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The Reaction Ensemble Monte CafREMC) computer simulation methodV. R. Smith and B.
Triska, J. Chem. Phy4.00,3019(1994] is employed to predict the thermodynamic behavior of
chemically reacting plasmas using a molecular-level model based on the underlying atomic and
ionic interactions. Unlike previous plasma simulation studies, which were restricted to fairly simple
systems of fixed composition, the REMC approach is able to take into account the effects of the
ionization reactions. In the context of the specified molecular model, the computer simulation
approach gives an essentially exact description of the system thermodynamics. We develop and
apply the REMC method for the test case of a helium plasma. We calculate plasma compositions,
molar enthalpies, molar volumes, molar heat capacities, and coefficients of cubic expansion over a
range of temperatures up to 100 000 K and pressures up to 400 MPa. We elucidate the contributions
of the Coulombic forces, ionization-potential lowering, and short-ranged interactions to the
thermodynamic properties. We compare the results with those obtained using macroscopic-level
thermodynamic approximations, including the ideal-g#&) and the Debye—Htkel (DH)
approaches. For the helium plasma, the short-ranged forces are found to be relatively unimportant,
but we expect these to be important for molecular systems. The DH theory is always more accurate
than the 1G approximation. The DH theory yields compositions that slightly underpredict the overall
degree of ionization. For the molar heat capacity and the coefficient of cubic expansion, the DH
theory is accurate at lower pressures, but at 400 MPa yields results that are up to 40% in error for
the molar heat capacity. @000 American Institute of Physids$S0021-96060)50236-0

I. INTRODUCTION Gibbs free energy is minimized subject to the mass conser-
vation, charge neutrality and non-negativity constraints.

The plasma state is frequently referred to as the fourth At the macroscopi¢thermodynamiglevel, specification
state of matter in the sequence: solid, liquid, galasma  of the system Gibbs free energy entails modeling of the spe-
Plasmas are important in materials processing, includingies chemical potentials, and its minimization requires the
melting and refining of metals and alloys, plasma chemicalise of a nonlinear optimization algorithm. The chemical po-
synthesis, and plasma waste destruction. Other important agential of each species is the sum of an ideal contribution and
plications occur in high-voltage circuit breakers, nuclear re-a nonideal(excess contribution. Sources of nonideality in
actors, and electrical discharge machines. Temperatures pfasmas are the presence of long-ranged Coulombic interac-
interest in plasmas range up to 100000 K, and pressures ujpns between charged particles, the composition-dependent
to 100 MPa or moré:? lowering of the ionization potential, and short-ranged

Among the most important properties of a plasma are it§neutral—neutral and neutral-charged parlidteeractions.
composition and its thermodynamic and transport propertiesTraditionally, only the first two factors have been taken into
Most plasma models employ as a basic assumption the comccount, both using the Debye—¢kel (DH) approximate
dition of local chemical equilibrium This means that the theory! The numerical calculation of plasma compositions
electrons, ions, and neutral particles all have the sétie by means of the macroscopic approach remains an active
netic) temperature and that reaction chemical equilibrium hasrea of interest:*-®
been achieved locally.Chemical equilibrium at specified Molecular-level computer simulation techniques pro-
temperaturel and pressuré is attained when the system vide, in principle, a computational tool for the essentially
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exact calculation of macroscopic plasma properties based o9(N,, ... ,N,,P,T)
only a knowledge of the underlying intermolecular potential o
models. Previous simulation methods for plasrtfas a re- (Vg /AN 2630
view, see e.g., Hans&nhave been limited in their ability to =2 2 H 0
.. . L. e &1 & (N|+EJ§JV“)I
realistically model plasma behavior due to their inability to
account for the ionization reactions. They focused mainly on
the interactions between the charged particles, and studies % j exp{— BlU(V,zy,...2y) + PV]dzy,... dzy,
were carried out only on relatively simple systems of fixed
composition. In addition no comparisons were generally 23
made with results of approximate theories. whereV is the system volumey; is the internal part of the
The recently-developed Reaction Ensemble Monte Carl@artition function for species (i=1,2,3,4), and\; is its de
(REMC) method, due to Smith and’iBka® is a molecular-  Broglie thermal wavelength\; is the number of particles of
level simulation method for calculating equilibrium compo- species, and{N’} represents an arbitrary particular system
sitions and thermodynamic properties of systems undergoingomposition satisfying the mass-balance and charge-
an arbitrary number of chemical reactions and consisting ofieutrality constraintsé; and £, are reaction extents for re-
any number of phases. It has been shown to be a useful toatctions(2.1) and (2.2), respectively,v;; are the stoichiom-
for predicting the chemical and phase equilibria of systemsteric coefficients corresponding to these reactions,
encountered in the chemical processing induttylts po-  U(V,zy,...,zy) is the configurational energy expressed in
tential uses and limitations are discussed in the originaterms ofV and the scaled variableswhich lie in (0,1), and
paper® B=1/(kgT), wherekg is Boltzmann’s constant. The summa-
The purpose of this paper is to demonstrate the applications are over allintegra) values of¢; andé, for which the
tion of the REMC computer simulation method to predict theparticle amounts\; = Ni°+ 2;&;v; remain non-negative.
behavior of chemically-reacting plasmas. Such systems are The REMC method generates a Markov chain to simu-
qualitatively different from those typically encountered in late the properties of a system governed by E43). The
the chemical processing industry, due to the presence afhain consists of three types of state transitions: particle
ionic forces and high temperatures and pressures. We d@&ioves, volume changes and reaction moves. The particle
velop the required simulation formulation, and consider themoves and volume changes are implemented in the usual
helium plasma as a test case. For this system, we assess thiay:? the transition probabilitk— | for particle moves is
accuracy of the classical DH macroscopic model, and also D_ .
consider the contributions of different aspects of the Pl=min[1,exp =AU ], 24
molecular-level model [Coulombic forces, ionization- where AU, ,=U,—U, is the change in configurational en-
potential(IP) lowering, and short-ranged interactigrte the  ergy. The transition probabilitgk—1 for volume changes is
plasma properties. Vv
In the next two sections of the paper, we describe thep\kflzmin( 11exﬁ[_IBAUkI_ﬁP(VI_Vk)+N In— ] (2.5
details of the REMC methodology for the helium plasma; Vi
this is followed by a description of the intermolecular poten-The transition probabilitk— | for reaction moves for re-
tial models used. The subsequent section describes the degetionj is®
tails of the simulations, followed by a section concerning
results and their discussion. The final section contains ouL, —min[ l,VVifer

