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NAS RK is pleased to announce that News of NAS RK. Series physico-mathematical journal 
has been accepted for indexing in the Emerging Sources Citation Index, a new edition of Web of 
Science. Content in this index is under consideration by Clarivate Analytics to be accepted in the 
Science Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities 
Citation Index. The quality and depth of content Web of Science offers to researchers, 
authors, publishers, and institutions sets it apart from other research databases. The inclusion of 
News of NAS RK. Series of chemistry and technologies in the Emerging Sources Citation Index 
demonstrates our dedication to providing the most relevant and influential content of chemical 
sciences to  our community. 

 

Қазақстан Республикасы Ұлттық ғылым академиясы «ҚР ҰҒА Хабарлары. Физика және 
информатика сериясы» ғылыми журналының Web of Science-тің жаңаланған нұсқасы 
Emerging Sources Citation Index-me индекстелуге қабылданғанын хабарлайды. Бұл 
индекстелу барысында Clarivate Analytics компаниясы журналды одан әрі the Science Citation 
Index Expanded, the Social Sciences Citation Index және the Arts & Humanities Citation lndex-ке 
қабылдау мәселесін қарастыруда. Webof Science зерттеушілер, авторлар, баспашы- 
лар мен мекемелерге контент тереңдігі мен сапасын усынады. ҚР ҰҒА Хабарлары. 
Химия және технология сериясы Emerging Sources Citation lndex-ке енуі біздің қоғамдастық 
үшін ең өзекті және беделді химиялық ғылымдар бойынша контентке адалдығымызды біл- 
діреді. 

 

HAH PK сообщает, что научный журнал «Известия HAH PK. Серия физика и 
информационные технологии» был принят для индексирования в Emerging Sources 
Citation Index, обновленной версии Web of Science. Содержание в этом индексировании 
находится в стадии рассмотрения компанией Clarivate Analytics для дальнейшего приня- 
тия журнала в the Science Citation Index Expanded, the Social Sciences Citation Index и the Arts 
& Humanities Citation Index. Web of Science предлагает качество и глубину контента для 
исследователей, авторов, издателей и учреждений. Включение Известия HAH PK в 
Emerging Sources Citation Index демонстрирует нашу приверженность к наиболее 
актуальному и влиятельному контенту по химическим наукам для нашего сообщества. 
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STRUCTURAL AND THERMODYNAMIC PROPERTIES OF A TWO-COMPONENT 
DENSE HYDROGEN PLASMA 

 
Abstract. In this article, we investigated the structural and thermodynamic properties of a two- 

component dense non-ideal hydrogen plasma with semiclassical electrons and classical ions on the basis 
of the effective potentials, which take into account the quantum mechanical effects of diffraction and 
symmetry. The effective screened potentials and radial distribution functions (RDFs) calculated on the 
basis of these potentials were used to study the thermodynamic properties (e.g., internal energy and 
equation of state) of dense hydrogen plasma. The quantum mechanical symmetry effect takes into account 
the Pauli principle prohibiting the simultaneous presence of two electrons in the same state, which reduces 
the probability of finding electrons at a given distance from each other, increasing repulsion between 
them. The accounting for the symmetry effect decreases the value of the RDFs due to the additional Pauli 
repulsion between electrons with the same spin. The RDFs for antiparallel and average spin directions 
increase in value because they consider the electrons with opposite spins. The quantum effect of symmetry 
leads to strengthening the interaction between charged particles and increases the absolute values of the 
correlation energy and non-ideal component of the equation of state. The influence of the symmetry effect 
is more considerable at small distances and in denser plasma. 

