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Abstract. The computer ab initio simulation and analytical 
theory that revealed unexpected nonergodic properties in a 
classical Coulomb plasma are reviewed. The results of a 
many-charged-particle system simulation predict the pos­
sible existence of a real metastable plasma, supercooled 
with respect to its degree of ionisation. The existence of 
such a plasma state is a consequence of the entropy 
conservation in isolated Hamiltonian systems free from 
any stochastic action from outside. The occurrence of a 
metastable supercooled plasma similar to a supercooled 
vapour or superheated liquid depends on two conditions. 
Firstly, all the charged particles should be have exactly 
according to the laws of classical mechanics (hence, most 
negatively-charged particles should preferably be heavy 
ions). Secondly, the plasma ionisation degree should be 
sufficiently high (a > 10~ 3 ) . It is shown from thermody 
namic considerations that a mixture of a supercooled 
plasma with an ideal gas might form a plasmoid of the 
ball lightning type. 

1. Introduction 
O u r studies [ 1 - 5 ] by many-par t ic le dynamics ( M P D ) 
computa t ion me thods of the electron total-energy distr ibu­
t ion function used compute r solutions of the M P D 
equat ions describing the many-body interact ions of 
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classical particles (i.e. electrons and ions) to demons t ra te 
the relaxat ion of the charged-part icle ensemble towards 
some quasis ta t ionary dis tr ibut ion, radically different from 
bo th the Bo l t zmann equi l ibr ium dis t r ibut ion a n d the 
dis t r ibut ions characteris t ic of recombinat ion . The kinetic 
energy dis t r ibut ion was found to be Maxwell ian. This was 
used to define the electron tempera ture , and the free 
electron density and tempera ture were b o t h found to be 
t ime- independent . 

The energy dis t r ibut ion was observed to relax towards 
the dis t r ibut ion based on the convent ional kinetic theory 
(involving the detailed balancing principle) only when we 
artificially subjected the ensemble of classical charged 
particles to a stochastic act ion from outside [1, 3 - 5 ] . (In 
this context 'outside ' means external respective to the 
dynamic equat ions tha t describe the mo t ion of the particle.) 

We were able to obta in an explicit expression for the 
energy dis t r ibut ion function in an isolated p lasma free from 
any external s tochast icact ion [1] only by rejecting the 
principle of detai led balancing. O u r dis t r ibut ion function 
no t only conf i rmed the M P D simulat ion results bu t also 
enabled us to derive several t he rmodynamic formulae [6, 7], 
consistent with those of the Debye theory within the validity 
doma in of the latter, i.e., for an ideal p lasma. O n the other 
h a n d the t radi t ional approach , based on the detailed 
balancing principle, was shown [1, 8] to be unable to 
account for our M P D simulat ion results. 

Thus , the compute r s imulat ion results showed the need 
to reconsider one of the fundamental principles of statistical 
mechanics and physical kinetics: thelaw of entropy-risein 
its present formulat ion, which is often accepted with out 
adequate justification. It is usually pos tu la ted tha t the 
ent ropy of a system of m a n y mutual ly interact ing particles 
should rise, even in the absence of any s tochast icact ion 
u p o n the system. The ent ropy is expected to rise to its 



280 S A Mayorov, A N Tkachev, S I Yakovlenko 

m a x i m u m value, cor responding to the Gibbs mic rocanon -
ical dis t r ibut ion. 

One of the main conclusions of our research [ 1 - 5 ] is 
tha t the increase in the en t ropy of the ensemble of charged 
part icles can be due only to some external s tochast ic act ion 
u p o n the system, external with respect to the dynamic 
equa t ions of mo t ion of the part icles. This conclusion is in 
full agreement with the well k n o w n theorem on en t ropy 
conservat ion in a Hami l ton ian system, usually t rea ted as a 
p a r a d o x [9, 10]. It seems to us m o r e logical to regard this 
theorem as the law of en t ropy conservat ion in Hami l t on i an 
systems ra ther t han as a p a r a d o x . 

However , one should keep in mind tha t for real-life 
macroscopic objects (especially for gases) a very weak 
stochast ic act ion u p o n the system is sufficient to m a k e 
the system impossible to describe with the H a m i l t o n 
equa t ions and to induce the relaxat ion of the system 
towards the microcanonica l dis t r ibut ion (see [4, 5, 11, 1 2 ] ) . 

Nevertheless it is possible in general to find macroscopic 
systems for which the stochastic act ion needed to ensure 
re laxat ion t owards t h e r m o d y n a m i c equil ibrium is ra ther 
s t rong. Accord ing to our M P D computa t ions an ensemble 
of nonrelat ivist ic charged particles, namely a classical 
C o u l o m b p lasma supercooled with respect to its degree 
of ionisation")*, is an example of such a macrosys tem. 