(ND)!
(NP + v )!

conclusions. kI i

eXp(—BAUm)],
(2.6)

where?i is the net change in the number of moles for reac-
tion j, »j=Zv;, andl’; is the ideal-gaslG) driving force
Il. REMC SIMULATION METHODOLOGY FOR THE for the reaction,
PO
=

HELIUM PLASMA 0 0
Zivjipi (T,P7)
Where,uiO(T,Po) is the molar standard chemical potential of

. . . . . . I''=exp —
The helium plasma is a reacting mixture involving the ! F{ RT
specied at the temperaturé and the standard-state pressure

four species: neutral H&), ions He (2), and Hé *(3), and
electronse™ (4), which is governed by the ionization reac-
PO (taken to be 1 bar andR is the universal gas constant.
In the particular case of the helium plasma considered

tions
He=He'+e", (2.1 here, for reactior(2.1), the transition probabilitk—| for a
forward reaction moved=+1) is

Y]

: 2.7

He"=He"*+e™. 2.2 . Ny
(2.2 Pf’kﬁ:mln 1’VF1W exp(— BAU) (2.8

Thereaction ensemble partition functidfor this system can and the transition probabilitk—| for a reverse reaction
be written as move ¢=—1) is
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. ) N5Ny, For the calculations of this paper, we incorporate a typically-
Prja=min 15— 53— expg(— AU |. (2.9 used approximation, obtained from the correction of the Saha
o equatior>®

The transition probabilities for reactiof2.2) are given by
similar expressions. | = 2N,
Reaction steps for reactiorf2.1) and (2.2) are carried Z Ameghp’
out as follows:(i) a reaction is selected randomly with equal
probability, and(ii) for the selected reaction, a forward or
reverse reaction move is attempted according to a pres
probability of 0.5. For a forward move, a reactant partile
is selected at random, and an attempt is made to simulta- N ( veoksT
b=

(3.6

wherez is the ionic charge of the product ioa,is the elec-
trtonic charge,eq is the permittivity of free spacelN, is
EAvogadro’s; number, and is the Debye length, defined by

1/2

(3.7)

neously replace it by a product partick and to insert a
product particleC at a random position in the system. Simi-

larly, for a reverse move, product particlBsandC are cho-  wherey is the molar volume ang; is the mole fraction of

sen at random, and an attempt is made to simultaneoushpecies. Equation(3.6) may be used for densities fulfilling
replace theB particle by a reactant particlé and to delete  the inequality®

the C particle. Equation$2.8) and (2.9) give the respective
probabilities of success of each type of reaction move. 6

e’NpZyiz

=1, (3.9

wherea is the mean particle spacing,
Ill. CALCULATION OF u°(T,P° AND THE

INCORPORATION OF IONIZATION-POTENTIAL 3v |\
LOWERING a=| 22N, 3.9
The dependence of(T,P°) on P° is usually sup- The IP lowering directly affectaH(T,) for the ionic spe-
pressed, ang.’(T) may be expressed as cies by the lowered IPand IR values in Egs.(3.4 and
0
pO(T)=h(T)—T(T), (3.1) (3.5). It also has a secondary effect dfi(T), s’(T), and