Key words: dense plasma, effective potential, symmetry effect, radial distribution functions, 
thermodynamic properties. 
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ЕКІ КОМПОНЕНТТІ ТЫҒЫЗ СУТЕГІ ПЛАЗМАСЫНЫҢ ҚҰРЫЛЫМДЫҚ ЖӘНЕ 
ТЕРМОДИНАМИКАЛЫҚ ҚАСИЕТТЕРІ 

 
Аннотация. Бұл мақалада дифракция мен cимметрияның кванттық механикалық әсерін 

ескеретін тиімді потенциалдар негізінде квазиклассикалық электрондар мен классикалық иондары 
бар екі компонентті тығыз идеал емес сутегі плазмасының құрылымдық және термодинамикалық 
қасиеттері зерттелді. Осы потенциалдар негізінде есептелген тиімді экрандалған потенциалдар 
мен радиалды үлестіру функциялары тығыз сутегі плазмасының термодинамикалық қасиеттерін 
(мысалы, ішкі энергия және күй теңдеулері) зерттеу үшін пайдаланылды. Симметрияның кванттық 
механикалық әсері бір уақытта екі электронның бір күйде болуына тыйым салатын Паули принципін 
ескергендіктен, электрондардың бір-бірінен белгілі бір қашықтықта табылу ықтималдығын 
азайтып олардың арасындағы тебілуін арттырады. Симметрия әсерін есепке алу, бірдей спині бар 
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электрондар арасында Паулидің қосымша тебілуіне байланысты радиальды үлестіру функциясының 
мәнін төмендетеді. Қарама-қарсы спиндері бар электрондар қарастырылуына байланысты, 
антипараллельді және спиндердің орташа бағыттары үшін радиальды үлестіру функциясының мәні 
артады. Симметрияның кванттық әсері зарядталған бөлшектер арасындағы өзара әрекеттесудің 
артуына, сондай-ақ корреляциялық энергияның абсолютті мәндері мен күй теңдеуінің идеалды 
емес компонентін арттыруына алып келеді. Симметриялық әсердің үлесі аз қашықтықта және тығыз 
плазмада анағұрлым маңызды. 

Түйін сөздер: тығыз плазма, тиімді потенциал, симметриялық эффект, радиальды таралу 
функциясы, термодинамикалық қасиет. 
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СТРУКТУРНЫЕ И ТЕРМОДИНАМИЧЕСКИЕ СВОЙСТВА ДВУХКОМПОНЕНТНОЙ 
ПЛОТНОЙ ВОДОРОДНОЙ ПЛАЗМЫ 

 
Аннотация. В данной статье исследованы структурные и термодинамические свойства 

двухкомпонентной плотной неидеальной водородной плазмы с квазиклассическими электронами 
и классическими ионами на основе эффективных потенциалов, учитывающих квантово- 
механические эффекты дифракции и симметрии. Эффективные экранированные потенциалы и 
функции радиального распределения (РФР), рассчитанные на основе этих потенциалов, были 
использованы для исследования термодинамических свойств (например, внутренней энергии и 
уравнения состояния) плотной водородной плазмы. Квантово-механический эффект симметрии 
учитывает принцип Паули, запрещающий одновременное присутствие двух электронов в одном 
и том же состоянии, что снижает вероятность обнаружения электронов на заданном расстоянии 
друг от друга, увеличивая отталкивание между ними. Учет эффекта симметрии уменьшает 
значение РФР из-за дополнительного отталкивания Паули между электронами с одинаковым 
спином. Значения РФР для антипараллельных и средних направлений спинов возрастают, потому 
что рассматриваются электроны с противоположными спинами. Квантовый эффект симметрии 
приводит к усилению взаимодействия между заряженными частицами и увеличивает абсолютные 
значения корреляционной энергии и неидеальной составляющей уравнения состояния. Влияние 
эффекта симметрии более существенно на малых расстояниях и в более плотной плазме. 

Ключевые слова: плотная плазма, эффективный потенциал, эффект симметрии, радиальные 
функции распределения, термодинамические свойства. 

 
Introduction. In this paper, two-component dense hydrogen plasma was considered. Investigation of 

the physical properties of dense plasmas, or non-ideal plasmas, is of great importance for the problems 
of inertial thermonuclear fusion [1-3]. In such plasmas, where the mean interaction energy becomes 
comparable with a mean kinetic energy of thermal motion, both the collective screening effect and quantum- 
mechanical effects (such as diffraction and symmetry) are required to study these properties. 