As we have shown [2, 4 - 7 ] a supercooled metas tab le 
p lasma may, in principle, have an anomalous ly long lifetime 
and possess — in mixtures with electrically neu t ra l gases — 
some elastic proper t ies . In order to create an anomalous ly 
long-lived p lasmoid one needs to p repa re a highly ionised 
i o n - i o n p lasma with most of the electrons a t tached to the 
electronegative heavy part icles [17]. In principle, a negative 
ion m a y be very stable when located at the centre of a 
cluster (e.g. a solvated ion). 

The basic p ropos i t ions from our previous work [ 1 - 8 ] 
formulated above will n o w be examined in m o r e detail . 

2. Three-body recombination and electron 
energy distribution 
2.1 Recombination coefficient 
In order to describe the total ly ionized C o u l o m b p lasma 
recombina t ion and to find the electron to ta l energy e 
dis t r ibut ion function / ( e ) , one uses the F o k k e r - P l a n c k 
equat ion 

6 / _ _ 8 T 

dBf ~ df 
r=Af-—^ = Af-B^- . 

H e r e A = l i m T ^ 0 ( A e / T ) , B = l i m T ^ 0 ( A e 2 / 2 T ) and 
A=A— dB/ds are the coefficients represent ing the 
mobil i ty and diffusion a long the energy axis, and the 
modified mobil i ty, respectively; r is the flux a long the 
energy axis. Evidently, in the course of recombina t ion 
r<o. 

Fur the r , one uses the t rad i t iona l concept of electron pair 
collisions and cuts off the diverging kinetic cross-sections at 
an a iming distance of the order of the D e b ye radius . As a 

f Supercooled plasmas tend to recombine (a property used, in particular, 
in plasma lasers, [13 - 1 6 ] ) . In this work we consider the possible existence 
of such a metastable plasma state, similar to a supercooled vapour or a 
superheated liquid. 

result, it is possible to obta in the 'collisionaF diffusion 
coefficient [1, 4, 5, 18, 19]. Then one solves the diffusion 
equat ion in the quas is ta t ionary approx ima t ion df/dt = 0, 
matches the solut ion to the equil ibrium dis t r ibut ion at 
e —> —0, and obta ins the recombina t ion flux 

4 2 5 / V / 2 el0N2A 

5.004 9 m 1 / 2 T 9 / 2 

where A = (1 /2) ln[l + (9/4TE<5)] is the so-called C o u l o m b 
logar i thm, or iginat ing due to the above ment ioned cut-off 
of the diverging cross-sections; S = 2e6Ne/T'3 is the gas 
parameter, characterising the degree of ideality of the plasma; 
N[ and Ne represent the ion and electron densities 
respectively (N[ = Ne). 

In the domain of negative values e < 0, the to ta l energy 
dis t r ibut ion of the electrons is expressed [1, 4, 5] as follows: 

f(e)=Me)[l-Z(\°\Te-1)]. (1) 

H e r e 

Jo 

z 3 / 2 e x p ( - z ) 

W) 
dz 

foo 7 3 / 2 

dz 

0 . 0 6 0 1 3 x 5 / 2 ( l +^x), x < \ , 

1 - 0.06661 x 3 e x p ( - x ) , x > 1, 

is the probabi l i ty tha t an electron occupying a state with 
b inding energy \e\ will recombine (i.e. tha t it will experience 
an e —> —oo t ransi t ion) , 

/ B ( e ) =g(s) e x p ( - ^ - ) 

is a Bo l t zmann dis t r ibut ion with Te represent ing the 
electron t empera tu re and finally, 

g(e) = js(e-^- + Yij^i dvi 

const 

4 IrJ 

1/2 

- 5 / 2 

s > e2Nl'\ 

s < 0, |e| > e2Nl/3 

is the energy density of states (we integrate over the 
coord ina te rx and the velocity vx of a test electron). 

The often used three-body recombina t ion coefficient /? 
obeys the well k n o w n '9/2 law ' : the recombina t ion ra te is 
inversely p ropo r t i ona l to the electron t empera tu re to the 
power 9/2: 

\r\ = p(Te)Nl p = Cpxio-27T-9/2, Cp*n.3A 

Here we use the following units: s _ 1 for T, eV for TQ9 c m - 3 

for Ne. To within the precision of the coefficient Cp the 9/2 
power law directly follows from the Thompson three-body 
recombinat ion theory. Following Thompson , we multiply the 
Coulomb collision frequency (acv)Ne ~ 
(e2/Te)2(Tjme)1/2Ne by the probabi l i ty (e2/Te)3Ni of a 
collision occurrence at a distance (e2/Te) from the ion, 
sufficiently close to form a deep-lying b o u n d state. The 
result ing expression is a recombina t ion flux, identical (but 
for the numerica l factor) with the corresponding formula of 
the diffusion theory. 
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The recombina t ion t ime can be expressed as 

*rec = I T 1 = ( /We 2 )" 1 = \3d~5llA~\ei , 

where T E I = N^3 (me/2Te)1^2 represents the t ime of flight of 
the electron over a mean inter-ion distance. 