i (T) for the ions via its effect on thep; values, resulting
where the molar enthalgy’(T) and the molar entropg?(T)  from the lowering of the upper energy limithe ionization

may be expressed as limit) in the partition function summations used in their cal-
T culation. If we neglect the latter effect, the IP lowering may
hiO(T)zAHﬁ(Tr)+ f cgi(T)dT, (3.2 be incorporated into a modification of the molar enthalpy for
Tr an ionic species of chargez.?®!" The molar enthalpy of an
Tcd(T) ion A%, h%.,(T), is modified to

sAT)=sX(T,)+ J dT. (3.3

. WO () =F (T) z(z+1) €°Na
In Egs. (3.2 and (3.3, AHy(T,) is the enthalpy of forma- AT ATe 2 Amehp’
tion of specieg at the reference temperatufe (taken here ~ . )
as 298 1% K; s°(0)=0, andc?,(T) is thpe IG hfa(t capacity of whereh,.+(T) is computed from E¢3.2). The final expres-
w10 ’ P! : : sion for u2(T) is obtained by using Ed3.10 in conjunction
speciesi. c,; are obtained by appropriate summations OVer i Eds '(3 )-3.3
the energy levels of specie$® AH;; are determined from IP Nu?n-eri(':al Values of H (298.15),£%(298.15), and co-
data[the enthalpy changes{Rnd IR for reactiong?2.1) and fi NN T

(2.2), respectively, at 0 Kand heat-capacity data; adopting egfluents a,—as of a piecewise polynomial expression for

(3.10

the convention thaAHy;(T,)=0 for He and fore™ gives pir
T 0 _ as;
AHf’He+(Tr):|pl+f r[Cg He+(_|_) Cpi—ali+(3.2i+a3iT)T+ a4i+? ? (311)
0 :
0 0 for the species in the helium plasma are listed in Table I.
+Cp,e‘(T)_Cp,He(T)]dT! (3.4 These were obtained by calculations involving the energy
T, levels'® and least squares fits to the resulting values over the
AHf,He++(Tr)=IP1+IP2+f [cg’Heﬂ(T) temperature range 298.15 K—100 006 K.
0 Since the species chemical potentials are affected, the IP
40 ef(T)_Cg Lo (T)]dT. (3.5 Iqwerirt;%) ?7Iso makes a contribution to the system pressure,
’ given by”
In a plasma, the Coulombic interactions lower .[F° )
The exact calculation of this effect is a complex probfém. plPL_ _ &"Na 2 yizi(z+1)
The essential difficulty is that the internal and configura- 24mequNp 750 '
tional parts of the partition function are not independent. 5
Any suitable approximation for this effect may be incorpo- eNa
y pp y p =—————(2y,+6Yy,). (3.12

rated into the REMC simulation methodology, in principle. o 24mequN\p
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TABLE I. The enthalpy of formationAH(298.15), and the molar entropg’(298.15), and coefficients
a,—as of the piecewise polynomial expression over the temperature intefygalsT . fOr the ideal-gas heat
capacityc], Eq.(3.13), for He, He", He"*, ande™.

AH(298.15)  s°(298.15) Trmin. T max a, a,
Component  (kJ mol?) (ImolrtkK™Y (K) (K) (ImolrtK™Y (ImolrtK=?)
He 0 126.142 54 298.15 5000 20.788 48—1.014 08110 ©
5000 13000 20.048 05 6.002 1.1%°
13000 24000 69.28824 —2.48550810 3
24000 40000 —57.16855 9.290 2840 4
40 000 100000  1127.019  —1.28723610 2
He" 2378.521 131.903 99 298.15 5000 20.788 48-1.014 08110~ °
5000 13000 23.28493 —2.01041010°*
13000 24000 —177.3043 7.396 544072
24000 40 000 110.2072 —2.046 24110 %
40 000 100000 —766.8953 7.7951580°°
He™+ 7635.234 126.022 52 298.15 100 000 20.786 00 0
e 0 20.979 00 298.15 100 000 20.786 00 0
a3 a4 a5
Component (ImoltK™9) (I mol?) (J K mol™
He 1.276 92310710 —0.159 432 710 3.030 149107
—1.7631910°° 3.88401110° —7.38438810°
4670972108 —4.07389710° 1.224 35710°
2.10150610°8 1.121 2591¢° —1.24436210°
5.012 162108 —3.420 08310’ 3.24555410%
He™ 1.276 92310 *° —0.159 432 710 3.030 149107
5.854 660107 ° —1.330 06510* 2.557 96010
—1.02067410°7 2.3235171¢° —1.007 23010%
1.73998510°8 —1.719 93010° 1.228 26310'°
—2.26515410°8 3.184 56010 —4.546 81810"
He™* 0 0 0
e 0 0 0
IV. INTERMOLECULAR POTENTIAL MODELS B. Neutral particle—neutral particle interactions
A. Charged particle-charged particle interactions The interactions between neutral particles in the helium

