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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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EKI KOMIIOHEHTTI ThIFbI3 CYTEI'T IIVIABMACBIHBIH, K¥PbLUIBIM/IBIK KOHE
TEPMOJUHAMMUKAJIBIK KACUETTEPI

AHHOTamus. byn Makamaga gudpakiuss MEH CUMMETPUSHBIH KBaHTTBIK MEXaHUKAIBIK JCepiH
€CKEPEeTiH THUIMJ MOTCHIUANIAp HETI3IHJe KBAa3UKJIACCUKAJIBIK JICKTPOHAAP MEH KIACCHKAIIBIK MOHIAPHI
0ap €Ki KOMIIOHEHTTI TBIFbI3 UJICa]l EMEC CYTEeTi IJIa3MAaChIHbIH KYPBUIBIMJIBIK XKOHE TEPMOJIMHAMHUKAIIBIK
KacueTTepi 3eprrenai. OChl MOTCHNHMAIAAP HETI3IHAE €CENTeNTeH THIMAI JKpaHmadFaH TOTEHIIHAIIap
MEH paJHaibl YJIeCTipy (DYHKIHMsIaphl THIFBI3 CYTErl IIa3MacChIHBIH TEPMOJIMHAMUKAIBIK KACHETTEPiH
(MBICaJIBI, IIIKI 3HEPTHUS KOHE KYH TEHACYyJepi) 3epTTey YIIiH maigananbiiibl. CUMMETPUSHBIH KBAaHTTHIK
MEXaHHUKAJBIK dcepi Oip yakKpITTa €Ki 2JIEKTPOHHBIH Oip Kyiine 60mybiHa THIHBIM canaTeiH [laymm npuHImmia
CCKEPreH/IIKTeH, 3JIEKTPOHAAPABIH Oip-OipiHeH Oenruni Oip KallbIKTBIKTa Ta0bLIy BIKTUMAJIBIFBIH
A3alTHIN ONApJIbIH apachlHAAFbl TeOlTyiH apTThipagsl. CUMMETpHUS 9CEpiH ecenke aiy, Oipaed cnuHi Oap
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aneKTpoHaap apackiHaa [laynmunin KocbiMina Tediyine OaliTaHbICTBl Pagualbabl YIECTIpY (QyHKIHMACHIHBIH
MOHIH TeMeHmeTedi. Kapama-kapchl chuHAepi ©O0ap dIeKTpOHIap KapacThIPBUIybIHA OAailIaHBICTHI,
AHTUTIAPAIIICNBII KOHE CTIMHACPAIH OpTalmia OarbITTaphl YIIiH paauaibabl YICCTIpY (PYHKIMSICHIHBIH MOHI
apranpl. CHUMMETpPUSHBIH KBaHTTBIK ocepl 3apsiTajraH OeJIlIeKTep apachlHIaFrbl ©3apa OpEeKEeTTeCYliH
apTybIHA, COHNAN-aK KOPPENSIUSIBIK AYHEPTHSHBIH a0CONIOTTI MOHIEpI MEH KYH TEeHJACYIHIH HIaeansl
eMec KOMIIOHEHTIH apTThIPyBIHA ajblTl Kemeni. CHMMEeTPHSIIBIK 9CEPAiH YIIeCi a3 KalIbIKTHIKTA KOHE THIFBI3
TUIa3Majia aHaFypJIbIM MaHbBI3bL.

Tyiiin ce3mep: THIFbI3 IUIA3Ma, TUIMJI MOTCHIUAN, CUMMETPUSIIBIK 3PQPEKT, pagualibsl Tapairy
(YHKIUSACHI, TEPMOJTUMHAMUKAIIBIK KACHET.
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CTPYKTYPHBIE U TEPMOJIUHAMMWYECKHUE CBOMCTBA JIBYXKOMIIOHEHTHOM
IJIOTHOM BOJOPOJHOM IJIA3MBI

A”HOTanusi. B 1aHHOM cTaThbe WUCCIENOBAaHBI CTPYKTYPHBIE W TEPMOJMHAMUYCCKHE CBOMCTBA
JIBYXKOMITIOHEHTHON IUIOTHOM HEWJCaJbHOM BOJAOPOJHOM IUTa3Mbl C KBA3HKJIACCUUYECKUMH 3JIEKTPOHAMU
M KIACCHYECKMMH WOHAMH Ha OCHOBE J((EKTHBHBIX TIOTEHIINAJIOB, YYHUTHIBAIOIINX KBAaHTOBO-
MexaHudeckrue 3PGekTsl mudpakmuu U CUMMETpHH. D(PGEeKTHBHBIC dKPaHUPOBAHHBIC IMMOTEHITHAIBI H
¢dyHKIMM panuanbHOro pacnpenesieHust (POP), paccunTanHble Ha OCHOBE 3THUX MOTCHIUAJIOB, OBLIN
WCTIONTE30BAHBI ISl MCCIIEOBAHUS TEPMOJMHAMHUYECKHX CBOWCTB (HarpuMep, BHYTPEHHEW JHEPTUu W
YpaBHEHHUSI COCTOSHHS) TUIOTHOH BOJOPOJHOW Iuia3Mbl. KBaHTOBO-MexaHmdeckuil 3((eKT cuMMeTpun
yuuThIBaeT npuHimn [laynu, 3ampemiaromuii 0JHOBPEMEHHOE MPUCYTCTBUE JBYX AIIEKTPOHOB B OJHOM
¥ TOM >K€ COCTOSIHMH, YTO CHIDKAeT BEPOATHOCTH OOHAPYKEHHS SJEKTPOHOB HA 33aJaHHOM PACCTOSHHH
JIIpyT OT Jpyra, yBEIWYWBas OTTAJIKWBAaHUE MEXIy HHMH. Y4eT 3¢¢eKkra CHMMETPHH YMEHBIIIAeT
3HaueHne P®OP wu3-3a pomosnHuTeNnbHOTO OTTaNKMBaHMA [laynm Mexay 3JeKTpOHAMH € OJIMHAKOBBIM
criuHoM. 3HaueHus POP ansa anTumapamienbHbIX UM CPEIHUX HAMPABICHUN CIIMHOB BO3PACTAIOT, MTOTOMY
YTO PAcCMATPUBAIOTCS JIJIEKTPOHBI C MPOTHBOIIOIOKHBIMHA criiHAMHU. KBaHTOBBIN 3(dexkT cuMMmeTpun
MPUBOJIUT K YCUJICHUIO B3aUMOJICHCTBUS MEXKJY 3apsSHKCHHBIMH YaCTUIIAMH U yBEJIMYMBACT aOCOJIIOTHBIC
3HAYEHUs1 KOPPEISALMOHHOW SHEPrUud U HEUAECAIbHOM COCTAaBISAIOUIEN ypaBHEHHsS COCTOSAHUS. BinsHue
a¢dexra cumMMeTpun 0oJIee CyIIeCTBEHHO Ha MaJIbIX PACCTOSHUSAX M B OOJIee IIIOTHOW IIa3Me.

