkur, bilim, hagiqat,
ratsionalizm, tanqidiy tafakkur, refleksiya, intellektual madaniyat, erkinlik,
mas 'uliyat, inson kamoloti.

AHHOTanusA. B cTaTthe WHTEUIEKTyalM3M  pacCMaTpuUBaeTCsS  Kak
dunocodckas Mo3uKA, OTBOAAIIAS pa3yMy U 3HAHUIO T[JIABHOE MECTO B
MOCTH)KCHUHU YEITOBEKOM OBITHS; IPOCIICKMUBAIOTCS €T0 CTAHOBJICHUE, TOHATHITHAS
CTPYKTypa M coBpeMeHHOe 3HaueHue. [Ipobiema ctaBUTCS B CUTyaluH, Korja
MO3HAHKWE 3aTPYJIHEHO HE HEXBAaTKOW, a W30BITKOM HH(pOpPMAIMH, BBHUIY YETrO
dbumocopckr 3HAUMMO HE TO, CKOJIPKO YE€JIOBEK 3HAET, a TO, KaK OH yCBaWBaeT,
MpOBEPsIET U NIpUMEHsET 3HaHue. MccnenoBanue onupaercs Ha TeKCThI [1maToHa,
Apuctotens, ®apadbu, M1on Cunsl, [ekapta, Jleitonuma, Kanra u Ilonmepa u
UCITIOJIB3YET UCTOPUKO-(DHIOCOPCKYI0 PEKOHCTPYKIIMIO, CPABHUTEIIbHBIA aHAIIN3,
NOHATUWHOE  pasrpaHUYEHUE W TEePMEHEBTHYECKYI0  HMHTEPIPETaIUIo.
VY cTaHOBIIEHO, YTO MHTEIUIEKTYaJIu3M HE CBOJMUTCS K APYIHUILIMH: €r0 00pa3yroT
OCO3HAHHOE YCBOCHHWE 3HAHUS, TPEOOBaHNE OCHOBAHWM, KPUTHYECKAs MPOBEPKA U
TOTOBHOCTH MePEeCMaTPUBATH BBIBO/IBI.

Knroueesvle cnosa: unmenniekmyaniusm, UHMENLIEKM, pPA3yM, MblllleHUe,
3HAHUe, UCMUHA, PAYUOHANUZM, Kpumudeckoe MvluileHue, peiexcus,
UHMEIeKMYAbHAsL KYIbmypa, ¢80000a, OMEemCmMEeHHOCHb, COBEPULEHCMBO
yenosexd.

Abstract. The article interprets intellectualism as a philosophical position that
gives reason and knowledge the leading place in the human comprehension of
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being, and traces its formation, its conceptual structure and its present-day
meaning. The problem is posed in a situation where cognition suffers from the
excess of information rather than its scarcity, so that what matters philosophically
is not how much a person knows but how knowledge is appropriated, examined
and used. The study draws on the primary texts of Plato, Aristotle, al-Farabi, Ibn
Sina, Descartes, Leibniz, Kant and Popper, using historical-philosophical
reconstruction, comparative analysis, conceptual delimitation and hermeneutic
interpretation. It is established that intellectualism is not erudition: it consists in the
conscious assimilation of knowledge, the demand for grounds, critical examination
and readiness to revise conclusions.

Key words: intellectualism, intellect, reason, thinking, knowledge, truth,
rationalism, critical thinking, reflection, intellectual culture, freedom,
responsibility, human perfection.

Introduction

Reason and knowledge have long been regarded as the capacities through which
the human being secures a place in nature and in society. The boundary separating
humanity from the rest of the living world has rarely been drawn along biological lines
alone; it has been sought in the ability to make reality an object of deliberate study, to
look for the causes standing behind events, to plan beyond the immediate situation and
to pass accumulated experience on in symbolic form. Each of these capacities
presupposes an intellectual relation to the world, one in which what is given is not simply
undergone but interpreted and reconstructed in thought. Intellect therefore belongs to
the fundamental problems of philosophy, and not to psychology alone.

Intellectualism names the philosophical recognition of the primacy of reason and
knowledge in this process. Everyday usage narrows the word to erudition or to a large
stock of retained information, and in doing so replaces a qualitative criterion with a
quantitative one.

Taken philosophically, the position concerns the manner in which knowledge is
appropriated: consciously rather than mechanically, with an account of grounds rather
than by deference to authority, and with a real openness to conclusions that were not
prescribed in advance. The urgency of the question has grown with the changed
informational conditions of contemporary life. What once required years of search is
now obtained in seconds, while the labour of verification has become harder and is often
abandoned altogether; contradictory assertions circulate side by side, the line between
an argued judgement and an unsupported opinion is blurred, and much cognitive work
is delegated to systems whose criteria of selection remain invisible. The shortage of
information has ceased to be the principal difficulty. The difficulty is the inability to
distinguish the reliable from the merely plausible, to grasp what an assertion actually
claims and to reach a conclusion that can be defended before others.

The aim of this article is to disclose the philosophical essence of intellectualism,
to reconstruct the main stages of its formation in Eastern and Western thought, and to
determine what it means today. Four tasks follow: to clarify the conceptual content of
intellect; to trace the emergence of the intellectualist principle in antiquity, its
development in the East and its transformation in Modern rationalism; to delimit
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knowledge, thinking and intellect from one another; and to interpret the position
through critical thinking, freedom, culture and responsibility. Its novelty lies in reading
intellectualism as a unity of cognitive and moral dimensions, in which the Eastern and
Western traditions appear as complementary rather than opposed.

Materials and Methods

The study works with primary texts that pose the relation between reason,
knowledge and human perfection directly: the Apology and the Republic of Plato and
the Nicomachean Ethics of Aristotle; the treatise of Abu Nasr al-Farabi on the virtuous
city, the Metaphysics of the Healing of Ibn Sina and the scholarly legacy of Abu Rayhon
Beruniy; the Meditations on First Philosophy of René Descartes and the Philosophical
Essays of Leibniz; Kant’s answer to the question of enlightenment and Popper’s
Conjectures and Refutations. Each of them states explicitly what reason is held to be
capable of and what a conviction must satisfy in order to count as knowledge.

Four procedures are combined. Historical-philosophical reconstruction restores
the order in which the intellectualist principle took shape, so that it appears as a
developing position rather than a series of unconnected opinions. The comparative
method sets the Eastern and Western readings of reason side by side and brings out both
their common core and the difference in the horizon within which each places
knowledge. Conceptual and logical analysis is applied wherever knowledge, thinking
and intellect must be told apart, since much of the confusion surrounding intellectualism
arises from substituting one of these for another; the sources themselves are read
hermeneutically, with attention to the problem that gave rise to each text. Historicism
and objectivity are observed throughout.

The argument moves in three stages: from the concepts to their history, and from
their history to their present significance.

Results
1. The conceptual content of intellect and intellectualism

The term “intellect” derives from the Latin intellectus — apprehension, perception,
and understanding. Even in its original semantic field the word denotes the act of
grasping rather than the storing of what has been received. Philosophically, intellect
signifies the capacity to master reality through concepts: to isolate what is essential in a
phenomenon, to break a problem into its components, to establish dependencies between
events and to reach conclusions that go beyond the given. Intellectualism took shape as
the position acknowledging the special significance of reason in human activity, and its
central thesis can be put in a single proposition: reality is in principle intelligible, and
reason is a reliable, though not infallible, instrument of its disclosure.

Identifying intellectual activity with the accumulation of knowledge is
nevertheless an error, and a persistent one. Someone may retain hundreds of facts and
still be unable to establish the relations between them, to say which is cause and which
consequence, or to derive from what is known a proposition not stated before; however
impressive the store, this falls short of developed thinking. What is decisive is not the
quantity of information but the operations to which it is subjected — analysis and
synthesis, comparison, generalisation, abstraction, argumentation, methodical doubt,
inference. Intellect is precisely the system of capacities that allows these operations to
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be performed, and its growth is measured by the difficulty of the tasks a person can
resolve.

From this follows a further trait. A person of developed intellect does not take
ready-made judgments on trust: he looks for the ground on which a claim rests,
distinguishes what has been demonstrated from what has merely been asserted, and is
prepared to reconsider his own view when new knowledge requires it. Such readiness is
not instability but its opposite, since it presupposes a commitment to truth stronger than
attachment to one’s earlier formulations.

2. The formation of the intellectualist principle in ancient philosophy

The earliest roots of the position lie in ancient Greek thought, where the essence
of being was first explained outside the framework of myth. That transition involved
more than a change of vocabulary: it required that an explanation justify itself before
those who heard it, and that the authority of tradition give way to the force of an
argument. Reason thereby acquired the standing of an independent instrument of
cognition.

Socrates insisted on a firm connection between knowledge and moral perfection,
holding that a person matures spiritually through self-knowledge and that wrongdoing
is inseparable from a defective understanding of the good. His method of question and
answer was never meant to hand a finished truth from teacher to pupil; it was designed
to bring the interlocutor nearer to a truth that no one can receive ready-made.! Two ideas
established here would remain with intellectualism throughout its history.
Understanding cannot be delegated. Moreover, the admission of one’s own ignorance,
far from being a defeat, is the condition under which inquiry can begin at all.

Plato gave this insight a systematic epistemological form, distinguishing
knowledge from opinion and separating the changeable things given to the senses from
the essence apprehended by reason. In the allegory of the cave the prisoner who turns
towards the light undergoes not an addition to what he already possessed but a
reorientation of his whole way of seeing.? Intellectual development is thus a
transformation of the person rather than an enlargement of his store of information.
Aristotle analyzed the same domain more systematically and created the instruments by
which reasoning could be examined in its own right: his logical writings founded the
study of concept, judgment and inference, and established what a demonstration must
satisfy if it is to count as knowledge rather than persuasion. In his ethics, rational activity
stands among the highest human possibilities, and the intellectual virtues prove
indispensable to the perfection of character, since practical wisdom governs the choice
of means and ends in a life that can be called well.’

Antiquity produced no intellectualism in the modern sense, and it would be an
anachronism to look for one there. What it did accomplish was the elevation of the
constitutive ideas — the intelligibility of being, the requirement of argument, knowledge
as achievement rather than transfer, the bond between cognitive and moral perfection —
to the centre of philosophical attention.

!plato. Apology. In: Plato. Complete Works / Ed. J. M. Cooper. Indianapolis: Hackett Publishing, 1997. P. 17-36.
2plato. Republic. Trans. G. M. A. Grube, rev. C. D. C. Reeve. Indianapolis: Hackett Publishing, 1992. Book VII, 514a-521b.
3Aristotle. Nicomachean Ethics. Trans. T. Irwin. Indianapolis: Hackett Publishing, 1999. Book VI, pp. 87—-106.
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3. Reason, knowledge and perfection in the philosophical thought of the East

A history of intellectualism confined to Western philosophy would be seriously
incomplete. The thinkers of the East did not merely preserve the Greek heritage; they
interpreted it, criticized it and set it within a horizon in which the theory of knowledge
was never separated from the doctrine of the good life.

In the philosophy of Abu Nasr al-Farabi reason appears among the capacities that
determine the essence of the human being, and genuine happiness is bound to the joint
operation of knowledge, virtue and reasonable activity. In his account of the virtuous
society, the educated and spiritually mature person is a condition of social progress, so
that the perfection of the individual and that of the community form a single task.* He
does not reduce the development of reason to the gathering of information: knowledge
is to serve the perfection of the self and activity beneficial to others, and it therefore
never stands apart from the moral virtues. The move is philosophically consequential,
for it blocks in advance the reading of intellectualism as a technical competence
indifferent to its ends. Reason severed from virtue remains an instrument without
direction.

Cognition occupies a comparable place in the philosophy of Abu Ali ibn Sina,
who describes knowing as a graded process advancing from sensation towards rational
generalisation. Particular objects reach us through the senses, but what they have in
common cannot itself be sensed: the universal is grasped by the intellect, which abstracts
the essential from the accidental.> Knowledge in the proper sense is thus shown to be an
active work of the mind, not a passive registration of impressions.

Abu Rayhon Beruniy contributed a rigorous methodological ethos to the same
tradition. In his study of peoples, natural phenomena and scientific problems the first
place belongs to observation, comparison and experience, and the conclusion must
follow from what has been established rather than from what the scholar would prefer
to be true. His practice of presenting the beliefs of other communities accurately, in the
terms in which they understood themselves, before proceeding to evaluation, is an early
and remarkably consistent form of intellectual honesty. What distinguishes the Eastern
contribution, taken as a whole, is the harmony of reason and knowledge with spiritual
maturity. Where the exercise of reason is itself open to ethical assessment,
intellectualism becomes the capacity to direct acquired knowledge towards worthy ends
— a point of immediate relevance today, when considerable intellectual resources serve
aims that will not withstand moral scrutiny.

4. Reason in the rationalism of the Modern era

In Modern philosophy, the standing of reason rose further, driven as much by the
practice of the new sciences as by argument. Nature proved describable in exact terms,
hypotheses could be tested by experiment, and received authority could be overturned
by evidence available to any competent observer. Philosophy answered by placing the
knowing subject, rather than transmitted doctrine, at the centre of inquiry.

4ABYy Hacp ®apobuii. ®o3un odamnap waxpu. TOWKEHT: AHrv acp asnoau, 2016. 37-45-6.
5Ibn Sina. The Metaphysics of The Healing. Trans. M. E. Marmura. Provo: Brigham Young University Press, 2005. P. 1-15.
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Descartes expresses this turn in its most concentrated form. Seeking
knowledge on which one could genuinely rely, he converts doubt from a skeptical result
into a method, suspending every conviction that admits of the least uncertainty, and finds
in the act of thinking the one position that cannot be doubted without being confirmed:
“I think, therefore I am” makes the thinking subject the supporting point of cognition.®
Doubt here is not the rejection of knowledge but the road towards it, and the obligation
it imposes is personal — to examine one’s convictions, to abandon foundations that will
not bear examination, to accept only what reason has made distinct. Spinoza develops
the same conviction differently, treating the rational comprehension of reality as the
condition of freedom itself: freedom consists not in release from the passions, which
would be an impossible demand, but in understanding their causes and the necessity by
which they work. Leibniz turned to the logical principles operative in all knowing. His
principle of sufficient reason requires that every phenomenon and every judgement have
a ground explaining why it is so and not otherwise, so that nothing may be accepted
merely because it has been asserted with confidence.” The demand passes directly from
metaphysics into intellectual practice as a prohibition on unfounded conclusions.
Modern rationalism thereby supplied the position with its methodological apparatus,
even if its confidence in the finality of rational knowledge would later have to be
moderated.

5. Intellect, thinking and knowledge: a conceptual delimitation

The three notions stand close together without being identical, and much
confusion in the assessment of intellectual development comes from failing to separate
them. Knowledge is what a person has understood about reality and can to some degree
justify — a result, fixed in propositions and available for communication. Thinking is the
process by which knowledge is produced, reworked, generalised and carried to new
conclusions. Intellect is the system of abilities that makes this activity possible at all.

Measuring intellectual growth by the increase of knowledge is therefore unsound.
Other questions carry the weight: can a person apply what he knows in an unfamiliar
situation, compare competing accounts of the same subject, detect an error in an
argument presented persuasively, defend a position when it is challenged?

Memorising the definition of a philosophical theory may be a legitimate first form
of knowledge. Explaining how that theory differs from its rivals, showing which
problems it resolves and which it leaves open, and applying it to a contemporary
question belong to another level entirely — a difference not of volume but of function,
and no accumulation of the first produces the second by itself.

Knowledge, on this reading, is never a finished product; it is continually verified,
enriched and thought through again. What converts information into an intellectual
possession is reflection: the ability to say not only what one knows, but also how one
came to know it and what would count as a reason to revise it?

Descartes R. Meditations on First Philosophy. Trans. J. Cottingham. Cambridge: Cambridge University Press, 1996. P. 12—
24,

’Leibniz G. W. Philosophical Essays. Ed. and trans. R. Ariew, D. Garber. Indianapolis: Hackett Publishing, 1989. P. 149-155.
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Discussion
1. Critical thinking as a safeguard of the position

Critical thinking carries a weight in contemporary intellectualism that it did not
have in earlier formulations, and the reason lies in the environment in which knowledge
now circulates. It is not the denial of everything, nor the habit of taking the contrary side
for its own sake; that disposition is merely another form of passivity, since it replaces
assessment with an automatic reaction. Its work is to examine information and
judgments against criteria that can themselves be defended: the consistency of the claim,
the quality of the evidence, the reliability of the source, the existence of alternative
explanations covering the same facts. Several qualities are needed at once — separating
evidence from opinion, tracing where information came from and in whose interest it
was produced, reconstructing the strongest version of an opposing view before
criticising it, admitting an error without treating the admission as a personal defeat, and
changing a conclusion when the evidence has changed. These are dispositions of
character as much as cognitive skills, which is why intellectual culture cannot be reduced
to techniques, transmitted independently of the person who is to use them.

Karl Popper placed exactly this attitude at the centre of his account of scientific
growth. A theory, on his view, is not final truth but an explanation deliberately exposed
to criticism and testing, and its value is tied to the seriousness of the attempts made to
refute it.® Fallibility thereby ceases to be a defect of knowledge and becomes a condition
of its development. Intellectual maturity shows itself less in the capacity to say, “I know”
than in the willingness to add that one’s own view may prove mistaken — the disposition
that allows a position to be corrected before its errors have done their work. In this sense,
critical thinking is the protective mechanism of intellectualism: it keeps knowledge from
hardening into dogma and preserves the difference between a conviction examined and
a conviction inherited.

2. Intellectual freedom and the responsibility that accompanies it

Intellectual work cannot develop without freedom, since raising questions,
examining received views and proposing alternatives all presuppose that such acts are
permitted and that dissent as such carries no penalty. Freedom of this kind is not,
however, a licence to assert anything at all without evidence, and confusing the two has
done real damage to public discussion, where the language of freedom is often used to
shield claims their authors never intended to defend. Genuine intellectual freedom is
inseparable from responsibility: whoever advances a position owes an account of its
grounds, owes a fair hearing to the views he opposes, and owes the community the
refusal to circulate what he knows to be false. Kant gave this connection its classical
expression when he tied enlightenment to the courage to use one’s own reason without
the guidance of another, describing the immaturity from which enlightenment delivers
us as self-incurred, since its cause lies not in a want of understanding but in the lack of
resolution to use it; his “Sapere aude!” — dare to know — remains among the decisive
formulations of intellectual independence.’

8popper K. R. Conjectures and Refutations: The Growth of Scientific Knowledge. London: Routledge, 2002. P. 43-78.

9Kant |. An Answer to the Question: What Is Enlightenment? In: Kant: Political Writings. Cambridge: Cambridge University
Press, 1991. P. 54-60.
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An intellectually free person accepts no judgement automatically on account
of the standing its author enjoys, and rejects none automatically either, since a reflexive
rejection of authority is no more rational than a reflexive submission to it. The criterion
lies elsewhere: in the evidence supporting a claim and in the coherence of the reasoning
that defends it. Applied impartially to institutions, to specialists and to one’s own
convictions alike, this is what makes it an intellectual criterion rather than an expression
of loyalty or resentment.

3. Intellectual culture as the social form of reason

Intellectual culture designates the qualities in which a person’s relation to
knowledge becomes visible to others: how knowledge is acquired, what habits govern
thinking, how a discussion is conducted, and what attitude is taken to a truth that proves
inconvenient. Someone possessing it knows the boundaries of his own competence and
does not regard the admission of not knowing as a weakness — marking that limit is itself
an achievement of knowledge. The same culture shows in the conduct of disagreement,
where the aim is to clarify the question rather than to defeat the interlocutor.

Responsibility weighs most heavily on scholars, teachers, journalists, civil
servants and the intelligentsia, because the judgments they express shape the worldview
of many people who cannot verify them independently. An error made in these fields
does not stay private: it is repeated, cited and in time treated as established, and the cost
of correcting it rises at every stage. The purpose of intellectualism therefore extends
beyond the rational capacities of individuals to the formation of an environment in which
arguments are expected, sources are examined, errors are acknowledged without
disgrace, and the authority of a claim comes from its grounds.

Conclusion and Recommendations

The philosophy of intellectualism investigates human reason, knowledge,
thinking and understanding, and its development shows a continuity that crosses the
boundary between traditions. Socrates joined knowledge to moral perfection and
established that understanding cannot be transferred but must be achieved; Plato
clarified the difference between knowledge and opinion and presented intellectual ascent
as a transformation of the whole person; Aristotle created the systematic foundations of
logical thought and secured a place for the intellectual virtues in the perfection of
character. Al-Farabi bound the exercise of reason to virtue and to the good of the
community, Ibn Sina showed that knowledge proper is produced by the intellectual work
of abstraction, and Beruniy established in practice that conclusions must follow evidence
rather than preference. Descartes, Spinoza and Leibniz raised the standing of rational
thought to a new level, supplying methodical doubt, the ideal of self-examined
foundations and the demand for sufficient grounds.