plasma applications is such that the reduced de Broglie the Exp-6) potential

mal wavelength of electrons is shorter than the mean inter- uyy(r)=o, r<r.
particle distance, and hence, the electrons may be treated as B Cber -6

only weakly degenerateThe interactions between charged =Aexp(—Br)—=Cer >, r=r, (4.3
particles in the helium plasnmiade® (2), He' *(3), e (4)]  wherer, is the range of the Exp-6 core, and the Exp-6 co-
can then be described by effective pair potentials, as giveafficientsA, B, andCg are defined using the attractive well-

The typical range of temperatures and pressures iflasma [He(1)] were represented by the exponential-6

by Deutsch and co-workeérsin the form depthe, the range of the exponential repulsiopy and the
stiffness parameter of the exponential repulsioas
2
 Zazue r g Z
Yab= 7 et 1_eXF(_R_ab + 824 5paUSY . (4.2) A:€§—6 exp({), B:a, C6:8_§_6r§1' (4.4

Numerical values of the Exp-6 potential parameters for the

In2 Eq._g4.1)_,2r is the distance between particlasand b, 1o e interactions were taken from Beand are listed in
Rap=Az+Ap, whereA, andAy are the reduced de Broglie Taple |1

thermal wavelengths of particlea and b, given by A

. —— . TABLE II. Coefficients ofA, B, andCg, and the range of the potential core
=hly2mm kBT’ where? is the reduced Planck constant and r. of the Exp-6 potentials for the He—He and He-Himteractions em-

mis the particle mass. Finally; is the Kronecker delta. The ployed in the present work.
term uls) accounts for the electron symmetry effect and is

. A B c r
given as 3 G c
@ (m™ @nf) (m)
1 r\2 He-H&® 6.16110 Y7 4.414810'° 1.87810 ° 0.718510 *°
u)=kgTIn2-exg — =1 | (42)  He-He 616110°Y 5280210 0.642107° 0.600810 '
a In2 R44
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TABLE llIl. The excess molar internal energy, molar volumev, mole fractionsYue,Yhet »Yret +:Ye- 1, @nd

the number of moles per total molar amount of Hg, for the helium plasma & =10 MPa from the Reaction
Ensemble Monte Carlo simulations of this work. The simulation uncertainties are given in the last digits as
subscripts. The last column gives the left-hand side of (B@).

T u® v 6()2
(K) (kImolY)  (m*mol™?) Yhe Yhet Yhet + Ve ne a

3

20000 —3.39g 0.01669; 009477, 0.023}% 0.002Q 00272 1.028 276.28
22500 —5.644, 0018625 0.8719; 0.061% 0.002¢ 0065¢ 1.07q  99.82
25000 —10.64s 0.02043; 0.7436, 0.1254  0.0019  0.129% 1.149  44.82
27500 —18.42, 002214, 05725, 0.2113; 0.0016 02146, 1.273  25.41
30000 -25.08,; 0023853 03958, 0.299¢ 0.001% 03028  1.435  17.98
32500 -30.65, 0025753, 0.249%, 0.3734 0.0014 03764 1.603  15.25
35000 -32.925 002763, 01495, 04234 00013 04259 1.742  14.68
37500 —33.24,, 002987, 00883, 0.454¢ 0.0012 0.4565  1.840,  15.25
40000 -32.155 0.0318% 00535 04713 0.0013 04733 1.90%  16.39
42500 -30.72, 003398, 00333 0481 00015 04842 1933  17.96
45000 -29.15,, 0.03626; 00216 0.485% 0.0023 0.4904 1.962  19.78
50000 -28.39s5; 0.04059s 0.010% 0.4814  0.009Q 04995 1.998  23.38
55000 —30.5%¢, 0.0454Q, 0.0052 04512, 0.030§ 05128 2053  25.80
60000 —35.27;5 0.04822; 0.003Q 0.3856; 0.0753 0536} 2.155  25.40
65000 —41.47,, 005343, 0.001§ 0.2862; 0.1419, 05703 2.326  24.00
70000 —44.9Ls 0.0563Q, 00012 019185 0.2054, 06013 2.513  22.81
75000 —45975 0.06124s 0.0009 0.1173, 02549 0.627Q 2.68%  23.10
80000 —43.925, 0.06537%; 0.0009 0.070% 0.2853 0.6425 2.798  24.34
85000 -—43.08,; 0.06843g 0.000§ 0.043% 0.3033 06516 2.870  26.12
90000 —41.9Q5, 0.07283; 0.000§ 0.0274 0.3148 0657Q, 2.915  28.62
95000 -39.6G,; 007706, 0.000§ 0.017§ 0.3212 0.6602 2.943  31.46

