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THERMODYNAMIC PROPERTIES OF DENSE HYDROGEN PLASMAS
WITH PARTIALLY DEGENERATE SEMICLASSICAL IONS

Abstract: in this article, we investigated the thermodynamic properties of a one-component dense non-
ideal hydrogen plasma with semiclassical non-ideal ions against the background of degenerate quantum
electrons. The effective potential of the ion-ion interaction that takes into account the quantum mechanical
effects of diffraction was used as a model for the interaction. lon-ion radial distribution functions were
calculated based on the solution of the Ornstein-Zernike integral equation in the hypernetted-chain (HNC)
approximation. In the calculations, the effective interaction potential was used as a micropotential since only
the screening due to the uniform background (i.e., electrons) was taken into account, but not the screening
due to the interaction between the ions themselves. In addition, the effective potential takes into account only
the quantum effect of ion diffraction. Thermodynamic properties, such as the correlation energy and the non-
ideal component of the equation of state, were calculated based on the obtained radial distribution functions
and the interparticle interaction potential. Thermodynamic properties were presented as a percentage
between the results based on the effective potential and the Yukawa potential depending on the density and
coupling parameter values. The difference between the results is greater in denser plasma and at higher
values of the coupling parameters.

Key words: quantum plasma, screening, diffraction effect, ion-ion interaction, dense plasma,
thermodynamic properties.

Introduction. This paper considers a one-component dense hydrogen plasma with semiclassical non-
ideal ions against the background of degenerate quantum electrons. Such non-ideal plasma is of research
interest both in theoretical and practical terms, for example, in the study of the cores of white and brown
dwarfs [1], certain regions of the cores of neutron stars [2], as well as the results of experiments on the
matter under extreme conditions [3-6] carried out at facilities such as GSI-Darmstadt and IMP-Lanzhou [7].
In dense plasma, interparticle interactions play a significant role, where the average distance between
particles is of the same order of magnitude as the thermal wavelength of the particles, so that the collision
probability becomes high, and it becomes necessary to take into account the wave nature of the particles.

Modeling method. The simplest screened ion-ion interaction potential in a quantum plasma is the
Yukawa potential:

Modeling method

The simplest screened ion-ion interaction potential in a quantum plasma is the Yukawa potential:

2
Qi —Kger

Te , (1)

This paper uses the screened potential of ion interaction, taking into account the quantum mechanical
effect of diffraction obtained in work [8]:
Q 1
D (r) == ——=(exp(~rk..)—exp(—r/ 1)), )

®ii(r):
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where K. =\/§a)p / ve is the Thomas-Fermi screening parameter, o, is the plasma frequency, v is the

Fermi velocity, 4 =h/,/zmKkgT. is the thermal de Broglie wavelength, and the dimensionless parameters:

I :Qi2 [ akgT, is the coupling parameter, where Q, =Zg is the ion charge, the ion temperature is denoted

as T,; r, =a/ay is the density parameter inversely proportional to density, a = (3/ 4rn, )1/3 is the average

distance between electrons, a; is the Bohr radius.

In the obtained effective screened potential of interaction between semiclassical ions surrounded by
guantum electrons, only the screening due to the background (electrons) is taken into account. The screening
due to the interaction between the ions themselves is not taken into account. Also, this effective potential
takes into account only the quantum effect of ion diffraction, not the electron diffraction quantum effect,
because the considered parameters are of dense plasma (r; <<1) and electrons are ideal. Thus, it makes it

possible to use this effective ion-ion potential (2) as a micropotential for calculating structural and
thermodynamic properties.

The radial distribution functions of hydrogen plasma were investigated on the basis of the Ornstein-
Zernike integral equation [9]:

h(F)=c(r)+n[c(f —T h(r )dr ", -

in the hypernetted-chain approximation (HNC):

Cunc (1) =n() -Ing(r) - 22 "

B
where h(r) = g(r) —1 is the full correlation function, C(r) is the direct correlation function, ¢ (r) is the

interaction potential. When calculating these equations, numerical methods were used with a combination of
Fourier and iteration methods [10-12].