Contemporary intellectualism enriches that inheritance with critical thinking,
intellectual freedom, reflection, intellectual culture and responsibility. A person of
developed intellect is not simply one who knows a great deal: he analyses information
rather than merely receiving it, tells evidence from opinion, justifies his views before
others, acknowledges an error without counting it a loss, and reconsiders a position when
new knowledge makes reconsideration necessary. These capacities do not appear of
themselves as learning grows; they are formed, and forming them is among the principal
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tasks of education. The contemporary essence of intellectualism may therefore be
expressed through the principle of a transition from the possession of knowledge to a
responsible life with knowledge. Intellectual superiority is manifested not in the quantity
of information mastered, but in the ability to place knowledge at the service of truth,
human dignity, spiritual maturity and the progress of society. In a culture that produces
information far faster than it does produces understanding, this ability is not one
intellectual quality among others; the rest keep their value under the condition.
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Annotatsiya. Mazkur maqolada 1992-2025-yillarda Navoiy viloyatida bosma
ommaviy axborot vositalarining tarixiy transformatsiyasi tahlil qilinadi. Arxiv
materiallari, mahalliy davriy nashrlar, statistik ma’lumotlar va tegishli tarixiy
manbalar asosida hududiy matbuot rivojlanishining asosiy bosqichlari aniqlanadi.
Bosma nashrlar soni va tirajidagi o‘zgarishlar, ularning institutsional rivojlanishi,
moddiy-texnik modernizatsiyasi hamda o‘zgarib borayotgan ijtimoiy-iqtisodiy
sharoitlarga moslashuviga alohida e’tibor qaratiladi. Shuningdek, raqamli
texnologiyalarning mahalliy gazetalarga ta’siri va hududiy axborot muhitida bosma
hamda raqamli media shakllarining bosqichma-bosqich integratsiyasi tahlil
qilinadi.

Kalit so‘zlar: bosma ommaviy axborot vositalari, Navoiy viloyati, mahalliy
matbuot, hududiy gazetalar, tarixiy davrlashtirish, tiraj, institutsional rivojlanish,
raqamli transformatsiya, axborot muhiti.

AHHoTauus. B crarbe ananu3upyeTcst ucropuyeckas Tpanchopmaius neyaTHbIX
cpenctB MmaccoBoit nHpopmanmu B Hapowniickoi o6mactu B 1992-2025 ronax. Ha
OCHOBE AapXWBHBIX  MaTEpHAJIOB, MECTHBIX TEPUOAMYECKUX  H3JaHUMH,
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CTAaTUCTMYECKUX JAaHHBIX M COOTBETCTBYIOUIMX HWCTOPUYECKUX HMCTOYHUKOB
OTPENIENSIOTCS. OCHOBHBIE JTallbl Pa3BUTHS pErMoHalibHOM mpecchl. Ocoboe
BHUMAaHUE YJIeTSAETCS U3MEHEHHUSIM KOJIMYECTBA U TUPAKEH MeYaTHBIX U3aHUH, UX
MHCTUTYLIMOHATIBHOMY Pa3BUTHIO, MATEPUATBHO-TEXHUUYECKOW MOACPHU3AIUN U
ajanTalui K MEHSIOMUMCS COIIMAIIbHO-OKOHOMHUYECKUM YCIOBHUsM. Takxke
aHAIM3UPYETCS BIUSHUE WU(GPOBBIX TEXHOJOTHM Ha MECTHbIE Ta3eThl WU
MOCTENEHHAs] UHTErpallysl MeYaTHBIX U MU(POBLIX POpM MeaHna B peruoHaIbHOE
MH(POPMAIIMOHHOE MPOCTPAHCTRO.

Knroueswie cnosa: neuamuvie CMHU, Hasoutickas obracme, Mmecmuas npecca,
pecuoHanbHble eazemul, ucmopuyecKast nepuoousayus, mupaic,
UHCMUMYYUOHAIbHOE pa3eumue, yugdposas mpanc@opmayus, uHpopmayuonHoe
nPOCMPAHCMEO.

Abstract. This article examines the historical transformation of print media in
Navoi Region between 1992 and 2025. Drawing on archival materials, local
periodicals, statistical data, and relevant historical sources, the study identifies the
main stages in the development of the regional press. Particular attention is paid to
changes in the number and circulation of print publications, their institutional
development, material and technical modernization, and adaptation to changing
socio-economic conditions. The article also analyzes the impact of digital
technologies on local newspapers and highlights the gradual integration of print
and digital forms of media within the regional information environment.

Key words: print media, Navoi Region, local press, regional newspapers,
historical  periodization, circulation, institutional development, digital
transformation, information environment.

Introduction

During the years of independence, new legal and institutional foundations for the
functioning of mass media were formed in Uzbekistan, while their role and significance
in society, as well as their functions within the information space, gradually changed.
Ensuring freedom of speech and the press, supporting mass media, and strengthening
their participation in public oversight came to be regarded as priority areas of state
policy. As President of the Republic of Uzbekistan Shavkat Mirziyoyev emphasized,
Uzbek media companies are also striving to secure a worthy place in the global
information space and to participate actively in global political and social processes; to
achieve this, it is necessary to work continuously, master advanced foreign experience,
modern information technologies and multifaceted analytical methods, remain in
constant pursuit of new knowledge, and train a new generation of national journalists.
The President also noted that strengthening the role and influence of mass media in
creating favorable opportunities for citizens in the information sphere and exercising
public oversight over the activities of state authorities and administration is another
priority task [1]. This approach demonstrates the growing importance of mass media not
only as a means of disseminating information but also as an institution that facilitates
communication between the state and society and contributes to the formation of public
opinion. Studying these processes at the local level makes it possible to identify how
regional, district and city newspapers adapted to new socio-political and technological
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conditions. In the twenty-first century, the large-scale development of information
and communication technologies has generated major structural and technological
changes in the activities of mass media. The expansion of the Internet, social networks
and digital platforms has transformed the ways information is created, processed and
delivered to audiences. This process has directly affected traditional print media,
particularly regional newspapers. Therefore, the history of print media should not be
studied solely through the number of publications or their circulation, but rather as a
historical process interconnected with political-legal, socio-economic and technological
changes. Despite these developments, the formation, institutional development, material
and technical modernization, and adaptation of print mass media in Navoi Region to the
digital information environment during 1992-2025 have not yet been sufficiently studied
as an integrated historical process. Accordingly, the purpose of this study is to analyze
the development dynamics of print mass media in Navoi Region on the basis of historical
sources and statistical data, identify its principal stages, and reveal the specific features
of the institutional and technological transformations that occurred within the regional
press system.

Literature Review

From the early years of independence, new legal and institutional foundations for
the functioning of mass media began to take shape in Uzbekistan. Researchers assess
the formation and development of the media system during the independence period in
connection with the political and legal reforms carried out in the country, efforts to
ensure freedom of information, and the development of civil society [2]. In particular,
A. Rasulov draws attention to the source value of mass-media materials in the study of
the history of the independence period and identifies them as important historical
sources reflecting political and social processes in society [3].
The changes that took place in the Uzbek press during the independence period were not
limited to nationwide publications. The activities of regional, district and city
newspapers also adapted to the new political, economic and informational environment.
In addition to covering local socio-economic processes, such regional publications are
important sources documenting the everyday life, public opinion and historical memory
of particular territories. Studies conducted in other regions of Uzbekistan likewise
demonstrate the need to examine the formation, development and thematic orientation
of local newspapers and journals of the independence period within the framework of
regional history [4].

Research Methodology

This study employed the principles of historicity, objectivity and systematic
analysis to examine the formation and transformation of print mass media in Navoi
Region during 1992-2025. The source base consisted of archival documents concerning
the Republic of Uzbekistan and Navoi Region, normative and legal documents, official
statistical data, issues of regional and district-city newspapers published in different
years, and scholarly literature on the topic. In using print-media materials as historical
sources, attention was paid to the period in which the information was produced, the
territorial affiliation of the publication, the nature of its founding institution, and the
content of the events reported.
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In studying the local press, newspaper materials were treated not merely as carriers

of information but as historical sources recording regional socio-political and economic
processes during a particular historical period. In line with methodological approaches
concerning the source potential of mass-media materials in studying the history of
Uzbekistan during the independence period, materials published in “Do‘stlik bayrog‘i,”
“3nams qpyx0b1,” and district and city newspapers were analyzed as important sources
for reconstructing regional processes of the respective periods.
Another important direction of the research methodology was periodization. Alongside
quantitative changes in the number of publications, the study jointly examined the
political and legal environment, institutional development of publications,
modernization of the material and technical base, circulation dynamics, and the
penetration of digital technologies. From this perspective, the history of print mass
media in Navoi Region was divided into three stages: 1992-2000, 2001-2016, and 2017-
2025. This periodization was not treated as a predetermined methodological assumption
but as a research result derived from a comparative analysis of historical and statistical
sources. Thus, the methods employed demonstrated that changes in the history of print
media cannot be adequately explained solely by increases or decreases in the number of
publications. The study revealed the importance of institutional, socio-economic and
technological transformations during the independence period.

Analysis and Results

The research results show that the development of print mass media in Navoi
Region during 1992-2025 was not uniform; rather, it passed through distinct historical
stages under the influence of political and legal, socio-economic and technological
changes in the country. Comparative analysis of archival documents, periodicals and
statistical indicators makes it possible to distinguish three principal stages.
The first stage: 1992-2000 - the period of formation and adaptation to new socio-political
conditions. While some local newspapers established during the Soviet period continued
to operate, their content, founding relations and social functions gradually changed
under the influence of the new conditions. At the same time, the emergence of new
sectoral and organizational publications led to the structural expansion of the print
information space in Navoi Region. From the 1990s onward, a regional press system
consisting of regional, district-city and sectoral publications was formed, and in
subsequent periods its quantitative composition, material and technical base, circulation
and methods of information dissemination underwent significant changes. For example,
while 11 newspapers operated in the region in 1992-1993 [5], by 1997 there were 19
newspapers, including the two regional newspapers “Do‘stlik bayrog‘i” and “3nams
Ipyk0b1,” one city newspaper, and eight district newspapers [6].
The second stage: 2001-2016 - the period of development, institutional stabilization and
material and technical modernization. An important feature of this stage was the renewal
of newspaper preparation and printing technologies. The use of computer equipment,
electronic page layout and modern printing equipment changed production processes in
editorial offices and printing houses. At the same time, the number of newspapers
continued to increase. For example, in 2004 the region had 34 newspapers and 2 journals
[7], in 2011 there were 37 periodicals [8], and in 2014 there were 39 periodicals [9].
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These indicators show that the formative process of the 1990s continued in the
following period through relatively stable institutional development. The establishment
of a “Press House” for journalists in Navoi city and the creation of a modern printing
house under the state enterprise housing the editorial offices of “Do‘stlik bayrog‘i” and
“3nams npyxOb1” strengthened the material and technical base of the regional press.
According to official information, the launch of this modern printing house in 2010
marked the beginning of a new period in the regional printing system [10]. The third
stage: 2017-2025 - the period of digital transformation and adaptation to the new media
environment. This stage is characterized by the active adaptation of print mass media in
Navoi Region to the digital information environment. As online publications and social
networks increasingly occupied an important place in information consumption, the
traditional information-distribution model of newspapers began to change. Alongside
preparing print issues, editorial offices started distributing materials electronically and
using the Internet and social networks. As a result, the integration of print and digital
media forms became evident. During the transition to a digital environment, the number
of periodicals tended to decline. For example, in 2021, Navoi Region had 30 newspapers
and 3 journals [11], while by 2025 their number had decreased to 19 [12]. A significant
decline in the circulation of print publications was also observed. The results indicate
that the reduction in the number and circulation of publications during 2017-2025 should
not be interpreted solely as a crisis of the print press. Rather, during this period,
information production and distribution channels became diversified, and traditional
newspapers and Internet platforms began operating in parallel. Therefore, the third stage
should be characterized not as a period of disappearance of the regional press in Navoi
Region, but as a stage of adaptation to a new information environment based on the
integration of print and digital media forms. The results of the study show that the
development of print mass media in Navoi Region during 1992-2025 was closely
connected with the political, economic and technological changes taking place in the
country. The three identified stages demonstrate that the history of the regional press
should be evaluated not only through increases or decreases in the number of
publications but also in conjunction with its institutional formation, modernization of its
material and technical base, and changes in the forms of information dissemination.
During the first stage, the increase in the number of publications from 11 to 25 indicates
that the regional information space was undergoing institutional formation in the early
years of independence. At the same time that publications inherited from the Soviet
period adapted to the new political and legal environment, new sectoral publications also
emerged. Therefore, the quantitative growth of the 1990s should be understood not
simply as the establishment of new newspapers, but as a process through which the local
press adapted to a new socio-political system.

The results of the second stage show that quantitative development was
accompanied by material and technical modernization. Computerization, electronic page
layout and the introduction of modern printing equipment transformed the technological
foundations of newspaper production. In particular, the establishment of a modern
printing house in Navoi in 2010 was one of the important indicators of this process.
During the third stage, the decline in the number of print publications and in the
circulation of some leading newspapers in Navoi Region occurred in parallel with a
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broader nationwide trend. According to official statistical data, the number of
newspapers in Uzbekistan decreased from 649 in 2010 to 366 in 2020 and to 219 in 2025
[13]. This makes it possible to interpret the process in Navoi Region not as an isolated
regional phenomenon but as a regional manifestation of a broader structural
transformation taking place in the Uzbek print-press system.
However, it would be incorrect to equate the decline in the number of publications and
circulation with the complete loss of the social significance of the print press. The
expansion of digital information consumption is changing the ways audiences obtain
information. According to the National Statistics Committee of the Republic of
Uzbekistan, the share of the population aged 10 and over using the Internet to read or
download online newspapers, journals and electronic books is increasing. Household
sample survey data from the National Statistics Committee show that the share of
Internet users aged 10 and above increased from 76.6% in 2021 to 83.9% in 2022 and
89.0% in 2023 [14]. This dynamics indicates the expanding role of digital channels in
the population's information environment.
These findings are also broadly consistent with international research on the digital
transformation of local media. A study by the Reuters Institute based on the experience
of local and regional newspapers shows that the transition to the digital environment
changes not only editorial channels of information dissemination but also production
processes, audience relations and economic strategies [15]. Recent studies of regional
media in Uzbekistan likewise assess the transition from post-independence development
to digital transformation as a distinct stage in the history of regional press. Thus, the
research results demonstrate that the quantitative decline observed in the print-media
system of Navoi Region after 2017 was accompanied less by institutional disappearance
than by structural changes in the forms of information dissemination. While the
traditional form of print publications has been preserved, the penetration of the Internet
and social networks into editorial activities has led to the integration of print and digital
media forms. In this respect, the experience of Navoi Region demonstrates the historical
evolution of regional press during the independence period from formation to
modernization and from modernization to digital transformation.

Conclusion and Recommendations

The results of the study demonstrate that the development of print mass media in
Navoi Region during the independence period has been a historical process closely
interconnected with political, socio-economic and technological changes. Initially, the
regional press adapted to new conditions and underwent institutional formation;
subsequently, its material and technical base improved, while modern printing
technologies and electronic page-layout capabilities expanded. In recent years, the
decline in the number of print publications and the circulation of some newspapers has
been accompanied by a growing role for the Internet and social networks in editorial
activities. As a result, methods of preparing and disseminating information have
changed, producing greater integration between print and digital media forms.
Therefore, the quantitative decline in print publications should not be interpreted solely
as a crisis, but rather as a structural transformation taking place within the regional
information environment. Based on the findings, the following recommendations are
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proposed: (1) regional newspapers should systematically develop integrated print-
and-digital distribution models so that traditional publications can maintain their
historical and social functions while expanding their digital reach; (2) the material and
technical modernization of regional editorial offices and printing facilities should be
continued, with particular attention to digital production, online distribution and
multimedia content; (3) systematic preservation and digitization of local newspaper
archives should be strengthened to ensure the long-term availability of regional
historical sources and support further scholarly research on the history of Navoi Region.
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Section 4. ACTUAL PROBLEMS OF NATURAL SCIENCES
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SYNTHESIS AND SINGLE-CRYSTAL X-RAY DIFFRACTION STUDY OF A
COPPER(II) COMPLEX WITH 2-AMINO-5-ETHYLTHIO-1,3,4-
THIADIAZOLE AND 1,10-PHENANTHROLINE

Matmuratova Zulaykho Ikromboy qizi

Technician Laboratory Assistant, Urgench International Airport
zulayxomatmuratoval997@gmail.com

Karajanova Shakhnoza Daryabayevna
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Torambetov Batirbay Smetovich
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Annotatsiya: Ushbu maqolada mis nitratning 2-amino-5-etiltio-1,3,4-tiadiazol
va 1,10-fenantrolin bilan yangi monoyadroli kompleks birikmasining sintezi
hamda tuzilishini o‘rganish natijalari keltirilgan. Kompleksning tuzilishi rentgen-
difraksion tahlil usuli yordamida o‘rganildi. Mis(II) nitratning 2-amino-5-etiltio-
1,3,4-tiadiazol va 1,10-fenantrolin molekulalari bilan buzilgan tetragonal piramidal
tuzilishga ega besh koordinatsiyalangan kompleks hosil qilishi aniglandi.
Kompleksning ichki koordinatsion sferasida uchta tiadiazol ligandi va bitta 1,10-
fenantrolin molekulasi markaziy mis(I) ioniga koordinatsiyalangan. Tiadiazol
ligandlari endosiklik azot atomi orqali monodentat tarzda, 1,10-fenantrolin esa
bidentat tarzda koordinatsiyalangan. Nitrat anionlari tashqi sferada joylashib,
kation kompleks hosil qgiladi.

Kalit so‘zlar: kompleks birikma, bidentat, rentgen-difraksion tahlil, 2-
amino-5-etiltio-1,3,4-tiadiazol, 1,10-fenantrolin.

AHHoOTamusA: B naHHOW cTaThe MPEACTaBICHBI PE3YJbTaThl CUHTE3a U
HCCIIEIOBAHUS CTPYKTYPBl HOBOTO MOHOSIIEPHOIO KOMIUIEKCHOTO COEHUHEHUS
HUTpATa MEJIU ¢ 2-aMUHO-5-3TUNTHO-1,3,4-Taauazonom u 1,10-peHanTpoauHoM.
CtpykTypa KOMIUIEKCA HCCIEJOBaHA METOAOM PEHTIeHOAUPPAKIIMOHHOTO
aHanu3a. YcTtaHoBieHo, uro HUTpatr meau(ll) oOpasyer mATUKOOpAMHAITMOHHBIHI
KOMIUIEKC C HCKOKEHHOMW TETParoHaJIbHO-NMPAMHUAAIBHON CTPYKTYpOd C
MOJIEKYJIaMU 2-aMUHO-5-3TulTho-1,3,4-tnanuazona u 1,10-penantponuna. Bo
BHYTpEHHEN KOOPJMHAIIMOHHOMN cpepe KoMILIeKca K IieHTpaibHOMY HoHY Meau(1l)
KOODAWHUPOBAHbl TpPU JHMTraHAa THaAua3ojla W oaHa Mojekyna 1,10-
dbenantponuHa. JIuraHabl THaaMa30ja KOOPAMHHUPYIOTCS MOHOJCHTATHO uepes
SHAOLMKINYECKUM aTomM azoTa, a 1,10-penantponun - O6uaeHrtatHo. Hutpar-
aHUOHBI PACIIOararoTCs BO BHEIIHEH cdepe, 00pa3yst KaTHOHHBIN KOMITJIEKC.

Knroueswvie cnoea: xomnnexcrhoe coeounenue, OUOSHMAMHBIU JTULAHO,
PEeHMeeHOOUPPaAKYUOHHBLU aHaAU3, 2-amuno-3-asmuimuo-1,3,4-muaduaszon, 1,10-
Genanmponun.