Modeling method. To calculate the structural and thermodynamic properties of a two-component dense 
hydrogen plasma we used the effective screened potentials taking into account collective and quantum 
effects for weakly coupled plasma from work [4] in the following form rewritten with the addition of the 
potential (last term), which accounts for the symmetry effect and was obtained for the mixture of ideal 
gases of independent electrons in work [5]: 

 

𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2 1 1/𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆2   − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2 1/𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆2   − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 
Φ (𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) =    ��  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒               𝑒𝑒               𝑒𝑒               𝑒𝑒 � 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒( − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) − � 

 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒               𝑒𝑒               𝑒𝑒               𝑒𝑒 � 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒( − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)� − 
𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2�1 − (2𝑘𝑘𝑘𝑘𝑘𝑘  

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 /𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2)2 1 − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2 𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆2 1 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆2 
 

𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2  (1−𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽) 1 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 
− 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 1+𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 
 

𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒( − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 ) − 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 �1 −    𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �−   2   �� 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 
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2 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

𝑖𝑖𝑖𝑖
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where, are the types of particles (electron or ion), (2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 /𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2)2  < 1 and 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 = 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2 
�1 + �1 − � 2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷   �

2
�, 

𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2 2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 2 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘2 𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆2    −𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘2𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆2 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2 𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2 = �1 − �1 − � 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 � 2 𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2 �, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 

= 𝐷𝐷  𝐷𝐷  𝐷𝐷  𝐷𝐷 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛽𝛽       𝛽𝛽    𝛽𝛽  𝛽𝛽
 𝑖𝑖  𝑖𝑖  𝑖𝑖  𝑖𝑖 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,  𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆 𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆    /𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆      −1 

𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 = ℎ/(4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 )1/2   is the thermal 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒      𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 

de  Broglie  wavelength,  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼  = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼/(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼)   is  the   reduced  mass,  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   are  the 
temperatures of the electron and ion subsystems, and 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  = �𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is the electron-ion temperature [6]. 

The last term of the equation (1) disappears for all interactions but electron-electron and considers the 
symmetry quantum effect with the mean direction of spins of electrons and can be rewritten for the cases 
of different directions of spins: 

ф𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) = −𝑘𝑘𝑘𝑘𝑘𝑘 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 �1 ± 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �−  𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2  
��, (2) 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

 
where S = 1 is for parallel spins and S = 0 is for antiparallel spins. 
In the potentials (1), the term  (2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 /𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2)2 is less than one. If (2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷/𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2)2 > 1, the square root 

term  �1 − (2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷/𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾 2)2   becomes  imaginary  and  we  use  the  potentials  (1)  in  a  modified  form  with 

�1 − (2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷/𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2)2  = √−1�(2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷/𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾2)2  − 1. 
The dimensionless plasma parameters such as coupling parameters 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2     
, Γ 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

2 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 1/3 = 
Γ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 
�  � 

Γ   𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍5/3 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2 
 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,   and   density   parameter   𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎/𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 were   used.   The   ratio 
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇  �, Γ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  = 

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 
 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 
= Γ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� 

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 /𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  = 1/𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  and for hydrogen plasma 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  = 1  and an ion is a proton. We consider a fully ionized plasma 
with temperatures of and densities of  1021 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−3 < 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ≤ 1024см−3. 