Internal energy and equation of state [13] were calculated based on radial distribution functions and
interparticle interaction potentials:

E=Ey-7) naznﬁjg“ﬂ(r)go“ﬁ(r)rzdr:Eid—AE, )
a=i,e p=i.e 0
PZPid—%ﬂ'Z naZnﬂTﬁwg—’;(r)gaﬂ(r)ﬁdr:Rd—AP, ©)

a=i,e p=ie 0
where ¢(r) is the potential (2) of particle interaction, g(r) is the radial distribution function, E, is the

internal energy of ideal plasma, P, is the equation of state of ideal plasma.

|
Results and discussion. Figures 1 and 3 show the results of the percentage ratio of the correlation energy for
hydrogen plasma (the second terms on the right-hand sides of equations (5) and (6)) based on potential (2) in
comparison with the results based on the Yukawa potential (1) depending on the density and the coupling
parameter, respectively. The results for the non-ideal component of the equation of state are shown in
Figures 2 and 4. Figures 1 and 2 show the ther modynamic properties depending on the density at different
values of the coupling parameter: black lines — at I'=10, red lines — I'=50, blue lines — I'=100. Figures 3 and 4
show thermodynamic properties depending on the coupling parameter at different density values: black lines

—at r, =0.05, red lines — ry; =0.1, green lines — r, =0.3, blue lines— r, =0.5.
As can be seen from the figures, the difference between the results for the effective potential (2) and the

Yukawa potential (2) is more pronounced in a denser plasma (at lower values of the density parameter) and
at higher values of the coupling parameters. It can also be noted that the influence of the ionic diffraction

effect ceases to matter from the point of view of structural features at r, >0.3 (n < 6-10” cm™), which

has already been established in work [2, P. 6]. The difference becomes more significant in denser plasma,
which is explained by the intensification of the influence of quantum effects of diffraction with increasing
density because, at higher densities, the de Broglie wavelength of ions becomes comparable to the
interparticle distance. At high density values, with a growth of the coupling parameter, the interaction of
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particles in the system increases, which leads to a rise in the absolute value of the AE, AP, which results in
a maximum difference of 4%.
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Figure 4 — Non-ideal component of the equation of state of hydrogen plasma depending on the coupling
parameter

Conclusion. Thermodynamic properties were presented as a percentage between the results based on the
effective potential and the Yukawa potential depending on the density and coupling parameter values. The
difference between the results is greater in denser plasma and at higher values of the coupling parameters.
For a non-ideal plasma, the appearance of changes in the internal energy and the equation of state of 4% at
large I" corresponds to a change in the evolution of astrophysical objects, such as white and brown dwarfs,
whose interior I is about 100.
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JKAPTBLIAY A3FBIHJIAJIFAH KBA3ZUKJIACCHUKAJIBIK NOHJIAPBI BAP ThIFbI3
CYTEI'T IIVIASBMACBIHBIH TEPMOJUHAMMKAJIBIK KACUETTEPI

AHHoTamus: OyJ1 Makajaja as3FbIHIAJIFAaH KBAHTTHIK AJICKTPOHIAP/BIH (DOHBIHIA KBA3HUKIACCHUKAIIBIK
uaeanapl eMec HOHAAphl Oap Oip KOMITIOHEHTTI TBIFBI3 HJEAN[bl €MeC CyTeri IUIa3MachIHbIH
TEPMOAMHAMUKAIIBIK KacHeTTepl 3epTTeii. ©3apa opekeTTecy MOJeNi peTiHae TUGPaKIUSHBIH KBAaHTTHIK
MEXaHHMKAJIBIK 9CEPJIEPiH SCKEPETiH MOH-HOHBIK 63apa 9PEKETTECYAIH THIMJII MOTEHIMAIbI KOJIIaHBIIIbI.
WoH-oHIBIK paauangsl yiectipy GyHKuusuiapel Tunmneptizdekti kysikrayna (I'TILH) OpHurreiiH-
LlepaukenHiH WHTErpalIblK TEeHJACYiH IIenry HeriziHae ecentengi. Ecenremy OapwichiHIa e3apa
OPEKETTECY IiH THIM/Ii MOTEHI[MAIBIH MUKPOIIOTCHIIMAT PETIHIAE KOJIJaHa OTBHIPBIN, TEK HOHIAPIbIH ©3apa
opekeTTecyiH emec, ¢onra (3JeKTpoHAapra) OalIaHbICThI dKpaHAalybl FaHa eckepineni. COHbIMEH Karap,
TAIMJI TOTCHIMAT HWOHJAPJBIH IU(GPaKIUACHIHBIH KBAaHTTBHIK 9cepiH FaHa eckepeli. Koppemsmusibik
SHEPTUsl JKOHE KYH TEHJACYiHIH HACaNbI €MeC KOMIIOHEHTI CHSKTBI TEPMOJUHAMHKAIBIK KaCHUETTEepi,
aJNbIHFAH paguaiibl YISCTIpY (PyHKIUsIaphl MEH OOJIIEKTEp apachiHAarbl ©3apa dPEKETTECY MOTCHIIUAIBI
Heri3inae ecenrtenai. TepMoIUHAMHKAIIBIK KAaCHETTEP, SFHU THIFBI3IBIK MOHI MEH OaiflaHBIC TapameTpiHe
OaitmanpicThl FOKaBa TOTEHIMANBIHA HETI3ICITCH HOTHKEIEPMEH CallbICTHIPFaHIa THIMIlI TMOTCHI[UAIIFa
HETI3CJIeH HOTMKEICPAIH MaWbI3[bIK KaThlHACTApPhl PETiHAC KepceTuiai. Horwxkenep apachbiHmars
afBIPMAIIBLIBIK THIFBI3 IUIa3Majia JKOHE OaiylaHbIC MapaMeTpIIepiHiH *Korapblpak MOHJICPIHIAE YJIKSH SKEHi
AHBIKTAJIEL.