Annotation: This paper presents the results on the synthesis and study of
the structure of a new mononuclear complex of copper nitrate with 2-amino-5-
ethylthio-1,3,4-thiadiazole and 1,10-phenanthroline. Using the method X-ray
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diffraction analysis, the structure of the complex was studied. It was shown that
copper (II) nitrate forms a five-coordinated complex with a distorted tetragonal
pyramidal structure with 2-amino-5-ethylthio-1,3,4-thiadiazole and 1,10-
phenanthroline molecules, in the inner sphere of which three thiadiazole ligands
and an 1,10-phenanthroline molecules are coordinated to the complexing agent;
thiadiazole ligands are bonded as a monodentate through endocyclic nitrogen, the
1,10-phenanthroline is bonded as a bidentate, the nitrate anions are located in the
outer sphere forming a cationic complex.

Key words: complex, bidentate, X-ray diffraction analysis, 2-amino-5-
ethylthio-1,3,4-thiadiazole, 1,10-phenanthroline.

Introduction

Coordination compounds of 3d-metal ions with nitrogen- and sulfur-containing
heterocyclic ligands represent an important area of coordination chemistry. In particular,
the ability of Cu(Il) ions to adopt different coordination numbers and geometries
provides broad opportunities for the design and synthesis of coordination compounds
with diverse structural features. 1,3,4-Thiadiazole derivatives are of particular interest
because their donor centers can readily participate in coordination with metal ions and
form stable metal-ligand bonds. The combination of 2-amino-5-ethylthio-1,3,4-
thiadiazole and 1,10-phenanthroline is of special interest for the construction of the
Cu(II) coordination environment. 1,10-Phenanthroline can act as a bidentate chelating
ligand, whereas the thiadiazole derivative can coordinate through a nitrogen donor atom
in a monodentate mode. Determination of the precise molecular and crystal structures
of such mixed-ligand complexes is important for understanding their coordination
behavior and structural characteristics. In the present work, the CuLs(phen). complex
was synthesized and investigated by single-crystal X-ray diffraction (SC-XRD). The
complex crystallizes in the monoclinic crystal system with the P2:/c space group and is
characterized by the crystallographic parameters a = 12.8570(4), b = 13.1208(4), ¢ =
21.2206(7) A, p=98.483(3)°, V =3540.6(2) A3, and Z = 4. The SC-XRD study provided
detailed information on the molecular structure and coordination environment of the
Cu(II) 1on.

Literature Review

Coordination compounds of transition metals, particularly copper(Il) complexes
with heterocyclic ligands, represent an important area of modern coordination chemistry
due to their distinctive molecular structures and diverse magnetic, catalytic, and
biological properties [1,2]. Copper(Il) is an essential biogenic metal ion that plays an
important role in numerous biochemical processes and serves as an active center in
several metalloenzymes [3]. Therefore, the synthesis of mixed-ligand copper(Il)
complexes and the investigation of their coordination environments and crystal
structures are of considerable scientific interest. 1,3,4-Thiadiazole derivatives,
particularly 2-amino-5-ethylthio-1,3,4-thiadiazole, are promising heterocyclic ligands
because the nitrogen and sulfur atoms in their molecular framework provide potential
donor sites for coordination to metal ions [4,5]. Previous studies have demonstrated that
thiadiazole derivatives can coordinate to metal centers in monodentate, bidentate, or
bridging modes, leading to the formation of both mononuclear and polynuclear
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coordination compounds [6]. The coordination mode of these ligands may vary
depending on the nature of the metal ion, the electronic structure of the ligand, and the
surrounding coordination environment. In addition, metal complexes containing 2-
amino-5-ethylthio-1,3,4-thiadiazole and structurally related ligands have been reported
to exhibit antibacterial, antifungal, and other biologically relevant activities [7,8].

The incorporation of aromatic bidentate nitrogen-donor ligands, such as 1,10-
phenanthroline, is of particular interest in the design of mixed-ligand coordination
compounds [9]. 1,10-Phenanthroline is capable of forming a stable chelate with metal
ions through its two nitrogen donor atoms. Its rigid and planar aromatic framework can
also promote intermolecular interactions within the crystal lattice, including =n--w
stacking and C—H--'m interactions [10,11]. Consequently, the presence of 1,10-
phenanthroline can substantially influence both the molecular geometry and the crystal
packing of coordination compounds. Single-crystal X-ray diffraction (SC-XRD) is one
of the most reliable techniques for determining the molecular and crystal structures of
coordination compounds [12].

This method provides accurate information on metal-ligand bond lengths, bond
angles, coordination geometry, ligand coordination modes, and intermolecular
interactions within the crystal lattice. In mixed-ligand copper(Il) systems containing
phenanthroline and thiadiazole derivatives, the Cu(Il) center may exhibit square-
pyramidal or distorted octahedral coordination geometries [13,14]. Hydrogen-bonding
interactions, including N-H---O, N-H---S, and C—H:--X contacts, as well as other weak
intermolecular interactions, may play an important role in determining the three-
dimensional organization and stability of the crystal structure [15].

In this context, the synthesis and structural characterization of Cu(Il) complexes
containing both 2-amino-5-ethylthio-1,3,4-thiadiazole and 1,10-phenanthroline are of
considerable scientific interest. The aim of the present study is to synthesize a new
copper(Il) complex based on 2-amino-5-ethylthio-1,3,4-thiadiazole and 1,10-
phenanthroline and to characterize its molecular and crystal structure in detail using
single-crystal X-ray diffraction (SC-XRD).

Particular attention is given to the coordination environment of the Cu(II) center,
the coordination modes of the ligands, metal-ligand geometric parameters, and
intermolecular interactions responsible for the stabilization of the crystal lattice.

Research Methodology

To synthesize the [CuLs(phen):] complex, 2-amino-5-ethylthio-1,3,4-thiadiazole
(L) ligand (0.0483 g, 0.0003 mol) was initially weighed and dissolved in 5 mL of
methanol. Copper(II) nitrate (0.018 g, 0.0001 mol) was dissolved separately in 3 mL of
methanol. The prepared copper(I]) nitrate solution was added to the methanolic solution
of the L ligand, and the reaction mixture was stirred at room temperature for 30 min.
During the reaction, the color of the solution changed to clear green. Subsequently, 1,10-
phenanthroline (phen) (0.018 g, 0.0001 mol) was dissolved in 3 mL of methanol, and
the resulting solution was added dropwise to the reaction mixture. Upon addition of
1,10-phenanthroline, the color of the solution changed to dark green. The reaction
mixture was then stirred at room temperature for an additional 30 min and subsequently
left undisturbed for crystallization [16,17]. After four days, small dark-green crystals
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formed from the solution. The resulting crystals were filtered, washed with methanol,
and dried at room temperature. The yield of the complex was 70%. Reaction equation.
The synthesis reaction can be represented schematically as follows:
Cu(NOs),+3L+phen—[CuL3(phen)](NO3),
L — 2-amino-5-ethylthio-1,3,4-thiadiazole; phen — o-phenanthroline (1,10-
phenanthroline); Cu(NOs): — copper(Il) nitrate.

(NO3),
Figure 1. Crystal structure of the [CuL3(phen)](NO3)2 complex.

Analysis and Results

To investigate the structure and properties of coordination compounds of 3d
metals with thiadiazole derivatives, a new mixed-ligand [CuL3(phen)](NO3)2 complex
was synthesized. The composition and crystal structure of the synthesized complex
were confirmed by elemental analysis and single-crystal X-ray diffraction (SC-XRD)
analysis [18].

Figure 2. Structure of the [CuL3(phen)](NO3)2 complex.
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Table 1. Crystallographic data and structure refinement details for [CuLz(phen)](NO3)»

Crystal data

Chemical formula C24H29CuN11S6-2(NO3)
M 851.50

Crystal system, space group Monoclinic, P2i/c
Temperature (K) 293

a, b, c(A) 12.8570 (4), 13.1208 (4), 21.2206 (7)
B(®) 98.483 (3)

V(A 3540.6 (2)

Z 4

Radiation type Mo Ka

u(mm™) 1.03

Crystal size (mm) 0.22;0.18;0.12

Data collection

Diffractometer Xcalibur, Atlas
Absorption correction Multi-scan

CrysAlis PRO 1.171.41.121a (Rigaku Oxford
Diffraction, 2021) Empirical absorption correction
using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm.

T'min, Tmax 0.907, 1.000
No. of measured, independent and 40564, 6231, 4533
observed [/ > 2o(/)] reflections
Rint 0.053
(sin O/A Jmax (A1 0.595
Refinement
R[F?> 26(F?)], wR(F?), S 0.045, 0.128, 1.04
No. of reflections 6231
No. of parameters 454
H-atom treatment H-atom parameters constrained
Ap<sub>max</sub>, 1.06, -0.53

Ap<sub>min</sub> (e A%)

Table 2. Bond lengths (A) and valence angles (°) in the crystal structure of [CuL3(phen)](NO3)2

Bond Bond lengths Bond angles Valence angles (°)
A)

C(1)-H(1) 0.9300 C(2)-C(1)-H(1) 118.7

C(1)-C(2) 1.386 (6) N(2)-C(1)-H(1) 118.7

C(1)-N(2) 1.329 (5) N(2)-C(1)-C(2) 122.5 (5)
Cu(1)-N(1) 2.041 (3) N(1)-Cu(1)-N(2A) 93.25 (12)
Cu(1)-N(2) 2.023 (3) N(2)-Cu(1)-N(1) 81.39 (13)
Cu(1)-N(2A) 2.273 (3) N(2)-Cu(1)-N(2A) 85.25 (11)
Cu(1)-N(2B) 2.004 (3) N(2)-Cu(1)-N(2C) 95.02 (13)
Cu(1)-N(20) 2.041 (3) N(2B)-Cu(1)-N(1) 92.44 (13)
N(1)-C(10) 1.333 (5) N(2B)-Cu(1)-N(2) 168.72 (12)
N(1)-C(12) 1.361 (5) N(2B)-Cu(1)-N(2A) 104.62 (12)
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Table 3. Hydrogen-bond geometry (A,°) for the [CuLs(phen)](NO3)2complex.

D-H---4 D-H H---4 D4 D-H---4
N34-H34D---03! 0.86 2.11 2.891 (5) 151
N3B-H3BC---01 0.86 2.03 2.877 (5) 169
N3B-H3BD---04 0.86 2.10 2.942 (6) 165
N3C-H3CC---0Ol 0.86 2.10 2.801 (5) 139
N3C-H3CD---06'" 0.86 2.02 2.875(5) 171

Symmetry codes: (i) x, -y+1/2, z+1/2; (i1) -x, y+1/2, -z+1/2.

4

Figure 3. Hydrogen-bond parameters in the crystal structure of the [CuLs(phen)](NO3)2
complex.

The complex compound 1,10-phenanthroline-tris(2-amino-5-ethylthio-1,3,4-
thiadiazole)copper(Il) dinitrate, according to elemental analysis, has the composition
[CuLs(phen)](NOs3)2 , where L denotes 2-amino-5-ethylthio-1,3,4-thiadiazole. The
composition and structure of the synthesized complex were investigated based on the
results of elemental analysis and X-ray diffraction analysis [19] (Figure 1). The product
yield was 90%. The experimental/calculated elemental analysis results were as follows:
C, 33.85/33.84%; H, 3.43/3.41%; O, 11.27/11.28%; Cu, 7.46/7.52%; N, 21.39/21.38%;
and S, 22.59/22.56%. The crystals of [CuLs(phen)](NO3), exhibit an ionic molecular
structure. The Cu(Il) ion is coordinated by the nitrogen atoms of three thiadiazole rings
and two nitrogen atoms of the bidentate 1,10-phenanthroline ligand, forming the inner
coordination sphere of the complex, while two nitrate anions are located in the outer
sphere. The crystal structure is additionally stabilized by hydrogen-bonding interactions.
The Cu—N bond lengths involving Cu(1)-N(2B), Cu(1)-N(2C), Cu(1)-N(2A), Cu(1)-
N(1), and Cu(1)-N(2) are 2.003(3), 2.041(3), 2.273(3), 2.040(3), and 2.024(3) A,
respectively [20]. The Cu(1)-N(2A) bond is significantly elongated by 0.232 A
compared with the other Cu—N bonds. This elongation is attributed to the Jahn—Teller
effect characteristic of Cu(Il) complexes and corresponds to the nitrogen atom of the
thiadiazole ligand occupying the axial position of the distorted tetragonal-pyramidal
coordination environment.

The angles of the distorted coordination polyhedron also exhibit different values:
85.2(1)° (N2A—Cul-N2), 93.3(1)° (N2A—Cul-N1), 104.6(1)° (N2A—Cul-N2B), and
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104.7(1)° (N2A—Cul-N2C). The L (C) ligand is oriented with a deviation of 49.61°
relative to the meridional plane of the coordination polyhedron. This rotation around the
ligand axis contributes to the formation of both intra- and intermolecular hydrogen-
bonding interactions within the crystal structure.

Conclusion and Recommendations

A new mixed-ligand [CulLs(phen)](NOs3). complex was synthesized from
copper(Il) nitrate with 2-amino-5-ethylthio-1,3,4-thiadiazole (L) and 1,10-
phenanthroline (phen), and its crystal structure was determined by single-crystal X-ray
diffraction (SC-XRD). The complex crystallizes in the monoclinic crystal system with
the P2:/c space group and exhibits a five-coordinate, distorted tetragonal-pyramidal
geometry around the Cu(Il) ion. In the crystal structure, three 2-amino-5-ethylthio-1,3,4-
thiadiazole ligands coordinate to the Cu(Il) ion in a monodentate mode, whereas 1,10-
phenanthroline acts as a bidentate ligand. The Cu—N bond lengths range from 2.004(3)
to 2.273(3) A, with the relatively elongated axial Cu—N bond being consistent with the
Jahn—Teller distortion characteristic of Cu(Il) complexes. The crystal packing is
stabilized by the presence of outer-sphere nitrate anions and N-H---O hydrogen bonds.
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Section 5. ACTUAL PROBLEMS IN MODERN AGRICULTURE
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Annotatsiya. Tadqiqotda mineral o‘g‘it me’yorlarining “Daulet” oq jo‘xori navida
barg yuzasi indeksi, don hosildorligi va iqtisodiy samaradorlikka ta’siri baholandi.
Eng yuqori barg yuzasi indeksi (5,21 m?/m?) N24oP140Ki20 kg/ga variantida qayd
etildi. Biroq eng yuqori don hosildorligi (6,12 t/ga), sof foyda (18 131 380 so‘m/ga)
va rentabellik (108,12%) N200P120K100 kg/ga me’yorida olindi. Shu sababli mazkur
me’yor agronomik va iqtisodiy jthatdan eng samarali variant sifatida belgilandi.

Kalit so‘zlar: “Daulet” navi, mineral o ‘g ‘itlar, azot, fosfor, kaliy, barg Ruza
sathi indeksi, don hosildorligi, sof foyda, rentabellik.

AHHOTauMs. B riccrmeoBaHny OIIEHEHO BIUSHAE HOPM MUHEPATBHBIX YI00pEHUN
Ha WMHJEKC JIMCTOBOW MOBEPXHOCTH, YPOXXKaWHOCTh 3€pHA M SKOHOMHUYECKYIO
addextuBHOCTL copta copro “‘Jlayner”. HauOonpmuii HWHACKC JUCTOBOMN
noBepxHoctu (5,21 m?/mM?) ormedeH npu BHeceHUH Nz4oP140Ki20 kr/ra. OnmHako
MaKcUMajbHas ypo)kaitHOCTh 3epHa (6,12 T/ra), uncras mpuosuis (18 131 380
cym/ra) u pentabenbHocTh (108,12%) nonydyensr npu HOpMe N2ooP120K 100 Kr/Ta.
CnepoBarenbHOo, 9STa HOpMa mpu3HaHa  HauOosiee IPGEKTUBHOM B
arpOHOMHYECKOM U HIKOHOMHUYECKOM OTHOIIIEHUHU.

Kniwuesvie cnosea: copm “Jlaynem”, mumnepanvHvle yooOpenus, azom,

Gocgop, karui, uHOeKc TUCMOBOU NOBEPXHOCTU, YPOICAUHOCMb 3€PHA, YUCHASL
npuobbLIbL, peHmMadeIlbHOCMb.
Abstract. This study evaluated the effects of mineral fertilizer rates on the leaf area
index, grain yield, and economic efficiency of the “Daulet” sorghum cultivar. The
highest leaf area index of 5.21 m*m? was recorded with N24oP140K120 kg/ha.
However, the highest grain yield of 6.12 t/ha, net profit of 18 131 380 UZS/ha, and
profitability of 108.12% were obtained with N2ooP120K100 kg/ha. Therefore, this
fertilizer rate was identified as the most agronomically and economically efficient
treatment.

Key words: “Daulet” cultivar, mineral fertilizers, nitrogen, phosphorus,
potassium, leaf area index, grain yield, net profit, profitability.

Introduction

In sorghum (Sorghum bicolor (L.) Moench), mineral nutrient supply directly
influences leaf area development, photosynthetic activity, biomass accumulation, and
grain yield. Nitrogen promotes canopy expansion and chlorophyll formation, whereas
phosphorus and potassium support root development, water regulation, assimilate
transport, and reproductive growth. However, increasing fertilizer rates beyond crop
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requirements may not provide additional yield and can reduce nutrient-use efficiency
and increase fertilizer losses.

Information on the combined effects of NPK fertilizer rates on leaf area index,
grain yield, and economic efficiency of the “Daulet” cultivar under the irrigated
conditions of the Khorezm region remains limited. Therefore, this study aimed to
evaluate these responses and identify the agronomically and economically optimal
mineral fertilizer rate for the “Daulet” grain sorghum cultivar.

Literature review

Previous studies have demonstrated that mineral fertilizer application can
substantially influence sorghum canopy development, photosynthetic activity, and grain
yield. Addai and Alimiyawo [1] reported that fertilizer application improved sorghum
growth parameters and leaf area index, particularly during the later stages of plant
development. Muchow [8] also showed that leaf area development in sorghum was
highly responsive to nitrogen supply. Zhao et al. [9] found that nitrogen deficiency
restricted plant growth, leaf area formation, and photosynthetic activity. These findings
confirm that adequate nitrogen availability is essential for establishing and maintaining
a photosynthetically active canopy.

Sorghum yield responses to fertilizer application vary depending on nutrient rate,
application timing, genotype, soil properties, and environmental conditions. Buah et al.
[2] observed that NPK fertilizer application increased grain yield, although the response
became limited at higher nutrient rates. Gebremariam and Assefa [3] obtained the
highest grain yield at a nitrogen rate of 150 kg/ha. Temeche et al. [6] recorded a grain
yield of 5.84 t/ha when 138 kg N/ha was applied in two split doses, compared with 4.29
t/ha in the unfertilized control. These results emphasize that both fertilizer rate and
application timing influence the agronomic effectiveness of nitrogen.

The response of sorghum to nitrogen fertilization is also strongly affected by
genotype. Mahama et al. [10] reported differences in growth and grain yield responses
among sorghum hybrids and inbred lines under different nitrogen rates. Bollam et al.
[12] identified substantial genotypic variation in grain yield, biomass production, and
nitrogen-use efficiency under contrasting nitrogen regimes. Similarly, Trotsenko et al.
[7] showed that the effects of mineral fertilizers on grain yield differed among sorghum
cultivars and hybrids. Therefore, a fertilizer rate identified as optimal for one genotype
or production environment cannot be applied universally.

The combined effects of nitrogen, phosphorus, and potassium must also be
considered when developing fertilizer recommendations. Kaizzi et al. [11] demonstrated
that sorghum responded to nitrogen and phosphorus application, but the economically
optimal nutrient rates varied among experimental sites. Long-term research by Schlegel
and Havlin [13] showed that the productivity of irrigated grain sorghum was influenced
by the combined application of nitrogen, phosphorus, and potassium. Atique-ur-Rehman
et al. [14] also reported that phosphorus and potassium application improved sorghum
growth and fodder productivity under arid soil conditions. These findings indicate that
balanced nutrient application is more appropriate than considering nitrogen alone.

Agronomic yield is insufficient as the sole criterion for identifying the optimal
fertilizer rate. Mahama et al. [4] demonstrated the importance of evaluating fertilizer
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treatments in relation to both grain yield and economic return. Kaizzi et al. [11]
similarly assessed economically optimal nutrient rates and showed that the most
profitable fertilizer rate may differ from the rate producing the maximum biological
yield. Moreover, Ostmeyer et al. [5] emphasized that improving nitrogen-use efficiency
is necessary for increasing sorghum productivity while limiting unnecessary fertilizer
inputs. Rowlings et al. [15] showed that environmental conditions, particularly rainfall
distribution, strongly affected nitrogen recovery, nitrogen-use efficiency, and fertilizer
losses in sorghum production.