Internal energy and equation of state [7] were calculated using the radial distribution functions and 
potentials (1): 

 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 ∑  
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 

∑ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙   ∫∞ 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)ф𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 

− Δ𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸, (3) 
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼=𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼=𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒    𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼    0 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 

2 ∑ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ∑ ∞ ∂ф𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)  3 , (4) 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − 3 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼=𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼=𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 ∫0 ∂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 (𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − Δ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

where instead of ф(r) the Deutsch potential was used as a micropotential to avoid the doubled screening 
since  it  was  used  to  obtain  the  formulas  for  the  effective  interaction  potentials  (1),  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)  is  the  radial 
distribution functions that were obtained in the exponential approximation 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 (𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �− 

Φ𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)�,  E 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 
id

 

is the internal energy of ideal plasma, Pid  is the equation of state of ideal plasma. 
Results and discussion. Figure 1 shows the graphs of the effective potentials (1) for an electron- 

electron pair (solid black line) in comparison with the Deutsch (dash-dotted red line) and Debye (dashed 
blue line) potentials, while Figure 3 shows the radial distribution functions (RDFs) for these potentials and 
the Coulomb potential (dotted dark green line). The results for the potentials (1) tend to the results of the 
Debye potential at large distances due to the collective effects, and the discrepancy at small distances and 
their finite value at 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 → 0 is explained by considering the quantum effects of diffraction and symmetry in 
the interaction of screening electrons formed around the positive ion. 

Figure 2 shows electron-electron effective potentials (1) and Figure 4 shows the RDFs for the effective 
potentials (1) at different fixed values of the density and coupling parameters (Γ = 0.3, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 2 – black lines; 
Γ = 0.3, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 7 – red lines; Γ = 0.03, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 2 – blue lines). The solid lines are the potentials themselves, 
dotted lines – the potentials without the symmetry term, dashed lines – the potentials with the symmetry 
term for antiparallel direction of spins, dash-dotted lines – the potentials with the symmetry term for 
parallel direction of spins. 

The symmetry effect takes into account the Pauli principle, which prohibits the simultaneous presence 
of two identical particles with half-integer spin (in this case, electrons) in the same state, which reduces 
the probability of particles being at a distance from each other compared to taking into account only the 
diffraction effect because the Pauli principle takes into account additional repulsion of electrons with the 
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Accounting for the antiparallel or parallel spin directions in comparison with the mean direction of spins 
of electrons decrease or increase, respectively, the repulsion between electrons, increasing or decreasing 
(to zero at zero distance), respectively, the probability of finding an electron at a distance R from another 
one. The antiparallel RDF curve lies higher than every other RDFs due to the missing Pauli repulsion (only 
the opposite spins of electrons are present, which means an increased probability of finding two electrons 
at small distances). The parallel RDF curve lies lower than other RDFs because opposite spins are absent 
entirely, and it shows a depletion at zero distance due to both Pauli repulsion and Coulomb repulsion. 
The RDF with average spin direction lies between the antiparallel and parallel RDFs because one-half of 
the electrons have opposite spins and reduces Pauli repulsion, increasing the probability of finding two 
electrons near each other. 

The symmetry effect has a more considerable influence on the values of the RDFs at small distances 
when the mean distance between particles is comparable with the first Bohr radius. 

At fixed densities and with the decrease of coupling parameter (increase in the system’s temperature), 
the influence of the symmetry effect on curves moves in the region of smaller distances. In addition, all the 
RDFs lie lower with the increasing coupling parameter because the probability of finding electrons near 
each other decreases due to strengthening correlation, leading to increased repulsion. 

 

 

Figure 1 – Electron-electron interaction potentials (1) of 
dense plasma atΓ = 0.3and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 2 

 
Figure 3 – Electron-electron radial distribution functions 

of dense plasma at Γ = 0.3 and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 2 

Figure 2 – Electron-electron interaction potentials (1) of dense 
plasma at Γ = 0.3, Γ = 0.03 and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 2, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 7 

 
Figure 4 – Electron-electron radial distribution functions of 
dense plasma at Γ = 0.3, Γ = 0.03 and 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 2, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 7 

