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Development of a gas-phase nuclear reactor
| (1950-1980)

corr.-membe

AS USSR V.M.leviev Heated Shock Tube

B.N.Lomakin V.E.Fortov
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1 — ®3Y c KaTOLHBIM MOBTOpHTENeM; 2 — DPEeHTreHOBCKas TPy6ka; 3 — cxeMa HMMIYJbCHOH DeHT-
remorpaduH; 4 — TepMonapsl; § — KpaH; 6 — BakyyMMeTp; 7 — BaKyYyMHEIE Hacochl; & — KoMmpec-
cop; 9 — MeMOGpann;; 10 — o6MOTKa oborpesarens
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The structure of thermodynamic dependences for multicomponent systems in a quasi-chemical representation

Quasi-chemical representation for describing the
thermodynamics of high-temperature highly
compressed media

High temperature highly compressed media:
mixture of L components
electrons, atoms, molecules, ions
(atomic and molecular)

Given:
volume V, temperature T
and the number of nucleil K of chemical elements

F(Id_|_|:|d_|_|:ln
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The structure of thermodynamic dependences for multicomponent systems in a quasi-chemical representation

Quasi-chemical representation
Thermodynamic equilibrium conditions

F({n.}V ,T)—{n—j}—> min




Chemical picture. Applicability problem

Hydrogen phase diagram
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Confined Atom Model



Thermodynamics of nonideal cesium plasma

A. V. Bushman, B. N. Lomakin, V. A. Sechenov, V. E. Fortov, O. E.
Shchekotov, and |. |. Sharipdzhanov
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- ~ bl of the bound states to the enthalpy, together with the de-
- crease of the correction for the interaction of the free
-~ charges in the equation of state, is due to the deforma-
I+ tion and to the distortion of the energy levels at high
densities. A quantitative description of this phenomenon
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tions concerning the character of the interparticle inter-
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Argon thermal equation of state
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Confined atom model idea

Non-ideal plasma Hartree-Fock calculation
chemical picture of atomic structures
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Canadian Journal
of Physics
NUMERICAL SOLUTION OF THE HARTREE-FOCK EQUATIONS

Volume 41, Number 11
Novermber 1963 Charlotte Eroese
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Procedures for solving the Hartree-Fock equations on an automatic computer such as the IBM 7090 are

described. Particular attention is given to the question of numerical accuracy and to the problem of
devising autornatic procedures.




Confined atom model for describing thermodynamic properties

Calculation of compressed atomic structures by the Hartree-Fock method

The variational principle of quantum mechanics

For the Hamiltonian H = _Z EAi n Z} +Z 1
i=1 ri

i<]
under conditions
jyjzdxl"'dXN =L X = (rd,)

Wave function in the Hartree-Fock approximation (RHF)

v =Y Co, P, (%) @) g (x)= R, (0),"(0.0)7:(6)
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Confined atom model for describing thermodynamic properties

Calculation of compressed atomic structures by the Hartree-Fock method

Hartree-Fock system of integro-differential equations
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Solution method - iterative self-consistency procedure
at every step
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U(r)

Boundary conditions for radial wave functions

EXISTENCE OF THEEMODYNAMICS FOR REAL MATTER WITH COULOME FORCES

J. L. Lebowitz®

Belfer Graduate Schoal of Science, Yeshiva University, New York, New York 10033
and

Elliott H. Liebt
Department of Mathematics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02138

VoruMe 22, Numeer 13 PHY SICAL REVIEW LETTERS 31 March 1969
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Boundary conditions for radial wave functions

Wave functions o
Term 1S Energy =-5.302120E+02 a.u. Configuration 1s22s22p 63s23p 6
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Confined atom model for describing thermodynamic properties

Energy levels of compressed argon and cesium atoms
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Confined atom model for describing thermodynamic properties

Thermodynamic model

F({N j}’V 1) = Fis ({N j}’V ADE:
+ AR (IN 3V, T) + AR, ({N}V,T)

Atoms, ions and electrons : Nonideality effects:

) Coulomb corrections :
S _kBT{Na In Qa(rg) +N, I, Q3 ~+(N, +2N )} Debye approximation in GCE
n,A n Ak, pseudopotential model, ...
Short-range repulsion :

a " a

Atomic partition functions: atoms are hard spheres of finite radius
HF
SN(AEDI] exp{— “ (r‘:)} AF. =Nk, Ty — 7 4-3y . y=n_(4zr’]3)
i ke T (y-1)°
oF 1 0Q,
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Confined atom model for describing thermodynamic properties

Caloric equation of state for cesium
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Confined atom model for describing thermodynamic properties

Thermal equation of state for argon
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Confined atom model for describing thermodynamic properties

Thermal equation of state for argon
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Radiation emitted by a shock-compressed high-pressure Electric conductivity of a high-temperature nonideal
argon plasma plasma

V. E. Bespalov, V. K. Gryaznov, and V. E. Foriov V. B. Mintsev, V. E. Fortov, and V. K. Gryaznov
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Weakly non-ideal plasma.
Solar plasma thermodynamics.
SAHA-S model



Chemical picture. General approach of SAHA models.

LI

HELIOSEISMOLOGY FOR PLASMA
THERMODYNAMICS

Plasma - mixture of interacting
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atoms, molecules and ions - spheres of nonzero
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Inversion,
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Chemical picture. General approach of SAHA models

Plasma - mixture of interacting -: AT J A++J' AI‘J
(id ) (id) A <—> A+ ety ool L
_ | [ (int) e e o . 'fxf ns, .
F = F 'I' F + F” |e ee . ‘ J : A++ J . ’ . .\\N—‘/./l. .
Nonideality effects : (int)
Qj KeT

Coulomb corrections:

Q; = Z gW (gi’n’T)EXp{_ kgi.l_}

Strong short range repulsion between all Specles:

= 4VK,T ﬂ_lZKGS{ a,l,, (a )_ g |32(ae )} Neutral-neutral short range attraction

- [ Partition functions: Q ; = Q (¢, ,{nj},T)]

Dependence of PF on density and temperature:




SAHA-S
Thermodynamics of solar plasma -

Equilibrium composition (SAHA-S1) ALJ AR
54 species (H C N O Ne): Ao ATHR

{e, H, H*, ..., He, He+, He*?, l\'g;‘:__ A++J -:_ 3 A
C, C+, ...,N,N+,...,0,0+, ..., Ne,Ne+, ...}, v otismivm s o
+ (SAHA 82) > 90 speC|es + Mg S (SAHA-S3) > 150 species

Coulomb iInteraction: Partition functions:
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“Relativistic corrections:
Aprel

KgT
rel
Ap, 1 15kBT2
KgT 8m.c
AE™ ¢ 15k, T
kT ~°8mc?
_Exchange corrections:
AP* L LR
nkgT n, 4
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A, _—In(1+ 1§ex§fj
KT 2
AEeXCh B é/e é/exif _ZAPeXCh

nk.,T n 2 nkgT

SAHA-S
Thermodynamlcs of solar plasma
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Diffraction corrections
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Structure of the Sun




Standard solar model

Element composition of solar plasma
H He C O ...

/ C O ... Neetc. Corvam -

09 §

0.8 | Helium

Mass fraction

r/R



T, K

Density and temperature along
solar trajectory

Convective zone
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SAHA -S calculations
Plasma parameters along solar trajectory

Convective zone
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Adiabatic exponent. SAHA-S calculations

2

olnP
olnp ).

Convective zone

1.7F

1.6 ¢

1.4F

1.3

1.2

I'—Ielibse'isr'nc')lloéjilI

10"

10°

10°
T K

10’




Adiabatic exponent.
Models and inversion results

Convective zone

ol Ideal plasma
H* + He™

Inversion,
(S.Vorontsov, 2004)
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Adiabatic exponent.
Models and inversion results

Convective zone
T % T T T

3 Hawj _5]-103\\ l
| dlnp), 3 %

\

2 H*+ He++/\ .. . /]

-+ Coulomb '

H He

T.K 10’



Adiabatic exponent.
Models and inversion results

Convective zone
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Adiabatic exponent.
Models and inversion results