Although previous studies have provided valuable information on sorghum
responses to mineral fertilizers, most have focused on individual nutrients, single yield
components, or environmental conditions different from those of the Khorezm region.
Information integrating leaf area index development, grain yield, and economic
efficiency under combined NPK fertilizer application remains insufficient for the
“Daulet” cultivar. Therefore, the present study aimed to evaluate the effects of different
mineral fertilizer rates on leaf area index, grain yield, and economic returns and to
identify the optimal fertilizer rate for the “Daulet” grain sorghum cultivar under the
irrigated conditions of the Khorezm region.

Research Methodology

The field experiment was conducted in 2025 at the Khorezm Cotton Research
Station of the Research Institute of Cotton Breeding, Seed Production and
Agrotechnologies, Khorezm region, Uzbekistan.

Four fertilizer treatments were evaluated: NoPoKo, NisoP100Kso, N20oP120K 100, and
N240P140K120 kg/ha. The rates were expressed as N, P20Os, and K20O. Before sowing, 25%
of the nitrogen and the full rates of phosphorus and potassium were applied during soil
preparation. The remaining nitrogen was divided equally between the S2 and S4 growth
stages. Urea (46% N), ammophos (11% N and 46% P20s), and potassium chloride (60%
K20) were used as fertilizer sources. The crop was sown with 60 cm between rows and
15 cm between plants, with one plant per hill.

Plant development was monitored from emergence (S0) to physiological maturity

(S9). Leaf area was measured at the S2, S3, S4, S5, S6, and S8 stages using a LI-COR
3100 area meter. The leaf area index was calculated as the ratio of total green leaf area
to the ground area occupied by the plants and expressed as m?»/m? [1].
Grain yields were determined from two 16.67-m row sections in each subplot. Economic
efficiency was evaluated using 2025 market prices. Gross revenue was calculated from
grain and stalk sales, net profit as the difference between gross revenue and total
production costs, and profitability as the ratio of net profit to total production costs
expressed as a percentage.

Analysis and results

The leaf area index (LAI) is an important ecological indicator of the
photosynthetically active leaf area of a plant and is defined as the ratio of total green leaf
area to the ground area occupied by the plants. This study evaluated the effects of
mineral fertilizer rates on LAI development in the “Daulet” cultivar (Table 1).

At the S2 growth stage, LAI values were relatively low, ranging from 0.09 to 0.14
m?*m? across the treatments. LAI increased consistently with increasing mineral
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fertilizer rates. At the S3 stage, it ranged from 0.27 to 0.42 m*/m?. By the S4 stage,
rapid leaf area development had increased LAI almost threefold compared with the
previous stage, reaching 0.87—1.32 m*/m?.

Table 1. Effect of mineral fertilizer rates on leaf area index development in the “Daulet” cultivar,

2025.
Mineral fertilizer Leaf area index at different growth stages, m*m?
rate, kg/ha S2 S3 S4 S5 S6 S8
NoPoKo 0.09 0.27 0.87 2.85 2.78 2.50
NisoP100Kso 0.12 0.37 1.10 3.53 3.95 3.75
N200P120K 100 0.13 0.40 1.24 4.27 5.01 4.36
N240P140K 120 0.14 0.42 1.32 4.64 5.21 4.75

At the S5 stage, the photosynthetically active leaf area continued to expand, and
LAI ranged from 2.85 to 4.64 m*/m?. These values were 3.2-3.5 times higher than those
recorded at the S4 stage, indicating that the period between S4 and S5 was a critical
phase of rapid leaf area development in the “Daulet” cultivar.

At the S6 stage, LAI in the unfertilized control decreased slightly from the S5
value to 2.78 m?/m?. In the fertilized treatments, however, LAI continued to increase,
reaching 3.95, 5.01, and 5.21 m?/m? under N160P100K80, N200P120K1oo, and N2aoP140K 20
kg/ha, respectively. The highest LAI was recorded in the N24oP140K120 kg/ha treatment.

The increase in LAI up to the S6 stage with increasing fertilizer rates indicated
improved nutrient availability and greater development of the photosynthetically active
leaf area. Similarly, Addai and Alimiyawo [1] reported higher growth parameters and
LAI at later developmental stages in NPK-fertilized sorghum plants than in the
unfertilized control. At the S8 stage, LAI declined in all treatments because of natural
leaf senescence, yellowing, and a reduction in photosynthetically active leaf area. This
finding is consistent with previous reports on the relationships among nitrogen-use
efficiency, maintenance of leaf greenness, and leaf senescence [5]. Nevertheless, LAI
remained higher as the fertilizer rate increased, ranging from 2.50 m?*/m? in the control
to 3.75, 4.36, and 4.75 m?/m? under N160P100K80, N200P120K100, and N240P140K 20 kg/ha,
respectively.

The results showed that mineral fertilizer rates had a significant effect on the grain
yield of the “Daulet” cultivar. In the unfertilized control treatment (NoPoKo), grain yield
was 2.53 t/ha (Figure 1). When mineral fertilizers were applied at NisoP100Kso kg/ha,
grain yield increased to 5.01 t/ha, representing an increase of 2.48 t/ha or 98.0%
compared with the control.

When the fertilizer rate was increased to NaooP120Ki00 kg/ha, the highest grain
yield of 6.12 t/ha was recorded. This was 3.59 t/ha or 141.9% higher than the control.
At N24oP140K120 kg/ha, grain yield was 6.08 t/ha, which was 0.04 t/ha lower than that
obtained with N2ooP120K100 kg/ha. Thus, increasing the fertilizer rate above N2ooP120K 100
kg/ha did not provide any additional grain yield in the “Daulet” cultivar.



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. AVGUST, 2026-8. ISSN 2181-9750

“Daulet” cultivar

7 _—
BNOPOKO . .
6 T  BNI60P100KS0 1 1
s 1 BN200P120K100 I
s @N240P140K 120 .
= 41
=
©
>~ 4
g 3 -
8 -
5 24
1 -+
0 i
2025

Figure 1. Effect of mineral fertilizer rates on the grain yield of the “Daulet” cultivar

These results indicate that the grain yield response of sorghum to mineral
fertilizers continued only up to a certain level. Buah et al. [2] reported that nitrogen rates
of 40, 80, and 120 kg/ha increased grain yield by 47%, 60%, and 69%, respectively,
compared with the control. However, the yield difference between the nitrogen rates of
80 and 120 kg/ha was not statistically significant, while nitrogen-use efficiency declined
as the fertilizer rate increased. This finding is consistent with the results of the present
study, in which grain yields of 6.12 and 6.08 t/ha were obtained with N2goP120K100 and
N240P140K 120 kg/ha, respectively.

Trotsenko et al. [7] also reported that N3sP3sKss and N7oP70K70 kg/ha fertilizer
rates increased sorghum grain yield, although fertilizer efficiency depended on the
characteristics of the cultivar or hybrid. These findings demonstrate that the optimal
mineral fertilizer rate should be determined separately for each cultivar and specific soil
and climatic conditions. Evaluating the economic efficiency of mineral fertilizer rates is
essential for determining their optimal level of application. This assessment considers
the effects of fertilizer rates on yield, gross revenue from product sales, net profit, and
profitability. In 2025, the unfertilized control treatment (NoPoKo) generated the lowest
gross revenue of 14 562 148 UZS/ha from the sale of grain and stalk yield of the
“Daulet” cultivar. Gross revenue increased to 28 515 966 UZS/ha with NisoP100Kso kg/ha
and reached its highest value of 34 900 638 UZS/ha with N2ooP120K100 kg/ha. Net profit
was 1 032 021 UZS/ha in the control and increased to 12 368 447 UZS/ha with
NisoP100Kso kg/ha. The highest net profit of 18 131 380 UZS/ha was obtained with
N20oP120K100 kg/ha. When the fertilizer rate was increased to No4oP140Ki20 kg/ha, net
profit declined to 17 439 233 UZS/ha, which was 692 147 UZS/ha lower than that
obtained with N2poP120K100 kg/ha. The highest profitability rate of 108.12% was also
recorded with N20oP120K100 kg/ha, while the net profit-to-gross revenue ratio was 0.520.
Increasing the fertilizer rate to N2aoP140K120 kg/ha reduced profitability to 100.28% and
the net profit-to-gross revenue ratio to 0.501. Therefore, under the conditions of 2025,
N20oP120K 100 kg/ha was the most economically efficient fertilizer rate for the “Daulet”
cultivar. The highest fertilizer rate does not always provide the greatest economic return.
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Although Temeche et al. [6] obtained the highest biological grain yield at a nitrogen
rate of 138 kg/ha, applying 46 kg/ha nitrogen in two split applications was recommended
as the most economically efficient treatment. Mahama et al. [4] also reported that
relatively low and moderate fertilizer rates were more economically sustainable.
Similarly, the absence of further increases in grain yield and net profit at No4oP140Ki20
kg/ha in the present study confirms that N2ooP120K100 kg/ha was the economically optimal
rate for the “Daulet” cultivar.

Conclusion and Recommendations

Based on the results obtained under the experimental conditions of 2025, the
following conclusions and recommendations were formulated:
. Mineral fertilizer application considerably improved leaf area development and grain
yield of the “Daulet” sorghum cultivar. The highest leaf area index of 5.21 m?*m? was
recorded with N24oP140K120 kg/ha.
. The N2ooP120K100 kg/ha treatment produced the highest grain yield of 6.12 t/ha, net profit
of 18,131,380 UZS/ha, and profitability of 108.12%, making it the most agronomically
and economically efficient treatment.
. For the “Daulet” cultivar grown under comparable irrigated conditions of the Khorezm
region, N2ooP120K100 kg/ha is recommended as the optimal mineral fertilizer rate.
Increasing the rate to N240P140K120 kg/ha is not economically justified because it provides
no additional grain yield or economic benefit.
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Section 6. ACTUAL PROBLEMS OF MATHEMATICS, PHYSICS AND
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Annotatsiya. Ushbu ishda kremniy taglik ustida magnetron changitish usulida
shakllantirilgan molibden oksidi MoOs yupqa pardalarining faza tarkibi, sirt
morfologiyasi va chiqish ishi kompleks tarzda o‘rganildi. Rentgen difraktsiyasi
(XRD) usuli bilan pardalarning amorf tuzilishga ega ekanligi aniglandi; qalinlik
ikki mustaqil usul — kvars mikrotarozilar va 20/6 geometriyasidagi reflektometriya
bilan tasdiglandi. Atom-kuch mikroskopiyasi (AKM) yordamida pardalar 5x5
mkm maydonda yaxlit qoplama hosil qilishi va sirt g‘adir-budirligi 2 nm dan
oshmasligi ko‘rsatildi. Ultrabinafsha fotoelektron spektroskopiyasi (UFES)
yordamida chiqish ishi 5,84+0,2 eV ekanligi aniglandi; bu qiymat 10, 30 va 150 nm
qalinlikdagi pardalar uchun deyarli o‘zgarmas bo‘lib qoldi. Olingan natijalar
amorf, silliq va yuqori chiqish ishiga ega MoO;s pardalari organik elektronika
qurilmalarida kovak injeksiya qiluvchi gqatlam sifatida istigbolli ekanligini
ko‘rsatadi.

Kalit so‘zlar: Molibden oksidi; Magnetron changitish; Amorf parda; Atom-
kuch mikroskopiyasi; Chiqish ishi; UFES; Organik elektronika.

AnHoTanusa. B paboTe KOMIUIEKCHO H3y4deHbl (Pa3oBbIM cocTaB, MOpdoorus
MOBEPXHOCTH M paboTa BHIXOJA TOHKUX IUIEHOK okcuja MmonubaeHa MoQOs,
c(hOpPMHUPOBAHHBIX MArHETPOHHBIM PpACIBUICHHEM Ha KPEMHHMEBOW MMOIJIOXKKE.
Meroaom pentrenoBckoil audpakuuu (XRD) ycraHOBIEHO, YTO IUIEHKH UMEIOT
aMOp(pHYI0 CTPYKTYpYy; TOJIIMHA TOATBEpPKACHA JABYMS HE3aBUCHUMBIMHU
METO/JIaMHU — KBapIieBBHIMU MUKpOBecaMu U pediiekromerpueii B reomerpun 20/6.
C momoIIbpI0 aTOMHO-CHIIOBOM Mukpockonuu (ACM) mokazaHo, YTO TIIEHKH
(GbOpMHPYIOT CIUIONIHOE MOKPBITHE HA yYacTKaxX 5X5 MKM C II€pOXOBATOCTHIO HE
oonee 2 HM. MeTonoMm yinbTpaduosieTOBONM (HOTOIIEKTPOHHOU CIEKTPOCKONHU
(YOOC) ompenenena pabora Beixoma 5,8+0,2 5B, ocraromascs MpakTHYECKH
HEU3MEHHOU i I€HOK ToimuHou 10, 30 u 150 aM. Pe3ynbTaThl MOKa3bIBAIOT,
yTo amopduble, riankue TMIEHKK MoOs ¢ BbICOKOM paboTO BBIXOJA
MEPCIEKTUBHBI B KA4€CTBE ABIPOYHOTO MHKEKTHUPYIOIIETO CJIOSl B YCTPOMCTBAX
OPraHUYECKOU DNEKTPOHUKHU.
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Knrwoueesvte cnosa: Oxcuo moauboena, Maenemponunoe pacnviieHue;
Amopghuasn nnéuka; Amomno-cunosas muxpockonus, Paboma evixooa; YDPIC;
Opeanuueckas 31eKmpoHUKA.

Abstract. In this study, the phase composition, surface morphology, and work
function of molybdenum oxide (MoO:s) thin films deposited on silicon substrates
by magnetron sputtering were comprehensively investigated. X-ray diffraction
(XRD) analysis revealed that the films exhibited an amorphous structure. The film
thickness was independently verified using two methods: a quartz crystal
microbalance and reflectometry in the 20/0 geometry. Atomic force microscopy
(AFM) demonstrated that the films formed a continuous coating over an area of
5%5 um, with a surface roughness not exceeding 2 nm. Ultraviolet photoelectron
spectroscopy (UPS) measurements showed that the work function was 5.8+0.2 eV,
remaining nearly unchanged for films with thicknesses of 10, 30, and 150 nm. The
obtained results indicate that amorphous, smooth MoOs films with a high work
function are promising as hole-injection layers in organic electronic devices.

Key words: Molybdenum oxide;, Magnetron sputtering; Amorphous film;
Atomic force microscopy; Work function; Ultraviolet photoelectron spectroscopy
(UPS),; Organic electronics.

Introduction

The efficiency of organic electronic devices—including organic light-emitting
diodes (OLEDs), organic photovoltaic cells, and transistors—depends largely on the
injection of charge carriers at the interface between the electrode and the organic layer
[1], [2]. To achieve efficient hole injection, the work function of the contact layer should
be close to the HOMO level of the organic material, which is typically in the range of
5-5.5 eV [3], [6]. Since conventional metal and silicon electrodes generally have work
functions below 4.8 eV, a significant energy barrier arises at the interface.

Molybdenum oxide (MoOs) has been extensively investigated as a hole-injection
layer due to its high work function (up to 6 eV) and deeply located electronic states [3],
[5]. However, the formation of an efficient injection contact depends not only on the
work function but also on the phase composition, crystallinity, and surface roughness of
the film. Low surface roughness of the underlying layer facilitates accurate control of
the thickness of the subsequently deposited organic layer and promotes the formation of
a uniform interface [11]. Amorphous films, in turn, generally exhibit smoother surfaces
and more homogeneous morphology due to the absence of grain boundaries [4], [14].
The aim of this study is to comprehensively characterize the phase composition,
thickness, surface morphology, and work function of MoOs films deposited by
magnetron sputtering. To this end, X-ray diffraction (XRD), atomic force microscopy
(AFM), and ultraviolet photoelectron spectroscopy (UPS) techniques were employed in
combination. The structural state of MoOs films, whether amorphous or crystalline, is
of significant importance for their practical applications. Crystalline MoOs typically
exhibits a layered orthorhombic a-phase structure with anisotropic properties, whereas
amorphous films are isotropic, smooth, and homogeneous, making them preferable for
thin-film device applications [4], [8]. During the magnetron sputtering process, the
substrate temperature, pressure, and oxygen flow rate determine the structural state of
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the deposited film. Under low substrate temperature conditions, the formation of an
amorphous phase is generally observed, which is considered advantageous for organic
electronic devices [14], [15].

Research Methodology

MoO; films were deposited onto silicon Si(100) substrates by magnetron
sputtering using a molybdenum target with a purity of 99.99% in a gas mixture
consisting of 95% Ar and 5% O: in a Kepler 450 system. The working pressure was
maintained at (2—-3) < 1072 mbar, and the film thickness was varied from 10 to 150 nm
and monitored during deposition using a quartz crystal microbalance.

The phase composition and film thickness were investigated using a D8 Discover
diffractometer (Bruker, Cu Ka, A = 0.15406 nm) in both 6/20 and 26/0 geometries.
Surface topography and roughness were characterized by atomic force microscopy
(AFM) using an Ntegra Spectra system (NT-MDT). The work function and electronic
states of the valence band were investigated by ultraviolet photoelectron spectroscopy
(UPS) using an Escalab 250Xi spectrometer equipped with a He I radiation source (21.2
eV). The measurements were performed without removing the samples from the vacuum
chamber. The work function was determined from the cutoff position in the high-
binding-energy region. The research methods employed and their respective purposes
are summarized in Table 1.

Table 1. Methods used to characterize MoQ:s films.

Method Instrument Parameter determined
XRD D8 Discover (Cu Ka) phase composition, thickness
AKM Ntegra Spectra morphology, surface roughness
UFES Escalab 250Xi (He I) work function, valence band

Results and Discussions

No distinct diffraction peaks were observed in the diffractograms obtained in the
0/26 geometry over the 20 =20-60° range (Figure 1), indicating that the deposited MoOs
layers possess an amorphous structure. This result is consistent with literature reports on
the formation of an amorphous phase during magnetron sputtering under relatively low
substrate-temperature conditions [8], [15]. Reflectometry measurements in the 26/0
geometry confirmed the thickness values determined using the quartz crystal
microbalance during the deposition process. Thus, over the entire thickness range of 10-
150 nm, the film thickness was determined by two independent methods with an
accuracy of up to 10%. The surface roughness of the underlying silicon substrate did not
exceed 1 nm, providing favorable conditions for the growth of the MoOs film. According
to the AFM measurements, the MoO:s films formed a continuous coating over areas of
5x5 um and larger at all investigated thicknesses (Figure 2). Within these areas, the
surface roughness did not exceed 2 nm, while the lateral dimensions of the features
protruding above the mean surface level were predominantly 100-200 nm. The low
surface roughness, combined with the amorphous structure, facilitates the formation of
a uniform interface with the organic layer and represents an advantage for device
fabrication [11]. To determine the work function, UPS spectra were measured. In the
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valence-band spectrum of the 10 nm thick film, a broad maximum (shoulder) was
observed in the energy range from —7.5 to —2.5 eV relative to the Fermi level, which is
associated with Mo—O states of molybdenum atoms in MoOs [9], [10].
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Figure 1. X-ray diffraction patterns of MoOs films with different thicknesses obtained in the
0/26 geometry (amorphous halo).

The work function was determined from the cutoff position in the high-binding-
energy region (Fig. 3). For the 10 nm-thick films, the work function was determined to
be 5.8+0.2 eV. Similar results were obtained for the films with thicknesses of 30 and
150 nm: the work function remained at 5.8 eV within the stated experimental uncertainty
(Figure 4). These results indicate that the work function is not significantly dependent
on film thickness, suggesting the stability of the surface electronic states and the

homogeneity of the deposited layer.

Height, nm

0.5 1.0 1.3 2.0
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Figure 2. Atomic force microscopy (AFM) image of the MoO:s film surface; surface
roughness R, <2 nm.
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work function (right), ®=5.8+0.2 eV.

The work function values obtained for films of different thicknesses are presented

in Table 2.
Table 2. Work function values of MoO:s films.
Thickness (nm) Work function @ (eV)
10 5,8+0,2
30 5,8+0,2
150 5,8+0,2
6.5
S 601 58 eV 58 eV 58 eV
E’ i I s s s gt e S —
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£
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Figure 4. Dependence of the MoO:s film work function, @, on film thickness; the gray region

indicates the

typical values for metal/Si contacts.