100000 —36.48,; 0.08173s 0.0003  0.0120  0.325% 0.6622 2.960  34.68

C. Neutral particle-charged particle interactions hypothetical Exp-6 potential for He-He" interaction as
The He—Hé interactions were also represented byfollows. The potential has the same stiffness parameters as

Exp-6 potentials. To obtain the potential parameters, we useidie neutral He atoms, i.elpe+={ne; the Byer and Cq .
the Universal Force Field approathThis first constructs a Exp-6 coefficients are evaluated by scaling Big andC(iHe

TABLE IV. The excess molar internal energ§, molar volumev, mole fractionsyye,Yhe+ s Yret+:Ye-}» and

the number of moles per total molar amount of Hg, for the helium plasma @& =100 MPa from the Reaction
Ensemble Monte Carlo simulations of this work. The simulation uncertainties are given in the last digits as
subscripts. The last column gives the left-hand side of(B®).

3

T u® v 6 Ao

(K) (kJ morl) (mS morl) YHe YHet YHet+ Ye- Ny a
20000  —458, 0001662, 09780 00078 00023 0.012¢ 1013 253.74
22500 —8.28¢ 0.001 862, 0.9465 0.0236 0.002% 0.0278 1.029 106.00

25000 —12.66,; 0.00205}; 0.8857, 0.054% 0.002}, 0.058% 1.062  45.49
27500 —22.29,, 0.002213  0.7893, 0.1026 0.001§ 0.1064 1.119 22.70
30000 —35.144 0.002348, 0.6635, 0.1656, 0.0018 0.169%, 1.204  13.41
32500 —49.93, 0.002474; 05273, 0.2339, 0.0016 02373, 1311  9.40
35000 —63.8Q5, 0.002606, 0.400% 0.297% 0.001% 0.300% 143G  7.57
37500 —74.8%5 0.00276Q; 0.294Q¢ 0.3503 0.0014 0.353% 1547  6.78
40000 —8122; 0.002934; 02129, 0.391% 00014 03942 1.65L, 655
42500 —85.225 0.003113, 0.154%, 0.4208 0.0014 04237 1735  6.64
45000 —84.8% 0003356, 0.1123; 0.4414 0.0017 04446 1.80L  6.98
50000 —82.6%5; 0.00378}; 0.0626 0.4641 0.003, 0.4702 1.888  7.94
55000 —80.43,5 0.004223, 0.0374 0.4696 0.0078 0.485% 1943  9.11
60000 —81.0%, 0.00460§, 0.0233 0.4596 0.0189 04976 1.990  10.11
65000 —89.695 0.005023, 0.0153 0.430Q, 0.0414 05123 2056  10.71
70000 -96.55;,; 0.005384, 00103 0382k 0.0752; 05324 2138  10.80
75000 -109.9,  0.005939;,, 0.0065, 0.3154, 0.1209; 0.5573 2.26Q  10.67
80000 —114.2,  0.006248, 0.0043 0.2495, 0.1656, 0.580% 2385  10.44
85000 —-121.0,  0.006522,; 0.0027 0.1904; 0.2055 0.6014 2.509  10.39
90000 -118.7%,  0.007092,, 0.001§ 0.1393; 0.2399, 0.619% 2626  10.75
95000 -123.25  0.007463, 0.0014 0.1027, 0.2644 0.6315 2.715 11.23

100000 -116.5,  0.007793; 0.001}, 0.077% 02816 06402 2.779  11.87
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TABLE V. The excess molar internal energ§, molar volumev, mole fractions{yye,Ynet »Yhet + »Ye-}, and

the number of moles per total molar amount of Hg, for the helium plasma & =400 MPa from the Reaction
Ensemble Monte Carlo simulations of this work. The simulation uncertainties are given in the last digits as
subscripts. The last column gives the left-hand side of (B@).