 
The quantum mechanical effects, in general, lead to the weakening of the interaction between charged 

particles and lower the absolute values of the correlation energy and non-ideal component of the equation 
of state. However, this is if we compare the results with the results based on potentials without quantum 
effects. The results change if we compare the quantum effects of diffraction and symmetry and compare 
different spin directions in the symmetry effect. 
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In Figures 5 and 7, we show the percentage ratios of the electron-electron components of the correlation 
energy for different accounting of the symmetry effect. Dotted lines – average direction of electron spins 
divided on without symmetry, while dashed lines – antiparallel direction of spins and dash-dotted lines – 
parallel direction in comparison with the average direction of electron spins depending on the coupling 
parameter and the density, respectively. The electron-electron non-ideal components of the equation of 
state are shown in Figures 6 and 8. Figures 5 and 6 present the thermodynamic corrections depending on 
the coupling parameters at fixed densities: 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  = 1   (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 1.6 ⋅ 1024𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−3)  –  red  lines  with  the  dotted  blue  line  for  the  case  average  divided  on 
without symmetry; 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  = 2   (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 2 ⋅ 1023𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−3) – black lines with the dotted dark green line for the case average divided 
on without symmetry; 

while Figures 4.7 and 4.8 – depending on the density at fixed temperatures: 

Γ = 0. 3   (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 1.05 ⋅ 106𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾) – black lines with the dotted dark green line for the case average divided 
on without symmetry; 

Γ = 0. 5   (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 6.3 ⋅ 105𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾) – red lines with the dotted blue line for the case average divided on 
without symmetry; 

Γ = 0. 7   (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 4.5 ⋅ 105𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾) – magenta lines with the dotted violet line for the case average divided on 
without symmetry; 

Γ = 1   (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 3.15 ⋅ 105𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾)  – green lines with the dotted dark yellow line for the case average divided 
on without symmetry. 

It’s clear from the figures that accounting for the antiparallel direction of spins of electrons in comparison 
with the average direction of spins results in the most significant percentage of difference of –0,14% for 
the correlation energy and of –3,2% for the equation of state because of the missing Pauli repulsion and 
pure attraction between electrons with opposite spins, which weakens the interaction and gives negative 
values. On the other hand, the second largest percentage of difference of +0,046% and +1,09% is the 
result of comparing the influence of the added symmetry effect to the pure diffraction effect because the 
addition of Pauli repulsion strengthens the interaction and increases the thermodynamic values, changing 
to positive correction values. Finally, the smallest percentage of difference of +0,045% and +1,07% is very 
close to the second largest. However, it is from comparing the corrections of the thermodynamic properties 
with the parallel direction of electron spins to the average direction of spins. It increases the interaction 
due to taking into account the pure Pauli repulsion compared to Pauli repulsion with added opposite spin 
electrons in the average direction result and also gives the positive values. 

It should be noted that the difference between the results is more pronounced in denser plasma and at 
higher values of the coupling parameters because the influence of quantum effects increases with increasing 
density. At high densities, the growth of the coupling parameter increases the interaction between particles 
in the system and raises the absolute values of the correlation energy and the equation of state. 

 

 

Figure 5 – Electron-electron component of correlation 
energy of hydrogen plasma depending on the coupling parameter 

Figure 6 – Electron-electron non-ideal component of the 
equation of state of hydrogen plasma depending on the coupling 
parameter 
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Figure 7 – Electron-electron component of correlation 
energy of hydrogen plasma depending on the density 

Figure 8 – Electron-electron non-ideal component of the 
equation of state of hydrogen plasma depending on the density 

 
Conclusion. The effective screened potential taking into account both the collective and quantum 

mechanical effects of diffraction and symmetry has been used. The accounting for the symmetry effect 
decreases the value of the RDFs due to the additional Pauli repulsion between electrons with the same 
spin. On the other hand, the RDFs for antiparallel and average spin directions increase in value because 
they consider the electrons with opposite spins. The quantum effect of symmetry leads to strengthening 
the interaction between charged particles and increases the absolute values of the correlation energy and 
non-ideal component of the equation of state. The difference between the results is more significant in 
denser plasma and at higher values of the coupling parameters because the influence of quantum effects 
increases with increasing density. At high densities, an increase of the coupling parameter strengthens the 
interaction between particles in the system and raises the absolute values of the correlation energy and the 
equation of state. 
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