Tyiiin ce3mep: KBaHTTHIK IJ1a3Ma, SKPAHIANYbI, TUPPAKIUIBIK dPPEKT, HOH-UOH dPEKETTECYl, THIFBI3
miasmMa, TEPMOJIMHAMUKAJIBIK KACUETTEP.
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TEPMOJJMHAMHWYECKHE CBONCTBA IVIOTHOM BOJOPOJHOM IJIA3MBI
C YACTHUYHO BBIPOXJIEHHBIMU KBASUKJIACCUHYECKUMHU HOHAMU

AHHOTaNMA: B JaHHON cTaThe OBUTH HCCIENOBAaHBI TEPMOINHAMIYECKHE CBOWCTBA OJHOKOMIIOHEHTHON
IUIOTHOM HeWIeallbHOW BOJOPOAHOM TUIa3Mbl C KBAa3WMKIACCHUECKUMH HEHJICAIbHBIMH HOHaMH Ha (OHE
BBIPOKACHHBIX KBAaHTOBBIX OJJIEKTPOHOB. B KadecTBe MoOJenu B3aWMOJCHCTBHS OBUT HMCIOJIB30BaH
3¢ (}eKTUBHBII TOTEHIMAT HMOH-MOHHOTO B3aWMOJIEHCTBHS, YYUTHIBAIONINA KBaHTOBO-MEXaHUIECKHE
s dextol gudpaknnn. oH-nOHHBIE panuanbHble (YHKIIMH pacipeeeHns] ObTH PacCUYUTaHbl HA OCHOBE
penieHuss UHTErpajgbHoro ypasHenus OpniuteiiHa-Llepauke B runmepuennom npubmwkenun (I'TIL). Ipu
pacderax ObLT HCTIONB30BaH YPPEKTUBHBIN MOTSHIIMAT B3aUMOJIEHCTBHSI B KAYECTBE MUKPOTIOTEHITHATIA, T.K.
YYHUTHIBAIOCH TOJNBKO JKPAaHHPOBAHHWE W3-32 OJHOPOAHOTO ¢oHA (T.e. DIEKTPOHOB), HO HE WH3-3a
B3aWMOJICHCTBUSL MEXKAy caMuMH HoHamu. Kpome Toro, 3(QeKTHBHBINM MOTEHIHAN YYHUTHIBAET TOJBKO
KBaHTOBBIH 3¢ ¢eKkT auppakunud HOHOB. TepMoaMHAMHYECKHE CBOWCTBA, TaKHEe KaK KOPPEISIMOHHAsS
SHEPTHUS U HeWJlealbHasl COCTABIISIONIAs YPABHEHHS COCTOSHISI, OBUTH PacCYMTAaHBI HA OCHOBE MOJYYEHHBIX
paauanbHBIX  (QYHKIUE ~ paclpeieieHHs W MOTCHIMANa  MEXKYacTUYHOIO  B3aUMOJICHCTBHUSL.
TepMoavHaMUYeCKHE CBONCTBA OBLIM TIPEIACTABICHBI B BHJIE MPOLECHTHOTO COOTHOIICHUS MEXIY
pe3ynbraTtaM Ha OCHOBE 3(P(PEKTUBHOTO MOTEHIMANa W MoTeHIana KOkaBbl B 3aBHCHUMOCTH OT 3HAYEHUH
IUIOTHOCTH W TlapameTpa cBs3W. PazHuiia Mexmy pesynbTaTamu O0bllie B 0ojee IUIOTHOW Iia3Me W Ipu
OoJiee BRICOKMX 3HAYCHUSX TAPaMETPOB CBS3H.

KiaroueBble ciioBa: KBaHTOBas IUIa3Ma, SKpaHUpPOBaHME, AM(PPAKIMOHHBIN 3((PEKT, HOH-HOHHOE
B3aMMOJICHCTBYE, IIIOTHAS TINIa3Ma, TEPMOIUHAMIYECKHE CBOWCTBA.
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