3

T u¢ v 6 ﬁ
(K) (kd mol™Y) (m*mol™) Ve Vet Vet Ve n a
20000 —7.04; 0.0004176, 0.9839 0.0049 0.002% 0.009% 1.009 183.50
22500  —9.44, 00004672 0.964}, 00148 0002, 0.019¢ 1.019  89.57
25000 -—14.52, 00005143, 09207, 00366 0002 0.0407 1.043  38.30
27500 —24.92,, 00005499, 0.8453, 0.0745 00019 0.0784 1.085 17.70
30000 -45.08,, 00005748 07374, 0.1285, 00019 0.1323, 1.153  9.54
32500 -70.98s; 0.0005928, 0.6114, 0.1917, 0.001§ 0.195L, 1.243  6.14
35000 —98.41y 0.000609% 0.4888, 0.2532 0.001§ 0.2564 1.345  4.64
37500 -121.4, 0.0006293 0.3846, 0.3054, 0.0015 0.3085, 1.446  3.97
40000 -137.7, 00006599, 0.302Q, 0.346% 0.0015 0.349§ 1538  3.71
42500 -147.5, 00006969, 0.238G, 0.3782 00017 03815 1.61%  3.67
45000 -152.2, 00007506, 0.190Q, 0.4022 0.0019 04059 1684  3.78
50000 -154.4. 00008447 0.1249 04329 0003} 0439} 1783  4.16
55000 —151.94 0.000 954 ¢ 0.0853 0.4476 0.0065 0.4606 1.854 4.70
60000 —152.0,  0.00106Q  0.0603 0.449% 0.0134 04766 1913 525
65000 —156.7%, 0.001162  0.0436 04395 00258 04911 1965 572
70000 -164.5,  0.001265 00319 0.4166, 0.045¢ 0.5065 2.02%  6.05
75000 -177.k, 0001353  0.0233 0.381Q, 0.0716 0524% 2.102  6.18
80000 -188.5,  0.001449, 0017Q 0.337Q; 0.103Q, 0.543G 2.189  6.24
85000 —204.45 0001539, 00118 0.286L 0.138%, 05634 2.29L  6.22
90000 —211.5¢ 0.001 627% 0.0083 0.2388; 0.1714 0.5815 2.389 6.27
95000 -213.3, 0.001763; 0.005% 0.195Q; 0.2014, 0.5979 2.487  6.47
100000 —216.9¢ 0.001 838, 0.004Q 0.159Q, 0.2260 0.611Q 2.570 6.66

Exp-6 coefficients by the polarizabilitiea;,, and o+, and
by the ionization potentials, |Pand IR, using

IPZ 1/2

BHe+=BHe(E (4.5

! 6He*:

In Eq. (4.5, ape=0.204956 R «.+=0.04185 &, 1P,
=24.587 41 eV, and If>=54.417 78 e\2 The final step is to
calculate Exp-6 potential parameters for the HeXHiater-
action using the Lorentz—Berthelot riddor combining the
He—He potential and the hypothetical HeHe" potential

tion for the configurational energy was includédssuming
that the radial distribution function is unity beyond the cutoff
radius. We treated the long-range interactions in the Deutsch
potential by the reaction-field methdwith the reaction-
field dielectric constant set to infinity. The REMC simula-
tions were organized in cycles as follows. Each cycle con-
sisted of three steps$iy particle movesn,, volume moves,
andn, forward and reverse reaction moves. The three types
of moves were selected at random with fixed probabilities,

chosen so that the ratio, :ny :n; in the cycle waN:1:N,

described above. Numerical values of the Exp-6 potentiahere N was about 10 to 20% greater than the maximum

parameters for the resulting He—Héntermolecular poten-

tial are listed in Table Il.

number of particles during a simulation run. Acceptance ra-
tios for particles moves and for volume changes were ad-

The He'* particles are essentially helium nuclei and justed to approximately 30%.

their diameters are approximately 10times of the atomic
diameters. Hence, we considered the Hé particles to be

We incorporated the IP lowering into our simulations
using an iterative approach as follows. We first employed an

charged point masses that do not interact with the neutrahitial simulation period, which was divided into several

particles. For the He—He" and Hee™ interactions, we in-

blocks, typically 500 cycles for equilibration and 2000 cycles

corporated a temperature-dependent hard-core exclusiofor the accumulation of ensemble averages. In the first block,
The diameter of the He core was determined from the Exp-6he REMC simulation was performed without IP lowering.
potential, representing the He—He interactions by means okfter each block was completed, the composit{dt} and

the hybrid Barker—Henderson expresgion

o(T)=r.+ J'rm[l—exp{—

V. COMPUTATIONAL DETAILS

ull(r)+8

KaT dr.

(4.6)

volumeV were used to calculate the effect of the IP lowering
onI'; andTI',, and the pressure was set Bo- PPt with
P'PL given by Eq.(3.12 for a simulation in the subsequent
block. The initial simulation period was terminated when the
changes id';, I',, andP'™* between two subsequent blocks
were less than 1%; this typically occurred after three blocks.

In the REMC simulations, we used between 500 andAfter this initial period, we generated>X10* cycles to ac-

1400 particles in a cubic simulation box, the minimum imagecumulate averages of the desired quantities. The precisions
convention, periodic boundary conditions, and cutoff radiusof the simulated data were obtained using block averages,
equal to half the box length. The Exp-6 long-range correcwith 500 cycles per block. In addition to ensemble averages
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of the quantities of direct interest, we also monitored conver-(a)
gence profiles of the thermodynamic quantities, in order to
keep the development of the system under coftrol.