The measured work function values, ranging from 5.6 to 6.0 eV, are significantly
higher than those of conventional metal and silicon contacts (below 4.8 e¢V) and are
consistent with the values reported by other authors for magnetron-sputtered MoOs films
[3], [5], [9]. Such a high work function is associated with the deep-lying electronic states
of MoOs and provides favorable energetic alignment with the HOMO level of the
organic material, thereby reducing the energy barrier for hole injection (Figure 5). Thus,
comprehensive investigations confirmed that MoOs films deposited by magnetron

sputtering exhibit an amorphous

structure, low surface roughness (R, <2 nm), and a

high work function (5.8 eV). Taken together, these properties make the films suitable

for use as efficient hole-injection

layers in organic electronic devices.
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Figure 5. Energy-level diagram at the MoOs/organic semiconductor interface and schematic
representation of hole injection.

Conclusion and Recommendations

The structure, morphology, and work function of MoOs thin films deposited on
silicon substrates by magnetron sputtering were comprehensively investigated. X-ray
diffraction analysis revealed that the films possess an amorphous structure, while the
film thickness was confirmed using two independent methods. Atomic force microscopy
demonstrated that the films form a continuous coating over an area of 5x5 um, with a
surface roughness not exceeding 2 nm.

Ultraviolet photoelectron spectroscopy (UPS) measurements revealed a work
function of 5.8+0.2 eV, which remained nearly unchanged over the 10-150 nm thickness
range. The obtained results demonstrate that amorphous, smooth MoOs films with a high
work function are promising for use as hole-injection layers in organic electronic
devices. Future studies will focus on the direct evaluation of the injection properties of
these films in actual OLED structures.
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Annotatsiya. Issiqlik akkumulyatorlari orasida issiq suv saqlash baklari
arzonligi, soddaligi va ishlash rejimi qulayligi, atrof-muhitga zarari kamligi uchun
eng ko’p qo’llaniladi. Issiq suv saglash idishi ichidagi harorat tagsimoti tizimning
issiqlik xususiyatlari va issiq suv yetkazib berish samaradorligini boshqaruvchi
asosiy omil hisoblanadi. Bu tagsimotga bir gator ish va dizayn parametrlari ta'sir
qiladi. Bularga suv kirish oqimi tezligi, kirish harorati, saqlash idishi ichidagi
suvning boshlang'ich harorati, idish geometriyasi, idish diametrining balandlikka
nisbati va kirish va chiqish quvurlarining joylashuvi kiradi. Bu parametrlarning
o'zgarishi harorat tabagalanishiga va natijada issiq suv saqlash idishining issiqlik
samaradorligiga sezilarli darajada ta'sir qilishi mumkin. Issiq suv saqlash
baklarining samaradorligining bu kabi ko‘plab parametrlarga bog‘ligligi matematik
modellashtirish va raqamli simulyatsiyalardan foydalanishning ahamiyatini
oshiradi. Ushbu tadqiqotda issiq suv saqglash baklari uchun bir o‘Ichovli matematik
model ishlab chiqilgan va eksperimental natijalar asosida tekshirilgan. Tadqiqot
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natijalariga ko‘ra model va eksperiment orasidagi o‘rtacha kvadrat xatolik ildizi
1.85°C ga va determinatsiya koeffitsiyenti R°=0.94 ga teng ekanligi aniqlandi.
Issiq suv saqlash bakining to‘la razryadlanish vaqti 1980 soniya yoki 33 minutga
teng.

Kalit so’zlar: issiqlik akkumulyatori, issiqlik tagsimlanishi, o ‘rtacha kvadrat
xatolik ildiz, determinatsiya koeffitisiyenti, razryadlanish, razryadlanish vaqti.

AnHoTanus. Cpeay TEII0aKKyMYJISITOPOB Han00JIee MUPOKO UCTIOTb3YOTCS
HAKOIHUTEJIbHBIC Oaku ¢ Topsdyed BojOW Ojaromaps WX HHU3KOHM CTOMMOCTH,
IPOCTOTE KOHCTPYKIMU M OSKCIUTyaTallMd, a TaKXe HU3KOMY BO3JCHCTBUIO Ha
OKpyXarolyro cpeny. TepmanbHass crpaTudukanuss B Oake TOpSYEro
BOJIOCHA0XKECHUS SIBIISIETCSI BAXHBIM (DAKTOPOM, BIUSIONIMM HA BBIIAUy TOpsUeit
BoAbl. Ha TepMuueckyio crparu@ukanuio BO3JACHCTBYIOT MHOTHE MapaMeTphl:
pacxoj moaaBaeMoi KUJIKOCTH, TEMIIEpaTypa Ha BXOJe, HauajabHas TeMIiepaTrypa
B 0ake ropsyero BOJOCHAOKEHMs, TeoMeTpuueckass KoHdurypauus Oaka, €ro
JTUaMETp W OTHOIIEHWE JUaMETpa K BHICOTE, a TAKXKE IMOJIOKEHUE BXOJHOTO U
BBIXOJIHOTO TAaTPyOKOB. 3aBUCHUMOCTh A((PEKTUBHOCTH OaKOB-aKKyMYJISTOPOB
ropsiyeil BOJbl OT OOJIBIIOTO KOJUYECTBA MOJOOHBIX MapaMeTPOB MOBBIIIAET
3HAYUMOCTh TPUMEHEHUS MATEMaTHYECKOTO MOJEIUPOBAHKS W YHCICHHOTO
MojenupoBaHus. B manHON paboTe paspaboTaHa ogHOMEpHash MaTeMaTHYeCKas
MOJIeNIb 0aka TOpsSYero BOAOCHAOXKEHMS, BepU(PUIIMPOBAHHAS HA OCHOBE
AKCIIEPUMEHTATBHBIX JTAaHHBIX. Ilo pe3ynbTaram UCCJIeI0BaHUS
cpenHekBaapatuueckass omuoka (RMSE) mexnay monenbio U SKCIEPUMEHTOM
cocrapuna 1,85 °C, a kodpduuueHT perepMHHAIMU  (MaKCHUMAaJbHBIH
kod(ppunuent koppensuun) - R* = 0,94. Tlonnoe Bpems paspsiia 6aka ropsiueit
BOJIbI cocTaBiisieT 1980 ¢ nnu 33 MUHYTHL.

Kntoueswvie cnosea: mennoakkymyniamop, mepmuyeckas cmpamugurayusl,
cpedHeksaopamuieckas oumuoka, Kodgouyuenm oemepmunayuu, pa3pso, 8pems
paspsoa.

Abstract. Among heat accumulators, hot water storage tanks are the most
widely used due to their low cost, simplicity, and ease of operation, as well as their
low environmental impact. The temperature distribution within a hot water storage
tank is a key factor governing the thermal behavior and hot water delivery
performance of the system. This distribution is influenced by a number of operating
and design parameters. These include the water inlet flow rate, inlet temperature,
initial temperature of the water inside the storage tank, tank geometry, the tank
diameter-to-height ratio, and the locations and arrangement of the inlet and outlet
pipes. Variations in these parameters can significantly affect the temperature
stratification and, consequently, the thermal performance of the hot water storage
tank. The dependence of the efficiency of hot water storage tanks on many such
parameters increases the importance of using mathematical modeling and
numerical simulations. In the present study, a one-dimensional mathematical model
was established to describe the thermal behavior of a hot water storage tank and
subsequently validated against experimental data. The comparison between the
numerical predictions and experimental measurements yielded an RMSE of 1.85
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°C, while the coefficient of determination was calculated as 2=0.94,
demonstrating a strong agreement between the model results and experimental
observations. The analysis also showed that the storage tank could be completely
discharged within 1980 s, equivalent to 33 min.

Key words: heat accumulator, thermal stratification, root mean square error,
coefficient of determination, discharging, discharging time.

Introduction

Due to the gradual depletion of traditional fossil fuel reserves and the increasing
environmental impact, global efforts to conserve, store and develop renewable energy
sources are increasing [1]. Despite the availability of various high-energy-density
thermal storage technologies, including latent heat storage systems employing phase
change materials (PCMs), hot water storage tanks remain among the most commonly
applied solutions because of their relatively low cost, simple construction, and
advantageous thermophysical characteristics [2]. In solar water heating systems, the
thermal behavior of the hot water storage tank plays a significant role in determining the
overall efficiency and performance of the system. One of the key factors governing the
thermal performance of such tanks is temperature stratification, which influences the
mixing behavior and heat storage characteristics of the stored water. Consequently, the
phenomenon of thermal stratification in hot water storage tanks has received
considerable attention in previous research studies [3].

Literature Review

Researchers have conducted many experimental studies and analytical
simulations on temperature stratification in a hot water storage tank in a hot water
system. The studies show that thermal stratification can effectively improve energy
storage performance. Studies on the thermal stratification of hot water storage tanks
mainly focus on the following aspects [4]: inlet flow parameters — liquid inlet flow [5,
6], inlet temperature, initial temperature in the hot water storage tank [7] and operating
mode of the hot water storage tank [8-10]; geometric structure of the hot water storage
tank: many literatures have studied the effect of geometric structure on thermal
stratification, which is mainly reflected in the ratio of the diameter of the water tank to
its height, the installation position of the liquid inlet and outlet pipes [11, 12], the
structure of the barriers inside the water tank and other factors [13-15].

Considering the above, mathematical modeling and numerical simulations are of
great importance due to the fact that the efficiency of hot water storage tanks depends
on many parameters and the increasing number of experimental studies. In this study,
the thermal stratification in the liquid layers of a hot water storage tank, determined by
the studies of Y. Karlina [16] and A.L. Nash [17], was investigated using a one-
dimensional mathematical model. Based on the model results and the research results of
Y. Karlina [16], the root mean square error and the coefficients of determination were
determined. Based on the mathematical model, the discharge time of the hot water
storage tank was determined.

Research Methodology
A cylindrical hot water storage tank with an external heat exchanger is heated by
hot water entering from the first layer above (Figure 1). In developing a one-dimensional



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. AVGUST, 2026-8. ISSN 2181-9750

model of a hot water storage tank, the liquid inside the tank is divided into 20 equal
layers, numbered from top to bottom. For the discharge process of a hot water storage
tank, it is assumed that cold water enters from the 20th layer at the bottom of the tank
and hot water leaves from the 1st layer.

Hot water h Hot water
—p -

' |

Heat

exchanger

—— [ < a2 L &
Cold water \'\.__‘_ L __,__.f/ Cold water
—] — =20
a) b)
Figure 1. Schematic representation of a hot water storage tank: a) general configuration; b)
liquid layers.

To develop and validate a one-dimensional mathematical model of a hot water
storage tank, the geometric parameters of a hot water storage tank from an experimental

study by A.L. Nash [17] were used (Table 1).

Table 1. Geometric parameters of the hot water storage tank.

Parameters of hot water storage tank Dimension
Height (external/internal) 142m/1.30m
Diameter (outer/inner) 0.51m/0.383m

Wall thickness 0.0065 m

Volume 151 liter

Heat balance equations. Energy balance equations have been developed for the
hot water storage tank configuration shown in Figure 1 [16].

—= ., + | Q)
here - specific heat capacity of water; - mass of water in each layer; -
convective heat transfer rate between liquid layers; . - forced convective heat
transfer rate due to direct addition and withdrawal of water to the hot water storage tank;

' - rate of heat loss to the environment; - forced convective heat transfer rate
due to hot water withdrawal and cold water addition; - denotes the liquid layers in the
tank and takes values from 1 to 20, respectively.

The convective heat transfer rate ~ between fluid layers is determined by the

following expression:

- AL - A
= - + ()

here - cross-sectional area of the tank; A - Flexible Grid Multiplier; - thermal
conductivity coefficient of water.
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The heat transfer rate between layers ~ was calculated using the Adaptive

Grid approach presented by K. Powell et al. [18], which enhances heat transfer by

increasing the interference between layers when there is a temperature difference. In this

work, based on experimental results, it was assumed that a more realistic placement of

natural convection effects at a value of A=1/400 would allow for more efficient heat
distribution in the hot water storage tank [16].

The forced convective heat transfer rate ~ due to the direct addition and

withdrawal of water to the hot water storage tank is determined by the following
expression:

= ) 3)
here ~ - mass flow rate of incoming water.

Due to the direct addition and withdrawal of water to the hot water storage tank,
the forced convective heat transfer rate . represents the rate of temperature change
in the upper layers due to the incoming hot water, increasing thermal efficiency by
eliminating heat loss to the environment through the walls of the hot water storage tank.

The rate of heat loss to the environment is determined by the following
expression:
= 4)
here - represents the temperature of the room where the hot water storage

tank is located. The rate of heat loss to the environment is calculated for each layer
individually based on the insulation characteristics of the hot water storage tank,
including insulation thickness and exposed surface area. For intermediate layers (2 <
< 18), the surface represents the side surface of the hot water storage tank, and
for the upper ( = 1) and lower ( = 20) layers, it includes the side surface of the hot
water storage tank and the upper/lower base surfaces.
The forced convective heat transfer rate due to hot water withdrawal and
cold water addition is determined by the following expression:
= ( ) (5)
where is the relative flow rate of the liquid, which is found as follows:
., = (6)
is the total consumption rate of hot water, and represents the share of hot
water:

C -
G "
- temperature required by the consumer, - hot water storage tank water intake
temperature, - the temperature of the cold water entering the bottom layer of the
hot water storage tank.

Therefore, the forced convective heat transfer rate ~  due to hot water
withdrawal and cold water addition is necessary to assess the exact effect of water
withdrawal from the bottom layer of the hot water storage tank on the heat distribution
and depends on the incoming cold water temperature . is usually considered
to affect the bottom two layers of the hot water storage tank or only the last layer.
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Using expressions (8)-(9), the Root Mean Square Error ( ) and the
maximum correlation coefficient 2 between the results obtained in the studies of Y.
Karlina and A.L. Nash and the results obtained from the developed one-dimensional
mathematical model were determined.

RMSE - Root Mean Square Error [19]:

1 2
= =21, , (8)
2 _ maximum correlation coefficient [19]:
229 2 . = 9
. — )
where and represent the model and experimental fluid temperatures at
time 1, respectively, and , represents the average temperature based on the

model results.

Analysis and Results

The heat balance equation was solved numerically using the differential equation
scheme method, and the following conditions were adopted for the discharge process
when solving the heat balance equations:

- The 1nitial temperatures of each layer in the hot water storage tank are the same and
equal to 45°C.

- The mass flow rate of the liquid during the discharge process in the hot water storage
tank is 330 kg/h.

- The temperature of the cold water entering the lower 20th layer during the discharge
process in the hot water storage tank is 15°C, and the hot water exits from the 1st layer.
- In the calculations, the constant was assumed to be equal to 0.92.

During the discharge process of the hot water storage tank, the liquid is divided
into 20 equal layers, and the temperature of each layer is assumed to be 45°C. For the
complete discharge of the hot water storage tank, the full discharge point is taken as the
time when the average temperature of the cold water entering the hot water storage tank
reaches 110 percent (16.5°C).

Figure 2 illustrates the temperature change in the liquid layers of the hot water
storage tank based on the model results.

Figure 3 shows the temperature change per minute from the start of discharge in
the odd-numbered liquid layers of the hot water storage tank until the average
temperature of all layers is 16.5° C. The red dashed lines indicate the temperature change
in the study by Y. Karlina, while the solid red line indicates the results of the one-
dimensional mathematical model.

At a mass flow rate of 330 kg/h, the hot water storage tank required 1980 s,
corresponding to approximately 33 min, to complete the discharge process. This value
agrees well with the findings reported by Y. Karlina and A. L. Nash. The root mean
square error (RMSE) associated with the temperature prediction for each individual
layer was calculated using Eq. (8). A comparison between the results obtained from the
one-dimensional mathematical model and the experimental data reported by Y.
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Figure 2. Temperature variation in the liquid layers of a hot water storage tank at a mass flow

rate of 330 kg/h.
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Figure 3. Assessment of the time dependence of temperature changes in an odd number of
liquid layers of a hot water storage tank (based on Y. Karlina and model results) and Root Mean
Square Error.

Karlina showed that the RMSE of the predicted temperature variation for all
water layers throughout the discharge period was 1.85 °C. Furthermore, the calculated
coefficient of determination was 2 = 0.94, indicating a good agreement between the
model predictions and the experimental results.

Conclusion and Recommendations

A one-dimensional mathematical model of a hot water storage tank was developed
and validated using the experimental results reported by Y. Karlina. The governing
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energy balance equations describing the thermal behavior of the storage tank were
solved numerically by applying a differential equation-based solution approach. The
model predictions were subsequently compared with the results presented by Y. Karlina
to evaluate the accuracy of the developed model in terms of temperature prediction and
tank discharge behavior.

The comparison demonstrated good agreement between the numerical and
reference results. The RMSE calculated for the temperature variation of the water layers
during the discharge process was 1.85 °C, while the coefficient of determination reached

2 = 0.94. In addition, the calculated time required for complete discharge of the hot
water storage tank was 33 min.

The developed one-dimensional model can be further employed to investigate the
influence of different design and operating parameters on the thermal performance of
hot water storage tanks. In particular, future numerical studies may consider the effects
of water mass flow rate and inlet temperature, the initial water temperature, tank
geometry, tank diameter-to-height ratio, and the locations of the inlet and outlet
connections. Such analyses can provide a basis for optimizing the design and operating
conditions of hot water storage systems.
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Annotatsiya. Ushbu maqolada qora fosforin sirtini kichik burchaklar ostida
bombardimon qilayotgan Ne® va Ar" ionlarining sochilish jarayoni ketma-ket
to'gnashuvlar usuli asosida kompyuterda modellashtirilgan. Ushbu sirtdan
sochilgan Ne® va Ar" ionlarining xarakteristik trayektoriyalari va energetik
spektrlari hisoblangan. Sochilgan ionlarning trayektoriyalari qora fosforin sirtida
kreslosimon yarim kanal mavjudligini ko'rsatdi. Olingan energiya spektrlarida
dastlab ikkita intensiv cho‘qqi kuzatildi; ular sirtning atom qatlami hamda yarim
kanal tubidan sochilgan ionlarga mos kelishi aniglangan. Ionlarning tushish
burchagining ortishi ularni qo'shni yarim kanallardan socilishiga olib kelishi va
ularga tegishli kichik intensivlikga ega bo'lgan cho'qqilar kuzatildi. Olingan
natijalar sirt qatlami va uning tuzilishini o rganishga imkon beradi.

Kalit so‘zlar: kompyuter modellashtirish, ionlarning sochilishi, ion
trayektoriyasi, yarim kanal, energeti spektr.

AHHOTAMA. B 1aHHON cTaThe METOJIOM ITOCIEI0BATEILHBIX CTOJIKHOBEHUN
HAa KOMIIBIOTEPE CMOJCIMPOBAH MPOIECC paccesHus HOHOB Ne' u  Ar',
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OoMOapAUPYIOIMIUX MOBEPXHOCTh YEPHOro ¢ochopruHa IOJ MaJbIMH YTIJIaMH.
PaccunTanbl XapaKTepuCTUICCKUE TPACKTOPUH U DHEPTETUICCKUE CITIEKTPHI HOHOB
Ne" u Ar', paccessHHBIX OT 3TOW MOBEPXHOCTH. TPaeKTOPUHU PACCESIHHBIX HOHOB
MOKa3alM HAJIMYMWE Ha IMOBEPXHOCTH dYEpHOro dochopuHa TOJyKaHAIA THIA
«kpecno» (armchair). B moiydeHHBIX SHEPreTHYECKUX CIHEKTpax H3HAYAIbHO
HaOJIFOTANTUCh JTBAa WHTCHCUBHBIX THKA; YCTAHOBIICHO, YTO OHH COOTBETCTBYIOT
MOHAM, PACCESTHHBIM OT aTOMHOTO CJIOS MOBEPXHOCTH M CO JIHA IOJIyKaHaja.
VYBenuyeHHe yria IMaJicHus WOHOB IPHBOJUIO K UX PACCESTHUIO OT COCEIHUX
MOJIYKaHAJIOB, MPU ATOM HAOIIOJAINCh COOTBETCTBYIOIIME MM IHKH C Majou
WHTEHCUBHOCTHIO. [loTyueHHBIC pe3yIbTaThI MO3BOJISIOT U3YYUTh TTOBEPXHOCTHBIIN
CJIOM U €TO CTPYKTYPY.

Kntoueswvie cnosa: xomnviomepHoe MoOenupo8anue, paccesiHue UOHOS,
Mpaekmopusi UOHA, NOJLYKAHAI, dHep2emu4ecKull Cnekmp.

Abstract. In this paper, the scattering process of Ne” and Ar* ions bombarding
the surface of black phosphorene at grazing (small) angles is computer-simulated
using the binary collision approximation method. The characteristic trajectories
and energy spectra of the Ne" and Ar" ions scattered from this surface are
calculated. The trajectories of the scattered ions revealed the presence of an
armchair-like semichannel on the black phosphorene surface. Two intense peaks
were initially observed in the obtained energy spectra; they were found to
correspond to the ions scattered from the surface atomic layer and the bottom of
the semichannel. An increase in the angle of incidence led to ion scattering from
neighboring semichannels, and peaks with low intensity corresponding to them
were observed. The obtained results allow for the characterization of the surface
layer and its structure.