Convective zone
T % 1 T T T T




Adiabatic exponent.
Models and inversion results

Convective zone
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Adiabatic exponent.
Models and inversion results

Convective zone
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Adiabatic exponent.
Models and inversion results

Convective zone
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Adiabatic exponent.
Models and inversion results

Convective zone
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Adiabatic exponent.
Models and inversion results

Convective zone
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SAHA -S

Adiabatic exponent.
Heavy elements contribution

Convective zone

g

OlnP
Oln p

)

I
_51.103
3

Z = {C,0O,N,Ne,SL,Fe}

Inversion,
(S.Vorontsov, 2004)
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SAHA -S Versions of SAHA-S models

SAHA-S1
Heavy elements
Element composition H e (C N O Ne)
Heavy element abundance 0.01 + 0.02

50 species of particles

SAHA-S2
Heavy elements
Element composition H e (C N O Ne Si Fe)
Heavy element abundance 0.01 + 0.02

95 species of particles, ground states of heavy elements

SAHA-S3 ... [—) SAHA-S7

Heavy elements

Element composition H e (C N O NeSiFeMgS)

Heavy element abundance 0.005 + 0.02

145 species of particles, detailed excitation spectrum of all particles




SAHA-S calculations

Mean charge of ions along solar trajectory

Convective zone
Helioseismology
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Adiabatic exponent

Inversion results for SAHA-S3
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Hydrogen. Deviations to the ideal Saha pressure along isochore

H, o
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Fig. 2 Log plot of deviationd to the ideal Saha pressure along isochore 1071? g/ce. Our predictions (solid line) are compared
to the analytical SLT expansion (dashed line) and to the tabulated OPAL equation of state (circles). The crosses correspond
to the OPAL EOS modified to account for the finite mass of the proton in the binding energy of the hydrogen atom, i.e. using
Er = —me*/(2h*) ~ —13.5983 eV instead of Eg ~ 1 Ry = —m.e? /(2h%) ~ —13.65057 eV. We corrected the OPAL
values only at the level of the ideal terms: Popar, corr = Popar, + Psana[FH]| — Psana[l Ry].

Fig. from A. Alastuey and V. Ballenegger, Contrib. Plasma Phys. 52, 2012



Thermal EOS of hydrogen along isochore

( low density )

r=14; p = 0.001 g/cm?3
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Thermal EOS of hydrogen along isochore

( low density )

r=14; p =0.001 g/cm3
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G. Chabrier, S. Mazevet, F. Soubiran, A New Equation of State for Dense Hydrogen—Helium Mixtures, The ApJ, 872:51, 2019 48



E -3/2PV/atom, e

Caloric EOS of Hydrogen along isochore
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Caloric EOS of Hydrogen along isochore

r=14, r=0.001 g/cm?
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Caloric EOS of Hydrogen along isochore

rs=14, r=0.001 g/cm?3

_ N
oo O
I|IIIIIIIII

ok
(@)
|||||||||||

Ideal p+e plasma

(U
A
||||||||

ek
(\©)
|||||||

—— _SAHA-D
: —— _SAHA-S
3 + -RPIMC
—— - SCVH

[E—
-)
TITTTTTTT

I(H)

E -3/2PV, eV

S D B~ O ©
TT I|IIII

-------------------- s | S Ideal atomic gas

-2 ‘ ------------------------------------------------------------ -~ ]deal molecular gas

| | ool | oo vl
10’

6

10° 10

D Saumon, G Chabrier, HM Van Horn, An equation of state for low-mass stars and giant planets, The ApJ Supplement Series 99, 713, 1995 51



Caloric EOS of Hydrogen along isochore

rs=14, r=0.001 g/cm?3
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Lorentz Cent
- from 2 Jun 2004 through 11 Jun 2004

" Fig2 P-p fiagrams for the shock-wave
dctlclium. .xpcrimcnul&:mu *and (A, W,

1o this expffiment and o the results of {1, 4,31 ¢
- ashed lines are the Hugoniot curve &
ate) and liquid deuterium.

53






Thank youl!