Other and potentially more efficient strategies are pos-
sible for incorporating the IP lowering. For example, it can 0
be directly incorporated into the reaction transition probabili-
ties of Egs.(2.8) and(2.9), using either instantaneous values
of \p in Eq. (3.6) or using values obtained from running
averages ofN;} andV. However, these approaches, in con-
trast to the iterative approach we employed, do not satisfy
the condition of microscopic reversibility. Nevertheless, we b 10
observed that the REMC simulations using all approaches 5. He
gave essentially identical numerical results.

For the IG and DH calculations, we numerically solved PRSI ¢
the equilibrium condition&57 o 05k st

VI. RESULTS AND DISCUSSION S |

0084 >
Se+4 1e+5

We performed REMC simulations at three pressukes: T®

={10,100,400 MPa, and for temperatures ranging from
20000 K to 100 000 K with temperature steps of 2500 K and © 1.0 '
5000 K. Our REMC simulation results are summarized in o e
Tables IlI-V. The last columns of these tables show that the
inequality of Eq.(3.8) is satisfied, justifying our use of the IP N\ A p
lowering given by Eq(3.6). Figures 1-5 show, respectively, > oS DN bt
comparisons of the simulated compositions, molar enthalp- * - A
ies, molar volumes, molar heat capacities, and coefficients o 0 e s
cubic expansion with values obtained using the IG and the g
DH approximations. 008854 - S vl

The subfigures of Fig. 1 show similar trends, which are

: o T (K)

most marked at the highest pressure. The IG approximation
predicts compositions that indicate lower overall ionizationFIG. 1. Equilibrium composition of the helium plasma(at P=10 MPa,
than either the DH or the simulation values. The DH ap_(b) P=100 MPa andc) P=400 MPa, over the temperature range 20 000

imati lightl d dicts th tent of ionizati K-100 000 K. Filled symbols denote the Reaction Ensemble Monte Carlo
proximation shightly underpredic S_ e ex ?n 0 _lomza 101, simulation results of this work, and dotted and solid curves correspond to
but generally agrees very well with the simulation resultsthe results obtained using the ideal-gas and Debyekélapproximations,
even at the highest pressure. respectively.

In Fig. 2, we compare the molar enthalgy, evaluated
from the simulation data with those obtained using the IG
and the DH approaches. The simulation molar enthalpy wa
computed as the sum of the ideal parf, and the excess

EG approximation is poor, and the DH results are only
slightly inaccurate. In all cases, the DH results lie interme-
diate to the IG and the simulation results.

e
part, h, The molar volumes of Fig. 3 show similar trends to the
h=h%+he, (6.)  molar enthalpy results, but the differences are slightly
where greater. o
The temperature derivatives of the molar enthalpy and
ho—z ho 6.2 the molar volume may be calculated essentially exactly
< Yin (6.2 \yithin the IG and the DH approximatioi§1" The former is
o e L the molar heat capacity
he=u®+hP 4+ Py —RT. (6.3 1 [otnch)
hi0 is given by Eq.(3.2), u® is the molar excess internal Cp:n_t aT (6.9
energy, calculated directly in the simulations, &Hd P.eq
5 ) and the latter is the coefficient of cubic expansion
prio - ENa S e SN o ey
~ Bmeghp 7>0 yizi(z B 67T60)\D( Y2 oY) = —aln(ntv) , (6.6)
(6-4) a P,eq

Figure 2 shows that the approximate results agree well withwheren, is the total number of moles. We calculatggand
the simulation values at the lowest pressures, and the I from the simulation results by numerical differentiation,
accuracy deteriorates slightly at 100 MPa. At 400 MPa, theperformed with aid of the TableCurve™ 2D software
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FIG. 2. Molar enthalpy of the helium plasma &) P=10 MPa,(b) P FIG. 3. Molar volume of the helium plasma &) P=10 MPa, (b) P
=100 MPa, and(c) P=400 MPa, over the temperature range 20000 =100 MPa, and(c) P=400 MPa, over the temperature range 20 000
K—100 000 K. Filled symbols denote the Reaction Ensemble Monte Carld<—100 000 K. Filled symbols denote the Reaction Ensemble Monte Carlo
simulation results of this work, and dotted and solid curves correspond tsimulation results of this work, and dotted and solid curves correspond to
the results obtained using the ideal-gas and Debyekéllapproximations,  the results obtained using the ideal-gas and Debyekeélapproximations,
respectively. respectively.