Key words: computer simulation, ion scattering, ion trajectory, semichannel,
energy spectrum.

Introduction

In surface physics and computational materials science, small-angle (grazing
incidence) ion scattering is a highly specialized technique used to determine the exact
atomic topography, crystal structural configurations, and defect formations of 2D
materials and single-crystal surfaces. When low-energy ions (such as Ne™ or Ar")
bombard a crystalline surface at small grazing angles (y=1-15°), they do not penetrate
deep into the material. Instead, they glide along the surface atomic rows, interacting via
semichannels (like the armchair or zigzag tracks found in phosphorene allotropes). This
behavior generates distinct energy spectra and trajectory focus shifts that map out the
target's precise atomic layout[1-2].

Black phosphorene is a one-atom-thick layer of black phosphorus. Unlike flat
graphene, it has a puckered or wrinkled structure. This unique shape creates small
channels on its surface that look like the arms of a called armchair channels. Because of
this wrinkled design, electricity and heat move through it at different speeds depending
on the direction. Unlike graphene, black phosphorene has a natural bandgap, which
means it can be turned on and off like a regular computer switch. Its bandgap changes
depending on how many layers it has, allowing it to absorb a wide range of light. This
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makes it perfect for fast electronics, infrared night-vision sensors, lasers, and next-
generation batteries.Its main weakness is that it is highly unstable in air. It reacts quickly
with oxygen and moisture, so scientists must protect it with special coatings to prevent
it from breaking down[3-6].
In this paper, we presents the characteristic trajectories of scattered Ne" and Ar"
ions from the black phosphorine surface at small angles of incidence.

Research Methodology

The method of binary collision approximation (BCA) method is widely used in
plasma physics, physical chemistry, molecular dynamics, and related fields. It was used
to analyze interactions between particles in complex systems where full modeling of all
possible interactions is impossible due to computational limitations [7]. This method are
based on the assumption that paired particle collisions play a key role in the dynamics
of a multicomponent system. Instead of taking into account all interactions
simultaneously, only collisions between two particles are considered, ignoring their
interaction with the rest of the system during this collision. In this method, the forces,
trajectories, and other parameters for each pair of particles are calculated based on the
selected potential. Parameters describing collisions are averaged over the entire system
to account for the contribution from a large number of particles. Paired collisions are
used to obtain analytical or numerical results that approximate the dynamics of the entire
system.

In this paper, we used the Ziegler-Birzak-Littmark potential. The Ziegler-Biersack-
Littmark (ZBL) potential is a mathematical formula used in physics to describe how
atoms repel each other when they collide. It is the most widely used formula in computer
simulations for tracking how ions bounce off surfaces. It is called a "universal" potential
because it works for almost any combination of atoms in the periodic table, at both low
and high speeds. Inelastic energy losses were calculated using the equation of
Kishinevsky [8-9].

Analysis and results
Figure 1 shows the scheme of semichannels formed on the surface black
phosphorine. CdSe(001)<110> surface. The form this semichannel look like armchair.

Figure 1. Semichannel formed on the surface black phosphorine
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Figure 2 shows the energy spectra of Ne* ions scattered from the black
phosphorene surface at an initial energy of Eo = 1 keV and 1 at the angle of incidence y
=3°-15°. As mentioned above, at a relatively low initial energy (Eo =1 keV) and small
incidence angles (y = 3°-7°), the energy spectrum consists of a single peak. This
indicates that only ions scattered from the surface atomic rows contribute to the observed
peak (figure 2a).

Similarly, at the same initial energy and at the angle of incidence y = 9°-11°, a
single-peak energy spectrum is observed (figure 2b). However, the peak is shifted
toward lower energies because the ions penetrate into the semichannel on the surface.
At the y = 9°-11°, the energy spectrum covers a broader energy range, indicating that
the 1ons penetrate not only between the surface atomic rows and into the semichannel,
but also into the region between two adjacent atomic rows on the surface.

Figure 3 presents the trajectories of Ne* ions with an initial energy of Eo = 1 keV
at the angle of incidence y = 3°, 7° and 15°. At an incidence of angle y = 3°, the ions
are scattered from the surface atomic rows and the walls of the semichannel, as can be
seen in figure 3a. This explains the appearance of a single peak in the corresponding
energy spectrum. When the angle of incidence increases to y = 7°, the trajectories
indicate that the ions are also scattered from the atomic row located at the bottom of the

semichannel (figure 3b).
a b
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Figure 2. Energy spectra of Ne* ions with initial energy Eo=1 keV and at the angle of
incidences y=3°-15°.

However, ions scattered from the surface atomic rows can also be clearly
identified from the trajectories. It should be noted that we also observed ions penetrating
into the very narrow space between two adjacent atomic rows on the surface. This is
evidenced by the increased density of ion trajectories in this region. Consequently, at
this incidence angle, the energy distribution of the scattered ions is slightly shifted
toward lower energies. At the angle of incidence y = 15° (figure 3c), the ions exhibit
more complex scattering behavior. In particular, the ions are scattered from two atomic
rows on the surface, penetrate into the region between these two rows, undergo
scattering from the wall of the semichannel, and are subsequently scattered from the

atomic row at the bottom of the semichannel.
a b



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. AVGUST, 2026-8. ISSN 2181-9750

LA

Figure 3. Trajectories of Ne" ions with initial energy Eo=1 keV and at the angle of incidences

y=3% 7%and 15°

Some ions are backscattered from the atomic row at the bottom of the semichannel
and subsequently enter the adjacent channel. As a result, the energy spectrum at this
incidence angle exhibits a broad spectral feature extending over a relatively wide energy
range at lower energies.

Figure 4 presents the energy spectra of Ar" ions scattered from the black
phosphorene surface at an initial energy of Eo = 1 keV and at the angle of incidence y
= 3° -15°. At y = 3°-7° (figure 4a), the energy spectrum consists of a single peak. A
single-peak spectrum is also observed at y = 9°-11° (figure 4b). However, at y = 13°—
15°, a two-peak spectrum is observed, with the peak at lower energies extending over a
broader energy range. Figure 5 presents the trajectories of Ar* ions with an initial energy
of Eo =1 keV at incidence angles of y = 3°, 7° and 15°. At the angle of incidence y =
3°, the ions are observed to be scattered from the surface atomic rows and the walls of
the semichannel (figure 5a). No collisions with the atomic row located at the bottom of
the semichannel are observed. At the y = 7° (figure 5b), the ion trajectories clearly
reproduce the geometry of the semichannel on the black phosphorene surface. In this
case, the 1ons are also scattered from the atomic row at the bottom of the semichannel.
It should also be noted that Ar* ions are scattered from the atoms in the surface atomic
rows at relatively larger distances compared with Ne* ions. Consequently, Ar* ions
penetrate to a smaller extent into the region between the two surface atomic rows than
the lighter Ne* ions.
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Figure 4. Energy spectra of Ar'ions with initial energy Eo=1 keV and at the angle of
incidences y=3°-15°.
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Figure 5. Trajectories of Ar* ions with initial energy Eo=1 keV and incidence angles y=3°, 7°
and 15°.
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Conclusion and Recommendations

We have studied the energy distributions and characteristic trajectories of
scattered Ar" and Ar"ions from the surface black phophorine at the angles of incidence
y=3%,5%7% and at the initial energy Eo=1keV. The observation of a single peak in the
energy spectrum is due to the scattering of ions from both the surface atomic row and
the semichannel wall. With the increase in both the angle of incidence and energy, the
full geometry of the surface semichannel can be resolved, leading to a multi-peak
distribution in the spectrum. As the energy and incident angle increase, the light-mass
ion is observed to penetrate between two adjacent atomic rows on the surface.
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Annotatsiya. Nothermal plazma (NTP — nonthermal plasma) vodorod ishlab
chiqgarishning elektr energiyasi asosida amalga oshiriladigan istigbolli usullaridan
biri sifatida tadqiq etilmoqda. Buning asosiy sababi shundaki, energetik elektronlar
butun gaz fazasini termokimyoviy muvozanat holatiga keltirishni talab qilmagan
holda metan, suv bug‘i va karbonat angidrid molekulalarini faollashtirish imkonini
beradi. Mazkur maqolada dielektrik to‘siqli razryad (DBD — dielectric barrier
discharge), sirpanma yoy (gliding arc) va mikroto‘lqinli plazma tizimlari
metanning konversiya darajasi, vodorod chiqishi hamda elektr energiyasiga
bo‘lgan ehtiyoj nuqtayi nazaridan qiyosiy tahlil qilingan. Nashr etilgan
eksperimental natijalar umumiy ko‘rsatkichlar majmuasi, jumladan, xomashyoning
konversiya darajasi, H> ning chiqishi va selektivligi, solishtirma energiya sarfi
hamda vodorod olishning energiya samaradorligi asosida baholangan. Adabiyotlar
tahlili reaktor turi va ish rejimi jarayon samaradorligini sezilarli darajada
belgilashini ko‘rsatdi. DBD plazma-katalitik tizimlarni integratsiyalash uchun
qulay bo‘lsa, sirpanma yoy nisbatan maqgbul energiya sarfi sharoitida yuqori
konversiya darajasini ta’minlashi mumkin. Mikroto‘lqinli plazma tizimlarida esa
yuqori unumdorlikka ega vodorod ishlab chiqarish jarayonlari namoyish etilgan.
Katalizatorlardan foydalanish konversiya darajasini oshirishi mumkin, biroq metan
konversiyasidagi o‘sish har doim ham H: chiqgishining mutanosib ravishda
ortishiga olib kelmaydi. Shu sababli tahlil natijalari energiya samaradorligi,
plazma—katalizator o‘zaro ta’siri, texnologiyani sanoat miqyosiga kengaytirish va
mahsulotlarni ajratish jarayonlarini mazkur texnologiyaning asosiy muhandislik
cheklovlari  sifatida belgilaydi. Eng istigbolli rivojlanish  yo‘nalishi
optimallashtirilgan razryad sharoitlari, selektiv katalizatorlar va kam uglerodli
elektr energiyasidan foydalanishni yagona tizimga integratsiyalashdan iborat.

Kalit so‘zlar: nothermal plazma, vodorod ishlab chigarish, metan
konversiyasi, DBD, sirpanma yoy, mikroto ‘lqinli plazma, plazma katalizi, energiya
samaradorligi.

Annoranus. HepaBnoBecHas masma (NTP — nonthermal plasma)
paccMaTpuBaeTcs KakK TEepPCHEKTUBHBIM CIMOCOO MPOM3BOJCTBA BOIOPOAA C
WCIIOJIb30BAaHUEM DJICKTPUUYECKON SHEPTHH, MOCKOJIBKY BBICOKOIHEPTETUYCCKUE
AJIEKTPOHBI TIO3BOJISIFOT aKTUBHPOBATh MOJICKYJbI METaHa, BOJSHOTO Iapa u
IMoKcua yriaepoja 0e3 HeoOXOIMMOCTH JOBEACHUS BCeW Ta30BOM (asbl 110
COCTOSHUSI TEPMOXMMHUYECKOI0 paBHOBECUS. B cTarbe nmpoBEAEH CPABHUTEIbHBIN
aHaJ U3 CHUCTEM Ha OCHOBE AMAJIEKTpuueckoro OapwrepHoro pazpsga (DBD —
dielectric barrier discharge), ckomp3simieit ayru (gliding arc) U MUKpOBOJHOBOM
IIa3Mbl ¢ OCOOBIM BHMMAaHHEM K KOHBEPCHHM METaHa, BBIXOJY BOJOpOAa H
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NOTpeOICHUIO AMeKTprudeckor 3Heprun. OmyOIMKOBaHHBIC KCIICPUMEHTAIILHBIC
pE3yNbTaThl OICHUBAINCH C WMCIOJIB30BAHMEM €IWHOTO Habopa IOKa3aTelei,
BKJIFOYAOIIIETO CTENIEHh KOHBEPCHUU UCXOTHOTO ChIPhSI, BEIXO] U CEJIEKTUBHOCTB 10
H., ynenbHble sHepreTuueckue 3aTpaThl M SHEPIETUYECKHUN BBIXOJ BOJOPOJA.
AHanu3 Hay4YHOH IUTEpaTyphl IMOKa3bIBAET, YTO THUIl PEAKTOpPA U PEXKUM €ro
AKCIUTyaTaIlMi OKa3bIBAIOT CYIIECTBEHHOE BIIMSAHNE Ha () PEKTUBHOCTH TpoIiecca.
DBD mnpencraBnseT 3HAYMTENbHBIM HMHTEpPEC Uil MHTETPAlMM IUIa3Mbl C
KaTAIUTHYCCKIMH CHUCTEMaMHM, CKOJB3SIIAasi Jyra CrocoOHa oOecrednBaTh
BBICOKYI0  CTEIIEHh  KOHBEPCHH TIPH  OTHOCHTEIHHO  OJarOmpHUsTHBIX
DHEPTEeTUYECKUX 3aTpaTaX, TOTJa KaK MHUKPOBOJIHOBBIC TUIa3MEHHBIC CHCTEMBI
MPOJIEMOHCTPUPOBAIH BO3MOXXHOCTH BBICOKOIIPOU3BOIUTEIHLHOTO MPOU3BOCTBA
BosIoposa. JlobaBiieHHe KaTallM3aTOPOB MOJXKET IMOBBIMIATh CTEIIEHb KOHBEPCHUH,
OTHAKO YBEIWYCHHE KOHBEPCHHM MeETaHa HE O0053aTeNbHO NPHUBOIUT K
MPOIOPIIMOHATFHOMY TOBHIICHUIO Bbixoga H.. B cBs3m ¢ 3TUM pe3ynbTarthbl
aHaJIM3a MO3BOJISIOT BBIJICITUTH YHEPTETUIYCCKYIO 3¢ (HEKTUBHOCTD,
B3aMMOJICHCTBUE IJIa3Mbl C KaTaJu3aTOPOM, MAacIITaOMpOBaHWE TEXHOJIOTHH U
pa3zenieHue TPOAYKTOB KaK OCHOBHBIC WHXCHEPHBIC OTpaHUYCHUS JTaHHON
TexHojioruu. Hanbomnee mepcrneKTHBHBIM HAIMIPaBICHUEM NaJbHEHIIIETO pa3BUTHS
SBIIICTCS WHTETpAIvs ONTUMU3HPOBAHHBIX YCIOBUH pa3psia, CEICKTHBHBIX
KaTaJIM3aTOpPOB U HU3KOYTJIEPOTHOW AIEKTPOIHEPTUH.

Knrouesvle cnosa: Hepasnogecnas nuazma, npou3Bo0Cmso B8000podd,
KoHeepcusi memana, DBD, ckoab3awas Oyea, MUKpOBOIHO8As NiA3MA,
NIIA3MEHHbIU KAManu3, SHepeemuyeckas d¢hgdexmuenocme.

Abstract. Nonthermal plasma (NTP) is being investigated as an electrically
driven route for hydrogen production because energetic electrons can activate
methane, water vapour and carbon dioxide without requiring the entire gas phase
to reach thermochemical equilibrium. This article compares dielectric barrier
discharge (DBD), gliding arc and microwave plasma systems, with particular
attention to methane conversion, hydrogen yield and electrical energy demand.
Published experimental results were evaluated using a common set of indicators:
feed conversion, H2 yield/selectivity, specific energy input and hydrogen energy
yield. The literature shows that reactor type and operating regime strongly
determine performance. DBD is attractive for plasma-catalyst integration, gliding
arc can provide high conversion at relatively favourable energy input, and
microwave systems have demonstrated high-throughput hydrogen production.
Catalyst addition can enhance conversion, but the gain in methane conversion does
not necessarily translate proportionally into H: yield. The analysis therefore
identifies energy efficiency, plasma-catalyst interaction, scale-up and product
separation as the principal engineering constraints. The most promising
development route is the integration of optimized discharge conditions, selective
catalysts and low-carbon electricity.

Key words: nonthermal plasma, hydrogen production, methane conversion,
DBD, gliding arc, microwave plasma, plasma catalysis, energy efficiency.
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Introduction

Hydrogen is an important feedstock for ammonia synthesis, petroleum refining and
emerging low-carbon energy systems. Its environmental value, however, is determined
primarily by the production route. Conventional steam methane reforming is
technologically mature, but it is energy intensive and produces carbon dioxide unless
carbon capture is incorporated. This has stimulated research into electrically driven
processes that can operate flexibly with renewable power.

Nonthermal plasma is a nonequilibrium ionized medium in which electrons can
attain substantially higher energies than the bulk gas. Electron-impact excitation and
dissociation generate radicals and excited species that initiate reactions at conditions
different from conventional thermal chemistry. For methane, the first activation step can
be represented schematically as e + CHs — CHs* + He + e, followed by radical
recombination and surface reactions leading to H.. Water-containing systems
additionally generate He and OHe species. These pathways make NTP relevant to
methane decomposition, steam reforming and dry reforming [2,3].

The principal reactor families investigated for hydrogen production include DBD,
gliding arc and microwave plasma. DBD operates near atmospheric pressure and is
readily combined with catalyst packing. Gliding arc provides a higher power density and
often a larger conversion window, while microwave plasma can sustain high-density
discharges without direct electrode contact. Recent work also emphasizes plasma-
catalyst coupling, because catalyst surfaces can alter local electric fields and reaction
pathways, while plasma-generated excited species can modify adsorption and surface
kinetics [4,10].

The present study aims to compare these approaches using performance indicators
that are directly relevant to hydrogen production. The central premise is that high feed
conversion alone is insufficient: a practical process must also deliver favourable H: yield
and selectivity at acceptable electrical energy consumption. Accordingly, the analysis
focuses on conversion, hydrogen productivity, specific energy input, energy yield,
catalyst effects and scale-up.

Research Methodology

The work was conducted as a comparative analysis of peer-reviewed experimental
and review studies on plasma-assisted hydrogen production. Publications addressing
methane decomposition, steam/dry reforming and plasma-catalytic conversion were
selected, with emphasis on DBD, gliding arc and microwave systems. Because the
literature uses different feed compositions, reactor volumes and power bases, numerical
values were treated as representative results rather than as strictly equivalent
measurements.

Four indicators were used. Methane conversion was defined as XCHs = (Fin —
Fout)/Fin x 100. Hydrogen yield was interpreted according to the definition used in each
source. Specific energy input (SEI) was evaluated as electrical power divided by gas
flow rate, while hydrogen energy yield was expressed as mass of Hz produced per unit
of electrical energy (g H2/kWh). Where reported values were based on different
definitions, they were not combined into a single normalized ranking.



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. AVGUST, 2026-8. ISSN 2181-9750

The comparison also considered reactor configuration, catalyst compatibility,
gas temperature, throughput and dominant engineering limitation. Particular attention
was paid to Ni-based catalytic systems because nickel is widely used for C—H activation
and reforming, although carbon deposition and deactivation remain important
constraints.

To characterize the recent development tendency without presenting an
unsupported database-wide bibliometric claim, a descriptive temporal evidence map was
also prepared from the 25 peer-reviewed and scholarly sources included in the final
reference set. Publication years were counted cumulatively for 2016-2026. This curve
1s therefore a visualization of the evidence base used in this article, not a Scopus or Web
of Science publication-count series. The interpretation is cross-checked against recent
reviews reporting intensified research activity and increasing attention to scale-up,
energy efficiency and carbon valorization [23,25].

Table 1. Comparative characteristics of plasma systems used for hydrogen production

System Operating Main advantage . Cataly§t Main limitation
feature integration
ey Low bulk-gas Energy )
Nonequilibrium, e efficiency;
DBD . | temperature; simple | Excellent .
often atmospheric discharge
geometry . .
nonuniformity
Transitional : .
Gliding arc | nonthermal/therm High conversion and Moderate Thermal
. power density management
al regime
Microwave High-density, High throughput; Power-system
lasma elhectrode-free rapid activation Moderate complexity
P discharge
Plasma- Discharge Potential Complex plasma-
catalyst coupled with selectivity/conversio | Intrinsic surface
hybrid solid catalyst n synergy interaction
Sources for Table 1: [10]; [13]; [22]
Results

The reviewed studies show that plasma performance is strongly reactor- and
condition-dependent. A recent nonthermal nanosecond plasma reformer reported
maximum methane conversion of 60.1% and H: production of 33.42% under its
optimized operating condition, illustrating that meaningful conversion can be achieved
without a conventional catalyst [11]. In DBD systems, catalyst packing can increase or
decrease conversion depending on dielectric properties, metal loading and placement;
therefore, plasma-catalyst synergy cannot be assumed solely from catalyst addition [10].