KaroueBbie cioBa: 1wioTHas miasMa, d(QQeKTHBHBIN MOTEHIUAN, 3PPEKT CUMMETPUU, paJuaibHBIC
(hyHKIUM pacnpesiesieHus, TePMOJMHAMUYSCKUE CBOMCTRA.

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]:

1 1 1/lliz, — W2 1/li2 —
> )= oo ————

iy

fm WQl - (2k BDDB/WWWZ)Z 1- BBBBZM%WM 1- AMZM%&W
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where, are the types of particles (electron or ion), (ZkkkEm Sl m2)? < 1land W2 = m’ 01 + @1 - @ m 0 1738
coogeeee

Mewl
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de Broglie wavelength, My = MMy, /(M0 + mn) is the _reduced mass, ke =k, Is =L are the

temperatures of the electron and ion subsystems, and Li = @kl 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:

m2
@UM (m) = —li M @1 £ eeeaee @— - 9¢ @)

e 4/8(?8@98@8

where S = [ is for parallel spins and S = 0 is for antiparallel spins.
In the potentials (1), the term (2l /ll,m2)? is less than one. If (2flhy /llegy?)? > 1, the square root
term @1 — (2l /lll,,m%)2% becomes imaginary and we use the potentials (1) in a modified form with

@1 — iy lle2)? = V— 1€t /Ml 2)? — 1.

i3 2

The dimensionless plasma parameters such as coupling parameters , W2w? gy 1/3 =
my — wiiggl, L ok, T,
r 3 L M2 k- and density parameter m =u/m were used. The ratio
v i Q@ L = = EWZZZZMQW i i
m i i Wiy
aaqakkkk
llli: /U, = 1 /1l and for hydrogen plasma [l = 1 and an ion is a proton. We consider a fully ionized plasma

with temperatures of and densities of 1021mm—3 < ll < 1024cm—3.
Internal energy and equation of state [7] were calculated using the radial distribution functions and
potentials (1):

— _ l u [ g — i 2 dddd — _
= o] %EEE S e () g (Y m 2 A, (3)
liiiiii w=iige W w=iw w Qg Jiiiiii
2y my. ooaquw (m) ) 4)
m= liiii 3'W =il W =i, eeee mm fO Wb (W)m M’mmi — A

where instead of ¢(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) (W) 1s the rad1al

distribution functions that were obtained in the exponential approximation gggg,...uu (m) = v @— W 9 L
is the internal energy of ideal plasma, P,, 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 rrr — 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 (I"= 0.3, rrirgq = 2 — black lines;
I'=0.3, rrrrgg = 7 —red lines; "= 0.03, rrrssss = 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.

a0 e ———

R ) —
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Figure 1 — Electron-electron interaction potentials (1) of  Figure 2 — Electron-electron interaction potentials (1) of dense
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Figure 3 — Electron-electron radial distribution functions Figure 4 — Electron-electron radial distribution functions of
of dense plasma at /"= 0.3 and rrr7ssss = 2 dense plasma at /"= 0.3, /"= 0.03 and nras = 2, mrss = 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:

w =1 (Il = 1.6 - 1024me—3) — red lines with the dotted blue line for the case average divided on
without symmetry;

=2 (ll = 2-1023my—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:

I'=0.3 (M= 1.05 - 106¢ill) — black lines with the dotted dark green line for the case average divided
on without symmetry;

I'=0.5 (M= 6.3-1050f) —red lines with the dotted blue line for the case average divided on
without symmetry;

I'=0.7 (M= 4.5 -105Ill) — magenta lines with the dotted violet line for the case average divided on
without symmetry;

I'=1 (M= 3.15-105Mf) — 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.
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Figure 5 — Electron-electron component of correlation Figure 6 — Electron-electron non-ideal component of the
energy of hydrogen plasma depending on the coupling parameter ~ equation of state of hydrogen plasma depending on the coupling
parameter
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Figure 7 — Electron-electron component of correlation Figure 8 — Electron-electron non-ideal component of the
energy of hydrogen plasma depending on the density 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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