package€® To check the accuracy of this approach, we per-termolecular potential model used by the classical DH mac-
formed the same calculations using the DH enthalpies antbscopic model. We found that the effect is nearly negligible
volumes at the simulated temperatures, and compared thetwithin the range of the simulation statistical uncertainties
with exact analytical calculations. We found that theand ~ However, we expect that the effect of the short-ranged inter-
B values obtained in this way agreed with the exgcandg  actions on the plasma properties will be important at higher
values to within 1%. densities and for plasmas containing molecular species.
Comparisons ot, and 8 obtained by numerical differ- We evaluated the effects of IP lowering by calculating
entiation of the simulation data witty, and 8 obtained from  the contributions to the pressure and to the molar enthalpy
the IG and DH approaches are plotted in Figs. 4 and 5, refor our simulation results due separately to IP lowering and
spectively. Sincec, and B are derivatives of the curves of to the Coulombic forces. The IP-lowering contributions are
Figs. 2 and 3, the differences among the results are greategiven by Eqs.(3.12 and (6.4); the Coulombic contribution
especially at the higher pressures. In all cases, it continues to the pressure is
hold that the DH results lie intermediate between the IG and
the simulation results. The discrepancies for theresults
are greater than those f@; at 400 MPa, the DH results are
in error by up to 40%. and the Coulombic contribution to the molar enthalpy is
We evaluated the effect of the short-ranged interactions
in our plasma model as described in Sec. IV by performing 6.9
REMC simulations using a model with these interactions  Figure 6 shows the contributions of the IP lowering and
switched off. This corresponds exactly to the underlying in-of the Coulombic forces to the pressure and to the molar

RT
pCoul_p _ —- p'PL (6.7

hCOu|: he— hIPL_
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FIG. 4. Molar heat capacity of the helium plasma(at P=10 MPa, (b) FIG. 5. Coefficient of cubic expansion of the helium plasméaatP=10
P=100 MPa, and(c) P=400 MPa, over the temperature range 20000 \Pa, (b) P=100 MPa, andc) P=400 MPa, over the temperature range
K-100 000 K. Filled symbols denote the Reaction Ensemble Monte Carlopo 000 K—100 000 K. Filled symbols denote the Reaction Ensemble Monte
simulation results of this work, and dotted and solid curves correspond t@arlo simulation results of this work, and dotted and solid curves corre-
the results obtained using the ideal-gas and Debyekélapproximations,  spond to the results obtained using the ideal-gas and DebyekeHap-
respectively. proximations, respectively.

enthalpy at the highest pressure considered. At low temper@nthalpy. The magnitude of the DH values ar80% of the

tures, where there is only a small degree of ionization, theorrect values.

DH results are similar to the simulation results. Figufe) 6

s_hows .that the DH results agree reasonably well with thq/”_ CONCLUSIONS

simulation results for the contribution to the pressure due to

IP lowering, and the DH results are less accurate for the We have formulated the Reaction Ensemble Monte

contribution due to the Coulombic forces. For the molar en-Carlo computer simulation approach for predicting the ther-

thalpy [Fig. 6b)], the discrepancies are similar for the con- modynamic properties of chemically-reacting plasmas based

tributions due to both sources. on a molecular-level model for the species interactions, and
The IP-lowering contributions for the DH and the simu- applied the method to the helium plasma as an example. We

lation approaches both arise from the same source, Egompared the essentially exact simulation results with those

(3.10. Differences in these results arise only from differ- obtained from the ideal-ga8G) and the Debye—Hikel

ences in the compositions obtained using each approach. [DH) approximations. We calculated plasma compositions,

order to more clearly indicate the accuracy of the DH theorymolar enthalpies, molar volumes, molar heat capacities and

with respect to its treatment of Coulombic forces, we showcoefficients of cubic expansion. We also evaluated the con-

in Fig. 7 calculations aP =400 MPa that exclude IP lower- tributions of different aspects of the model to the calculated

ing (and also the short-ranged interactipn§hese results thermodynamic properties.

indicate only the effects of the Coulombic forces. It is seen At lower pressures, we generally found the DH theory to

that the DH theory underestimates the magnitude of the Couse quite accurate, and its accuracy to deteriorate with in-

lombic contributions to both the pressure and to the molacreasing pressure. We also found the 1G approximation to be
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FIG. 6. Contributions of ionization-potentiélP) lowering and of the Cou-  FIG. 7. Contributions of the Coulombic forces for the helium plasmi at
lombic forces for the helium plasma Bt=400 Mpa, over the temperature =400 MPa, over the temperature range 20000 K-100000 K when
range 20 000 K—100 000 Ka) Contributions to the total pressure afi ionization-potential(IP) lowering is excluded from the calculation&a)
contributions to the molar enthalpy. Open and filled circles denote the ReEquilibrium compositior(results, including IP lowering, are shown as filled
action Ensemble Monte Carlo simulation results of this work for the IP-symbols and solid lines for comparison purposes prily contributions of
lowering and Coulombic contributions, respectively. The solid curve corre-the Coulombic forces to the total pressure, gojl contributions of the
sponds to the Debye-ldkel approximation for both the IP-lowering and Coulombic forces to the molar enthalpy. Open symbols denote the Reaction

the Coulombic contributionéwhich are identical in the case of the helium Ensemble Monte Carlo simulation results of this work and dashed lines
plasma. correspond to results obtained using the Debyéskdliapproximation.
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