Microwave plasma is notable for hydrogen productivity. Czylkowski et al. reported
an energy yield of 42.9 g Ho/kWh in combined steam reforming at 2.45 GHz with
absorbed power up to 6 kW [5]. A later commercial-scale microwave plasma steam
methane reforming study reported an optimum hydrogen production rate of 2247 g Ho/h
and an energy yield of about 70 g Ho/kWh [6]. The improvement is significant because
it demonstrates that reactor and power-system design can shift the energy performance
of the same broad plasma family. DBD remains particularly relevant to plasma catalysis.
Reviews of dry reforming show that packing materials can reshape the local electric
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field, alter electron energy and change product distribution. Ni/Al2Os and related
materials are frequently studied, but the outcome depends on support properties and
whether the catalyst is positioned in the discharge or downstream [4,10]. Consequently,
catalyst selection must be evaluated together with electrical characteristics rather than

as an independent variable.

Table 2. Representative literature results relevant to plasma-assisted hydrogen production

Plasma/pro Repo.rfed CH. conversion H Interpretation
cess condition performance
Nanosecond Catalyst-free NTP
21 W; 2.2 L/min 33.42% H> can achieve
NTP . 60.1% . )
at optimum production substantial
reformer i
conversion [11]
Microwave Stable operation
combined | 245 GHz<6kW; | ¢ .. 429¢  Ioh i flo
steam <9000 NL/h Hreesp Ho/kWh (5] £ gas Tow
reforming
. 915 MHz; 2047 g Hy/h; | Higher energy
Microwave ; . yield
commercial-scale | Source-specific ~70 g
PSMR demonstrated at
torch H>/kWh
scale [6]
Packing can
DBD + Packed/ 1n-‘plasma Highly variable nghly enhance or
catalyst configurations variable suppress
performance [10]

Sources for Table 2: [5]; [6]; [10]; [11]

Selected microwave-plasma hydrogen energy-yield results

N w » w (o)) ~
o o o o o o
1 I 1 L 1 L

Reported H;, energy yield (g H2/kWh)
=
S)

o
I

2016
Microwave combined SMR

2022
Commercial-scale PSMR

Figure 1. Reported hydrogen energy yield in two microwave plasma studies [5,6].
Sources for Figure 1: Czylkowski et al. (2016); Akande&lLee (2022)

Figure 1 should not be interpreted as a controlled head-to-head experiment because
the two studies used different microwave frequencies, reactor designs and scales. It is
nevertheless useful as an engineering comparison: published energy yield increased
from 42.9 to approximately 70 g H>/kWh, indicating that plasma-source design and
process intensification materially affect hydrogen output per unit of absorbed electrical
energy. Across the reactor classes, a recurring trade-off is observed between conversion
and energy efficiency. Raising discharge power generally increases the probability of
electron-impact activation and therefore conversion, but the additional energy may
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increasingly be lost through gas heating, nonproductive excitation or secondary
chemistry. The optimum operating point can therefore occur below the maximum
attainable conversion. This is particularly important when plasma systems are compared
with electrolysis or conventional reforming.
Temporal development of plasma-assisted hydrogen research

The chronology of the selected literature shows a clear broadening of plasma-

assisted hydrogen research. Early work in the evidence set emphasized proof-of-concept
microwave and DBD conversion, whereas later studies increasingly address catalyst
synergy, commercial-scale microwave reforming, techno-economic assessment, process
optimization, lifecycle performance and reactor scale-up. This development does not
prove a universal year-by-year increase in global deployment, but it does document a
transition from laboratory conversion studies toward engineering and systems-level
evaluation [5,6,19,23-25].

Table 3. Selected development milestones in plasma-assisted hydrogen production, 20162026

Year Representative development Evidence/source

2016 High-flow microwave combined steam reforming; 42.9 g (5]
H./kWh reported

2017 DBD plasma-catalyst methane conversion and partial [15.20]
oxidation demonstrated

2020 DBD methane cracking and pulsed plasma-catalyst [10,16.17]
optimization expanded

2001 Microwave liquid-phase reforming and electron-beam [18.19]
plasma TEA/LCA-oriented assessment ’

2002 Commercial-scale distributed microwave PSMR;>70 g (6]
H./kWh reported

2023 Direct comparison of microwave and gliding-arc [13]
methane pyrolysis

2024 Rapld'grovx{th of reactor/catalyst optimization, process [2-4.9.11,14]
intensification and methane-pyrolysis reviews

2025 Detailed diagnostics, klpetlc/catalyst-des1gn studies and [17.8.12.23]
system trade-off analysis

2026 DBD reactor optimization and gledwated plasma-assisted [24.25]
methane-pyrolysis scale-up reviews

Sources for Table 3 (selected DOI links): [5]; [6]; [14]; [23]; [24]; [25]

Temporal concentration of plasma-hydrogen literature in this review
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Figure 2. Temporal concentration of representative plasma-hydrogen literature included in this
review (2016-2026).
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Data basis and verification for Figure 2: 25-source reference set in this article; OpenAlex
orouping methodology (for bibliometric context only)

Note. Figure 2 is a descriptive map of the publication years of the 25 sources
selected for this article. It is not a Scopus, Web of Science or OpenAlex database-wide
publication count and therefore should not be interpreted as a direct measure of industrial
adoption. It shows increasing concentration of the reviewed evidence in 2024—-2026; this
interpretation is consistent with recent reviews describing intensified research, reactor
optimization, scale-up and carbon valorization in plasma-assisted methane pyrolysis
[23,25].

Discussion

The results indicate that NTP should be evaluated as an energy-conversion
technology rather than simply as a chemical activation method. DBD offers a practical
platform for plasma catalysis because catalyst particles can be placed directly in the
discharge gap. At the same time, dielectric packing modifies the discharge itself; local
field enhancement, microdischarge formation and surface charging may alter both
electron kinetics and catalytic chemistry. This explains why apparently similar Ni-based
systems can produce different outcomes [4,10].

Gliding arc and microwave systems address a different engineering objective. Their
higher power density can support larger throughputs and stronger molecular activation.
Microwave plasma, in particular, has demonstrated energy yields of 42.9 g H>/kWh and
approximately 70 g Ho/kWh in published steam-reforming systems [5,6]. These values
show progress, but they do not remove the need to account for auxiliary power, feed
preparation and downstream purification when evaluating overall process efficiency.

The choice of reaction route is equally important. Direct methane decomposition
(CHs — C + 2H2) avoids direct CO2 formation in the principal reaction and produces
solid carbon as a coproduct. Steam reforming offers a higher stoichiometric Hz potential
but generates carbon oxides, whereas dry reforming converts CHs and CO:
simultaneously and primarily produces syngas. Thus, the preferred plasma route
depends on whether the target is pure hydrogen, syngas, carbon valorization or
greenhouse-gas conversion [2,3,9].

Plasma-catalyst integration is promising but remains scientifically complex.
Conventional catalysts were developed for thermal equilibrium conditions, while plasma
exposes surfaces to radicals, ions, photons, vibrationally excited molecules and transient
electric fields. Future catalyst design should therefore consider dielectric properties and
plasma-surface coupling in addition to conventional activity and stability. Ni-based
materials remain useful benchmarks, but resistance to coking and sintering is essential
for continuous operation. Industrial implementation also requires scale-up without
losing discharge uniformity. For DBD, simple geometric enlargement can change
microdischarge density and residence-time distribution; modular numbering-up may
therefore be more reliable. Microwave systems can handle larger gas flows but require
efficient generators, impedance matching and thermal management. In all cases, H
purification can impose an additional energy penalty when CO, CO-, residual CH4 or
higher hydrocarbons are present. A further methodological issue is the lack of uniform
reporting. Studies often use different definitions for H: yield, energy efficiency and SEI,
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which can make numerical comparisons misleading. Future experiments should
report electrical input, absorbed power, feed composition, flow rate, residence time,
conversion, H> production rate, energy yield and carbon balance under clearly defined
conditions. Such reporting would allow meaningful techno-economic and life-cycle
comparisons.

Overall, the evidence supports a development strategy based on optimized pulsed
or microwave power delivery, plasma-specific catalyst design and low-carbon
electricity. The principal target should not be maximum single-pass conversion, but the
highest stable hydrogen productivity at the lowest practical specific electrical energy
consumption.

Conclusion and Recommendations

Nonthermal plasma provides a flexible platform for hydrogen production through
methane decomposition and reforming. DBD is particularly suitable for plasma-catalyst
studies, while gliding arc and microwave systems offer higher power density and
potentially greater throughput. Published microwave-plasma studies demonstrate that
hydrogen energy yield can be improved substantially through reactor and process
optimization. However, conversion alone is not an adequate measure of performance;
H: yield, selectivity, specific energy consumption, product purity and reactor stability
must be assessed together.

The most important barriers to practical deployment are electrical energy demand,
nonuniform scale-up, catalyst deactivation and downstream separation. The strongest
research direction is therefore an integrated system combining optimized plasma
generation, selective and durable catalysts, renewable electricity and efficient H-
separation. Standardized reporting of energy and conversion metrics is also necessary
before different plasma technologies can be compared reliably.
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Annotatsiya: Mazkur tadqiqot qattiq holatdagi natriy xlorid (NaCl) namunasi
yuzasiga Nd:YAG lazer impulsli ta'sir ettirilganda hosil bo'ladigan plazma
spektroskopikyondashuv asosida tahlil qilindi.Tajribalar 102 Torr bosimli
vakuumda, 1064 nm to'lqin uzunligi va 20 ns impuls davomiyligiga ega lazer
yordamida bajarildi.Plazmaning elektron zichligi hamda elektron temperaturasi
asosiy diognostik kattaliklar sifatida baholandi.Elektron zichlik spektral
chiziglarning Stark kengayishidan,temperaturasi asosiy diagnostik kattaliklar
sifatida baholandi.Elektron zichlik spektral chiziglarning Stark kengayishidan,
temperatura esa Boltsman grafigi usulidan foydalanib topildi. Ushbu ikki
kattalikdan kelib chiqib, plazmaning qo‘shimcha fizik parametrlari ham hisoblandi.

Kalit so‘zlar: LIBS, spektroskopiya, lazer plazmasi, elektronlar zichligi,
elektron temperaturasi.

AHHOTanuA: B ucciegoBaHuu paccMOTpeHa IUIa3Ma, BO3HUKArOUIas IMpU
UMITYJIbCHOM 00sydeHnu TBepaoro oopasma NaCl Nd:Y AG-nazepom. M3mepenust
BBITIOJIHEHBI B BakyyMme Iipu jaaBieHu 1072 Torr; ucnonab30Banoch U3JIyYEHUE C
nuHoM BosHBL 1064 HM u gmutenbHOCTHIO mMmysbca 20 He. Ilo cnekTpam
U3IIyYEHUsl OMpPENIeNICHbl 3JIEKTPOHHAsI KOHIIEHTpAaIUsi U TemIreparypa Iuia3Mbl.
KoHLleHTpanuss 3JEKTpOHOB OLEHHMBAIACh 110 IITAPKOBCKOMY YIIMPEHUIO
CHNEKTPAJIbHBIX JIMHUW, a TeMIepatypa — IO MOCTPOCHHUIO 3aBHCUMOCTH
bonbumana. Ha ocHoBe 3THUX BENWYMH  JOMOJIHUTEIBHO  PaCCUUTAHBI
XapaKTEPUCTUKHU UCCIIEAYEMOMU IJIa3MBbl.

Knwueewvie cnosa: LIBS, cnekmpockonus, nazepHas niasma, 31eKmpoHHas
NJIOMHOCMb, DJIEKMPOHHAS meMnepamypa.
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Abstract: The present study examines the plasma produced when a solid
NaCl sample i1s exposed to pulsed Nd:YAG laser radiation. Measurements were
performed at a vacuum pressure of 1072 Torr with a 1064 nm laser pulse lasting 20
ns. Emission spectral were used to evaluate two principal plasma quantities:
electron density and electron temperature. The electron density was obtained from
Stark broadening of selected spectral lines, whereas the temperature was
derived from a Boltzmann plot. The resulting values were subsequently used
to estimate several additional plasma characteristics.

Key words: LIBS, spectroscopy, laser plasma, electron density, electron
temperature.

Introduction

Today, laser-induced breakdown spectroscopy (LIBS) is widely used as an
elemental spectrochemical analysis method for binary and multi-element alloys. The
LIBS method allows the analysis of materials in any aggregate state—gas, liquid, or
solid—regardless of form [1-4]. Laser pulses are directed at the sample to atomize a
small amount of material, which leads to the formation of a microplasma. The interaction
of laser radiation with atoms and electrons produces plasma at high temperatures, and
the plasma emits light across various spectral ranges. The plasma light is spectrally
analyzed, and based on each element's unique emission spectrum, it makes it possible to
determine the sample's elemental composition. LIBS is a convenient method for the
quantitative determination of isotopic concentrations of sodium and chlorine. In modern
high-performance charge-storage batteries, sodium-chloride-based alloys are of
significant importance due to their high energy density and electrochemical properties.
With the development of the battery manufacturing industry, the demand for high-tech
materials in battery production is steadily increasing. Sodium chloride mixtures are the
main component of molten salt mixtures used as both a coolant and a fuel carrier in
advanced nuclear reactors [2]. Sodium chloride is used as a radiation shielding material
due to its low neutron absorption and excellent thermal properties[2].
Currently, sodium chloride alloys are used for various purposes in fields such as nuclear
energy, optics, materials science, and radiation detection, and there is a great need to
process and recycle these metals.

Literature Review

Laser ablation (LA) is a well-known technique that can be used in a number of
material processing and analytical applications [1, 2]. Those applications include micro-
nanostructuring, colorizing of metals, controlling the wetting properties of laser-
processes materials [3, 4], laser-induced breakdown spectroscopy (LIBS) [5],
nanoparticle production [6], and pulsed laser deposition [7]. These techniques are based
on the production of plasma plumes on the target’s surface during the interaction with
ultrashort laser pulses [8]. Understanding the effects of plasma temperature and electron
density is crucial in optimizing the products of the laser ablation of any target. The
dependence of the sizedistribution of nanoparticles that are produced during laser
ablation on the laser fluence has been previously observed [9]. In addition, LA-based
LIBS allows for direct and rapid determination of the elemental composition of materials
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through analyzing the parameters of laser-induced plasma, which can in turn be
useful for the analysis of LIBS.

Research Methodology

Calculating the parameters of the plasma plumes based on the Stark broadening
technique can be also useful in understanding the nature of the LIBS structures formed
on the surface [8]. The relation between the ablated plasma parameters and the formed
LIBS during the propagation of the plasmonic polaritons (SPP) and their interference
with the electric field of the ablating pulses [10]. SPP is a result of the motion of free
electrons excited during the ablation process [11]. The correlation between the plasma
parameters and morphological characteristics of the ablated surfaces. LIBS analysis
revealed that when the laser fluence was increased from 5.2 J cm—2 to 10.4 J cm—2, both
electron temperature and electron number density of the plasma was observed to
increase due to enhanced energy deposition. At peripheral ablated areas, flakes, cavities,
cones and craters with multiple ablated layers were formed. Fluence is one of the main
parameters for the modification of surfaces and the generation of laser plasma plumes
by femtosecond laser pulses. These two plasma parameters are important to
understand,optimize and control the process of ablation, structuring as well as thin film
deposition.

Analysis and Results

The objective of this work was to characterize the plasma generated from a binary
sodium-chloride material by means of LIBS and to evaluate its principal physical
parameters. A solid NaCl sample was irradiated in a 1072 Torr vacuum chamber with an
Nd:YAG laser at 1064 nm. Each laser pulse had an energy of 100 mJ and a duration of
20 ns; the focusing lens had a focal length of 25 cm. The emitted radiation was collected
and analyzed with an Ocean Optics HR-4000 fiber-optic spectrometer covering
approximately 200—1100 nm. The experimental arrangement is presented in Figure 1

Window

Target —

Lens Plasma
) plume

Nd:YAG laseri| | L_] ]
(1064 nm)

DC motor

Vacuum pump

Figure 1. Experimental setup

The recorded emission spectrum contains transitions attributable to neutral and
singly ionized sodium and chlorine, corresponding to the I and II charge states (Figure
2). For the selected lines, both their central wavelengths and spectral widths were
extracted. These quantities were then used to estimate the free-electron concentration
through the Stark-broadening technique.The electron concentrations were evaluated
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from the Stark-broadened spectral features. Figure 2 presents the emission spectrum
obtained from the NaCl sample.
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Figure 2. Plasma emission spectrum of the NaCl mixture

The Stark effect refers to the modification, including displacement and splitting,
of atomic or molecular energy levels and spectral lines in the presence of an electric
field. In a plasma, electric microfields generated by charged particles can therefore alter
the observed profile of an emission line.
Broadening of a spectral line in a plasma is strongly influenced by collisions involving
charged particles. The relation connecting the Stark contribution to the measured full
width at half maximum (FWHM) and the electron density can be written as follows:

1
n, n, |4 3 n, 0
SRS .(IZN;JW(W)}
(1)

In this expression, ND denotes the number of particles contained in the Debye sphere,
A 1is associated with ion—ion interactions, and W represents the electron interaction
parameter. The two terms account for contributions arising from electron and ion
interactions. For non-hydrogen-like ions, electron-impact broadening is the dominant
Stark contribution, while the ion—ion term can be neglected under the conditions

considered here [5—7]. The resulting simplified Stark relation is therefore used for the
density evaluation.

AA, =
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Here, FWHM denotes the measured spectral width and ne is the electron density. The
spectra of Na" and CI™ transitions in the I and II ionization states were used to obtain
density values for the selected wavelengths (Table 1). Each FWHM value was obtained
by fitting the corresponding line profile with a Gaussian function (Figure 3). Where
neighboring transitions overlapped, the individual components were resolved before
fitting. The electron-impact parameter W was taken from the tabulated data reported in

[5].
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Figure 3. Plasma formed on the surface of the NaCl melt under laser irradiation a) Cl (II), A = 499.84
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Table 1.
Atom/ion Wavelength Az, | Configuration Elektronic Electron density
(nm) interaction ne , (107)em3

parameter w
A)

CI (ID) 499,84 3s?3p?('D)4p 0,08 89,8

Nal 568,27 2p83p-2p°4d 1,97 0,8

Nal 589,15 2pf3s-2d°3p 0,316 9,02

Nal 615,37 2p®3p-2pS3s 0,564 2,16

Cl1 819,48 3s?3p*(*P)4p 0,65 3,8

http://khorezmscience.uz

104



ELECTRONIC JOURNAL OF ACTUAL PROBLEMS OF MODERN SCIENCE, EDUCATION AND TRAINING. AVGUST, 2026-8. ISSN 2181-9750

The electron density obtained independently from each selected emission line
is summarized in Table 1. If a plasma were in complete thermodynamic equilibrium, its
excited-state populations and particle distributions could be described by a single
temperature. Laser-produced plasmas, however, do not generally reach full equilibrium.
For spectroscopic analysis, the local thermodynamic equilibrium (LTE) approximation
is often adopted. Under LTE conditions, collisional processes establish population
distributions among energy levels sufficiently rapidly for temperature-based
descriptions to be useful. The equilibration behavior differs for electrons and heavy
particles because of their different masses [8]. For a plasma satisfying the local
thermodynamic equilibrium approximation, the population of excited states can be
represented by the Boltzmann distribution [9]:

Mz _ 8kz exp(— Ek,zj

In this notation, Z identifies the ionization stage; Z = 0 and Z = 1 refer to neutral and
singly ionized species, respectively. The quantities kB and T denote the Boltzmann
constant and plasma temperature, while nk,Z, E(k,Z), and gk,Z describe the population,
energy, and statistical weight of an excited level. The terms nZ and PZ correspond to
the population and thermodynamic partition function of the relevant ionization stage.
For an optically thin plasma, where self-absorption is small, the intensity Iz of a
transition between two levels can be expressed in terms of the transition probability and
wavelength as follows.

he n E
I, =——— A4 ,L—Zg,  exp|l —=
z 47[&‘[,2 k2 p 8r.z p( kT

z

4)

Here h is Planck’s constant, c is the speed of light, L represents the characteristic plasma
length, Aki,Z is the transition probability, and Aki,Z is the wavelength of the selected
transition. Taking the natural logarithm of the corresponding population-intensity
relation gives the linear form used for the Boltzmann analysis.

I .
ln[ 2%z j:_ 1 Esz+1n[M}
[ k,T 4rnP,

(5

When the logarithmic population term is plotted against the appropriate upper-level
energy for several transitions belonging to the same ionization stage, a linear dependence
is obtained under the assumed LTE and optically thin conditions. The slope of this
relation is directly connected with the plasma temperature. Thus, the temperature can be
extracted from the fitted Boltzmann line. Using several emission lines from the same
species improves the reliability of the Boltzmann-temperature estimate. In the present
analysis, three neutral-sodium transitions at 568.27, 589.15, and 615.37 nm were
selected and substituted into equation (5) to construct the Boltzmann plot shown in



Figure 4. The atomic parameters listed in Table 2 were used in this calculation. The

fitted slope corresponds to a plasma temperature of T = 1.318 eV.
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Table 2.
Lower ) Transition
Atom/ion | Wavelength UEI"P er Iivel level ngh;lev‘;l probability
uizs (nm) k(Sm™) Ex(sm™) energy level gy i, (5°)
Nal 568,27 34548,76 16956,17 2 1,01x 107
Nal 589,15 66956,17 0.000 2 6,14x 107
Nal 615,37 33200,67 16856,17 2 2,5%10°

The experimentally determined electron density and temperature provide the
basis for estimating additional plasma properties. One such quantity is the Debye length,
which characterizes the distance over which electric fields are screened in a quasi-
neutral plasma.
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Figure 4. Boltzmann distribution plot of the Na ion transition emission spectrum lines. The slope
corresponds to a plasma electron temperature of T =1.318 eV.

Its value is determined from the electron density and temperature according to equation

(6).
1/2 -
= 2 =743 x — , ( ) (6)

The Debye length AD may also be used to define the Debye sphere, the characteristic
volume surrounding a charged particle over which screening is important. The number
of charged particles contained in this sphere, ND, is obtained from equation (7).

4
=3 3 (7)
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The measured electron density also determines the characteristic oscillation rate of
electrons in the plasma. This quantity is known as the plasma frequency and is obtained
from equation (8).

= — ®)

Here e denotes the elementary charge, m is the electron mass, and €o is the vacuum
permittivity. With these constants fixed, the plasma frequency is governed primarily by
the electron density, as expressed by equation (9).

= — =898 (9)

For laser-generated plasma, the electromagnetic field does not penetrate indefinitely into
the plasma. The characteristic penetration distance, commonly called the plasma skin
depth (PSD), is calculated using equation (10).

=—=531x10° , ( ) (10)
Table 3.
Atom/ion (A (10 sm) (109 (GHz) | PSD(sm)
Cl (II) 71.85 0.3063 1.08 26.9 0.0177
Nal 15.2 3.248 11.47 2.54 0.188
Nal 28.5 0.967 3.41 8.53 0.056
Nal 12.2 1.976 6.97 4.17 0.114
Cl1 24.69 1.49 5.26 5.53 0.086

For every selected spectral line, the measured electron density and temperature
were used to calculate the Debye length, the number of particles in the Debye sphere,
the plasma frequency, and the skin depth; the resulting values are listed in Table 3.
Another relevant process is inverse bremsstrahlung (IB), in which free charged particles
gain energy from the electromagnetic field during collisions. In the laser-produced
plasma, interaction of the laser field with free electrons and ions can consequently
contribute to absorption. Under the conditions of this experiment, the corresponding
absorption coefficient was evaluated from equation (11).

=1,37x10726 3 2 /2 (11)
In equation (11), A is the wavelength of the incident laser radiation. The experiment used
A= 1064 nm. The electron velocity distribution in a hot plasma depends on both particle
energy and temperature. A characteristic thermal electron velocity for the investigated
plasma can therefore be estimated from equation (12).

= —=4,19x10" ,( /) (12

The electron—ion collision frequency is another important parameter because collisions
affect energy transfer and the interaction of the plasma with the electromagnetic field.
For the measured electron density and temperature, this rate was determined from
equation (13).
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=29x106 32 A (— (13)

Here the Coulomb logarithm and the ionic charge state enter the collision description.
At a specified electron temperature, the characteristic thermal de Broglie wavelength of
the electrons can be calculated from equation (14).

= ——=6919%x107°%=, (14)

To further characterize the NaCl plasma, four additional quantities were
evaluated: the inverse-bremsstrahlung absorption coefficient, thermal electron velocity,
electron—ion collision frequency, and thermal de Broglie wavelength. Their values for
the selected spectral lines are presented in Table 4.

Table-4.
Atom/ion 10°cm/s) | am (10 2em™) | Ve (10%Y) | Ame (107 cm)
CI (1T 1115.8 212
Nal 0.13 2.26
Nal 5.18 18.4 23.85 547
Nal 12 59
Cl1 8.8 10.3

Conclusion and Recommendations

Solid NaCl sample was investigated in a vacuum of 1072 Torr using pulsed
Nd:YAG laser irradiation at 1064 nm with a 20 ns pulse duration. Optical emission
spectroscopy was applied to characterize the resulting plasma. Electron density was
derived from Stark broadening of selected Na and Cl emission lines, while the electron
temperature was obtained from a Boltzmann analysis of three Na I transitions. The
measured density and temperature were then used to calculate the Debye length, Debye-
sphere population, plasma frequency, skin depth, inverse-bremsstrahlung absorption
coefficient, electron thermal velocity, electron—ion collision frequency, and thermal de
Broglie wavelength. These results provide a spectroscopic description of the plasma
produced from the binary NaCl material and can support further interpretation of the
physical processes taking place during laser—matter interaction.
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Annotatsiya. Ushbu maqolada bariy atomlari oqimida oksidlangan o‘tuvchi
metallar (Hf, Zr, Ti va Nb) ning termoemission hamda adsorbsion xususiyatlari
o‘rganilgan. Namunalar sirtining tozaligi va oksidlanish jarayoni yuqori vakuum
sharoitida Oje-elektron spektroskopiyasi usuli bilan nazorat qilingan.
Eksperimental natijalar shuni ko‘rsatdiki, toza metallarning chiqish ishi bir-biriga
yaqin bo‘lishiga garamay, ularning kislorod va bariy bilan o‘zaro ta’siri taglik
metallining kristall panjarasi simmetriyasiga kuchli bog‘liq. Geksagonal zich
joylashgan (GZU) kristall panjaraga ega bo‘lgan Hf, Zr va Ti da uch o‘lchamli
suboksidlar hosil bo‘lib, kislorod hajmga chuqur diffuziyalanadi va sirtda
bariyning adsorbsiyasi kuchsiz kechadi. Natijada Hf-O-Ba va Zr—O-Ba
tizimlarida elektronning chiqish ishi 3,10-3,20 eV darajasida yuqori saqlanib
goladi. Bu esa qoplamasiz dispenser katodlarga nisbatan emissiya toki zichligini
gariyb 10* martaga kamaytirish imkonini beradi. Aksincha, haymiy markazlashgan
kubik (OTsK) panjarali niobiyda kislorod sirtda qolib, tizimning dipol momentini
oshiradi va chiqish ishini keskin pasaytiradi. Olingan natijalar asosida Hf va Zr
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plyonkalarini 1100—-1300 K ishchi haroratlarda ishlaydigan termoelektron katodlar
uchun yuqori samarali antiemission materiallar sifatida qo‘llash tavsiya etiladi.

Kalit so ‘zlar: Termoelektron emissiya, elektronning chiqish ishi, antiemission
metallar, gafniy, titan, sirkoniy, niobiy, volfram, oksid, suboksid.

AnHoTanua. B 1aHHON cTaThe WHCCIENOBAaHBI TEPMOSIMUCCUOHHBIE U
a7IcOpOLIMOHHBIE CBOMCTBA OKUCIECHHBIX Nepexoaubix MetamioB (Hf, Zr, Ti u Nb)
B MOTOKE aTOMOB Oapusi. YucroTa mMOBEPXHOCTU U MPOLECC OKUCIEHUs 00pa3IoB
KOHTPOJHMPOBAIUCH METOJOM OKE€-AJIEKTPOHHOW CIEKTPOCKONHMU B YCIOBHUSX
CBEPXBBICOKOT'O BaKyyMa. JKCIIEPUMEHTAIbHbIE JaHHbIE MOKA3aJId, YTO HECMOTPS
Ha OJIM3KHUE 3HAaYCHUsI pabOThl BHIXOJA YUCTHIX METAILIOB, UX B3aUMOJICUCTBUE C
KHUCJIOPOJIOM U 0apHieM CYIECTBEHHO 3aBHCHUT OT CUMMETPHHM KPUCTAILTUYECKOM
pemeTkl noaoKKu. B Metannax ¢ rekcaronaiabHoi miotTHoymakoBanHou (I'TIY)
pemerkoit (Hf, Zr, Ti) dopmupyroTcs 00ObEMHBIE TpPEXMEpPHBIC CYOOKCHIIBI,
kuciopona nuddyHaupyer Briyob oObema, a aacopOiusi 6apusi Ha MOBEPXHOCTH
oKasbIBaeTcs ciaboii. B pe3ynprate padota Beixoaa cucrem Hf-O—-Ba u Zr-O-Ba
coxpansiercsi Ha BbicOkOM ypoBHe 3,10-3,20 5B, cHmxasi IJIOTHOCTH TOKa
TepMosMuccuu npumMepHo B 10* pa3 mo cpaBHEHHIO C OTKPBITON MOBEPXHOCTHIO
karojna. HampotuB, B 00beMHO-IIeHTpupoBaHHOM KyoOundeckoMm (OLIK) HuoOum
KHUCJIOPOJI JIOKAJIM3YETCs Ha MOBEPXHOCTH, YBEIWYMBAsl JTUIOJIbHBIII MOMEHT U
cHIKas paboTy Beixoaa. Ha ocHOBE MOJMydeHHBIX pe3yJbTaTOB IUICHKU radHus U
LUPKOHUSI PEKOMEH]IYIOTCSI B Kau€CTBE BbICOKOA(D(EKTUBHBIX aHTUIMUCCUOHHBIX
MaTtepualioB B uHTepBajie temmeparyp 1100-1300 K.

Knioueevie cnosa: mepmosnekmponnas smuccus, poboma  8bIX00
INEKMPOHA, AHMUIMUCCUOHHbIE MEeMALIblL, 2aHUL, MUMAaH, YUPKOHULL, HUOOUL,
80Ibhpam, okcuo, cyooKcuo.

Abstract. This paper investigates the thermionic emission and adsorption
properties of oxidized transition metals (Hf, Zr, Ti, and Nb) exposed to a flux of
barium atoms. The surface cleanliness and oxidation kinetics were monitored using
Auger electron spectroscopy under ultra-high vacuum conditions. The
experimental findings reveal that despite similar initial work functions of the clean
metals, their interaction with oxygen and barium is fundamentally governed by the
substrate crystal lattice symmetry. In metals with a hexagonal close-packed (hcp)
crystal lattice (Hf, Zr, Ti), three-dimensional interstitial suboxides are formed,
where oxygen is strongly bound within the bulk lattice, resulting in weak barium
adsorption on the surface. Consequently, the work functions of the Hf—~O-Ba and
Zr—O-Ba systems remain significantly high at 3.10-3.20 eV, thereby suppressing
the thermionic emission current density by roughly 10 times compared to uncoated
dispenser cathodes. In contrast, for body-centered cubic (bcc) niobium, oxygen
localizes at the surface, increasing the dipole moment and markedly lowering the
work function. Based on these insights, thin films of hafhium and zirconium are
recommended as highly efficient anti-emission coatings operating at 1100—1300 K.

Key words: thermionic emission, robot electron yield, anti-emission metals,
hafnium, titanium, zirconium, niobium, tungsten, oxide, suboxide.
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Introduction

Investigating the emission properties of metals with hexagonal close-packed (hcp)
crystal structures, which are utilized as anti-emission materials in electron devices, is of
substantial scientific and practical interest for developing multi-beam electron sources
and shaping electron beams of predetermined configurations [1]. This issue has acquired
heightened relevance in connection with the development of modified multi-beam
electron systems for aecrospace engineering applications [2].

The emission characteristics of zirconium, hafnium, and titanium have been
investigated by numerous authors [3, 4], as well as in our previous works [5, 6]. Study
[7] addressed the thermal stability of thin films of these metals, their influence on the
emission properties of metal-barium and metal-oxygen-barium systems [8], and their
anti-emission performance. In addition, the temperature regimes ensuring the stability
of these metal films were i1dentified [7].

Research Methodology

In the present study, the comparative emission properties of Hf, Zr, Ti, and Nb in
a barium atom flux were investigated. Their oxidation in an oxygen ambient and
subsequent surface composition were monitored under ultra-high vacuum conditions
using Auger electron spectroscopy (AES). The operating base pressure was maintained
at <(1-2) x 10" Torr.

The Hf, Zr, and Ti specimens were prepared from iodide-refined rods and
fabricated in the form of disks with a thickness of 1-1.5 mm and a diameter of
10-16 mm.

For comparative analysis, polycrystalline niobium samples were likewise
investigated, as niobium exhibits a work function comparable to those of Hf, Zr, and Ti,
but possesses a different crystal structure-specifically, a body-centered cubic (bcc)
lattice. This distinction provides insight into the role of the crystal lattice symmetry in
the adsorption mechanism of barium atoms, as well as the specific role of oxygen in the
formation and stabilization of the metal-oxygen-barium (Me-O-Ba) system.

The surface cleaning of the metals, thermionic emission measurements, and
surface elemental composition monitoring via Auger electron spectroscopy (AES) were
conducted in an all-metal ultra-high vacuum system. The apparatus was equipped with
an oil-free pumping system capable of achieving and maintaining a base pressure of (1-
2) 10 Torr.

The Auger spectrometer, equipped with a four-grid retarding field quasi-spherical
analyzer, had an energy resolution of 0.4%.

The barium source was a molybdenum quasi-Knudsen cell loaded with “BaTi”
getter pellets. The cell was equipped with an integrated heater and a W-Re (BP-5/20)
thermocouple to monitor the temperature.

The work functions of the pristine samples and Me-O-Ba systems were
determined using the total current and contact potential difference methods. This was
realized by mounting an electron gun on the anode assembly (Faraday cup). The dipole
moment of barium on the target surfaces was evaluated from the work function versus
coverage degree curves measured at specified substrate temperatures. The emission and
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adsorption characteristics of all specimens were examined in a barium atom flux with
an intensity of 1.2x10'? atoms/(cm?-s).

Following system outgassing, the samples were subjected to high-temperature
thermal flashing under a vacuum of (1-5)x10° Torr, and the surface state was
continuously monitored by AES. Upon the complete disappearance of Auger peaks
corresponding to oxygen, carbon, and other residual contaminants, the thermionic
emission current was measured, and the work function of the clean substrate was
determined using the total current method.

The measured work function values were 3.95 + 0.05 eV for hafnium,
3.85+0.05 ¢V for zirconium, 4.05 £ 0.05 eV for titanium, and 4.0 £ 0.05 eV for niobium.
These values are in good agreement with our previous findings [3-5] as well as published
literature data [9].

Analysis and results

Subsequently, barium adsorption curves on the Zr, Hf, Ti, and Nb substrates were
recorded at temperatures of 1000, 1100, and 1200 K, and the minimum work function
(p_min) values of the systems were identified. At T = 1000 K, the values were as
follows:

. Ti—Ba system: ¢ _min=2.35+0.05 eV
. Hf-Ba system: ¢_min=2.38 £0.05 eV
. Zr—Ba system: ¢ min =2.36 = 0.05 eV
. Nb—Ba system: ¢ min =2.35+ 0.04 eV

These results are consistent with reported literature data [9]. The marginal
variation among the minimum work function values of the Me-Ba systems can be
explained by the Langmuir model, as the initial work functions of the underlying
substrates are close to one another, lying within the narrow range of 3.85-4.05 eV.

It should also be noted that these values show negligible dependence on the
substrate crystal structure, despite Zr, Hf, and Ti possessing a hexagonal close-packed
(hep) lattice, whereas Nb exhibits a body-centered cubic (bcc) structure.

The oxidation procedure was carried out in an oxygen ambient at a pressure of (5
+ 1) x 10 Torr and a substrate temperature of T = 1000 K for 30 minutes. Following
oxidation, oxygen was evacuated, and the samples were annealed at
T = 1100 K for 30 minutes under a base pressure of p < (1-2) x 10? Torr to stabilize the
surface composition and structure.

Thereafter, barium adsorption curves were recorded in the Ba flux at 1000, 1100,
and 1200 K, and the minimum work function values of the Me-O-Ba systems were
determined. Oxidation of the systems with an hcp crystal lattice induced only a slight
decrease (< 0.10 eV) in the minimum work function, whereas in the Nb-O-Ba system
this reduction reached 0.20-0.25 eV. This observation confirms the hypothesis regarding
the formation of bulk suboxides in metals with an hcp lattice structure.

To evaluate and compare emission characteristics, S-curves of the oxidized metals
exposed to the barium atom flux were measured at T = 1000 K. Based on these
relationships, temperature dependencies of the work function for the
Me-0O-Ba systems were constructed, as presented in Figure 1.
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The temperature dependence of the work function for the W-O-Ba system is
also included for comparison. A comparative analysis of these data substantiates the
conclusion that the interaction is relatively weak. This indicates that the adsorption of
barium atoms on oxidized zirconium and hafnium surfaces is relatively weak. Under the
operating temperatures of impregnated dispenser cathodes, the work functions of the Hf-
O-Ba and Zr-O-Ba systems range from 3.10 to 3.20 eV. These values are approximately
~1 eV higher than the work functions of such thermionic cathodes. Consequently, the
thermionic emission current density from anti-emission coatings of hafnium or
zirconium is about 10* times lower than that from the uncoated cathode surface. This
behavior fully satisfies the performance requirements for anti-emission materials. The
temperature dependence of the work function for the Ti-O-Ba system differs from those
of the Hf-O-Ba and Zr-O-Ba systems. This discrepancy is likely associated with the
relatively higher solubility of oxygen in titanium, which facilitates maintaining a higher
oxygen concentration on the metal surface during the experiment.
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Figure 1. Temperature dependence of the work function for oxidized metals Hf (m), Zr (o), Ti (A),
V (V¥),and Nb () in a barium atom flux. The experiment was conducted at T = 1000 K. The
oxidation procedure was carried out at an oxygen pressure of 5 x 10 Torr for 30 minutes.

The weak adsorption of barium atoms on oxidized hafnium and titanium
compared to niobium and tungsten, alongside the minimal impact of oxygen on the
emission and adsorption properties of zirconium and hafnium in a barium flux, is
difficult to reconcile using classical frameworks. This is primarily because the initial
work functions of these metals (excluding W) are all clustered around ~4 eV. However,
the experimental data demonstrate that the thermal stability and emission efficiency of
Me-O-Ba systems vary significantly and are strongly governed by the crystal lattice
symmetry of the underlying metal.

Conclusion and Recommendations

During the oxidation of metals with a hexagonal close-packed (hcp) crystal lattice,
such as Hf, Zr, and Ti, “bulk” (three-dimensional) suboxides of the Me;O and MesO
types are formed [10]. Oxygen atoms integrate into the interstitial sites of the hcp crystal
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lattice, establishing exceptionally strong chemical bonds that yield stable suboxide
structures of the MesO and MesO types. However, the oxygen atoms situated within the
bulk lattice of Zr and Hf do not substantially enhance the interaction forces between the
adsorbate atoms and the adsorbent. Therefore, when barium (or other electropositive
atoms) adsorbs onto such oxidized metals, the work function of the system does not
experience a significant reduction.

Under these conditions, as previously reported in [5], neither the dipole moment
of the adsorbed atoms nor the heat of adsorption undergoes substantial modification on
the surfaces of metals with an hcp crystal lattice.

In contrast, during the oxidation of niobium and tungsten-which crystallize in a
body-centered cubic (bcc) lattice-three-dimensional “bulk” suboxides do not form [10].
Instead, oxygen atoms localized on the metal surface significantly enhance the dipole
moment of the Me-O-Ba system, leading to a substantial decrease in its work function.

The concept outlined above is embodied in the model of Me-O-Ba and
Me-O-Cs emission systems developed by K.A. Tursunmetov, F.Y. Turgunboyev, and
E.Z. Imomov [11]. By taking into account the adsorbate configuration and the film
structure of the emission system, this model consistently elucidates the physical
mechanisms of efficient emission systems without internal contradictions.

Consequently, thin films of hafnium and zirconium can be recommended as
highly effective anti-emission materials within the operating temperature range of
thermionic cathodes (1100-1300 K).
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