W e have shown [1, 2] tha t T E I is a measure of t ime, 
necessary for the establ ishment of the D e b ye screening and 
the C o u l o m b interact ion energy of the electron. Of course, 
this characteris t ic t ime does no t appear in the t rad i t iona l 
app roach to kinetic p rob lems based on a cut-off Bogolyu-
b o v chain. 

2.2 Energy distribution when the principle of detailed 
balancing is rejected 
As we have shown [8], rejecting the en t ropy growth law and 
therefore also the principle of detailed ba lanc ing allows 
some electron dis t r ibut ion proper t ies [6], previously 
discovered in our numer ica l compu ta t ions [1] to be 
derived analytically from general considerat ions . 

Star t ing from the en t ropy conservat ion law, one 
assumes r = 0. Hence , the dis t r ibut ion function becomes 

/ ( 8 ) = C e x p [ f M d 8 ' 
In order to normal ise the dis t r ibut ion function we mus t 
satisfy the condi t ions 

/ (a)I - 0 , / (a)I - 0 , 
l e — o o le—>oo 

and this imposes the following requi rements on the rat io of 
diffusion and mobil i ty coefficients: 

—7-rf de —> - 0 0 . 
Jo 5 ( 0 ^ ± 0 0 

This means , in par t icular , tha t this rat io must be posit ive in 
the case of a large and negative to ta l energy of the part icle, 
and negative for large posit ive energies. 

W e no te tha t these consequences of the en t ropy 
conservat ion law directly contradic t the detailed ba lanc ing 
principle, which is usual ly included in the initial F o k k e r -
Planck equat ion . The detailed ba lanc ing principle provides 
the following link between the coefficients of mobil i ty and 
diffusion a long the energy axis 

A(s)Ms)=B(e)^ or A(«)/B(«) = . 

In this case, at zero flux r = 0, a Bo l t zmann dis t r ibut ion 
function is obta ined. If one star ts from the usua l quas i -
b ina ry concepts and uses the F o k k e r - P l a n k collision 
coefficients, obta ined on the basis of diverging C o u l o m b 
cross-sections, the detailed ba lanc ing principle will be 
automat ica l ly satisfied. 

However , strictly speaking, the t rad i t iona l p rocedure of 
ob ta in ing the diffusion and mobil i ty coefficients is no t 
justified in the negative energy domain . The reason is 
tha t the logical chain from the equa t ions of mechanics 
to the F o k k e r - P l a n k equa t ions has been checked only for 
posit ive to ta l energies. Indeed, in case of posit ive energies 
the Bogo lyubov chain leads to the B o l t z m a n n - V l a s o v 
equat ion . If the m u t u a l collisions of nonequi l ibr ium 
part icles can be neglected one can use the L a n d a u 
collisional integral and obta in the initial diffusion equat ion 

with collisional coefficients. But at negative energies and 
within the domain of p lasma nonideal i ty , where 
|e| < e2N^3, the diffusion and mobil i ty coefficients m a y 
be quite different. In par t icular , they m a y be of a type which 
satisfies the condi t ions specified above. 

3. Simulation of Coulomb plasma by many-
particle dynamics 

3.1 Stochastically isolated plasma 
W e define as a stochastically isolated p lasma an ensemble 
of charged part icles governed exclusively by the laws of 
dynamics , as opposed to the case when the system is 
subjected to some stochastic act ion which violates the 
'system m e m o r y ' . Of course, the stochastically isolated 
p lasma is only an idealised concept , since no absolutely 
isolated system exists either in N a t u r e or in a compute r 
s imulat ion. Nevertheless , by compar ing the proper t ies of a 
stochastically isolated system with the results of a specially 
organized external s tochast ic act ion u p o n this system one 
can s tudy some fine-grained propert ies of the classical 
Coulomb plasma. 

Method of Particles. This me thod [20] consists of the 
numer ica l solut ion of N e w t o n ' s equa t ions of mo t ion for an 
ensemble of particles, interact ing mutua l ly and with the 
walls. In the case of shor t - range part icle forces, the 
original te rm molecular dynamics method is generally 
accepted. In the case of long-range C o u l o m b forces the 
appropr i a t e te rm is the many-particle dynamics method 
( M P D method) . 

The me thod of part icles is based on the concept of an 
ab initio s imulat ion. W e believe the m e t h o d to be very 
fruitful for s tudying the fundamenta l proper t ies of m a n y -
part icle systems. However , so far, the main direct ions of 
new developments in the me thod were concerned with the 
creat ion of modified versions, dedicated to specific applied 
research p rog rams . The aim of these developments was 
often an efficient descript ion of systems with as m a n y 
part icles as possible by st ipulat ing var ious simplifications 
( smooth ing out the effects from distant part icles, a rb i t ra ry 
assumpt ion of per iodic p lasma b o u n d a r y condi t ions , etc.), 
a m o u n t i n g in some cases to substant ia l depar tures from the 
initial dynamic equat ions . This is, inadmissible when 
investigating the fundamenta l proper t ies of the C o u l o m b 
p lasma and, in par t icular , when the aim of the work is to 
establish h o w an external stochastic act ion makes the 
C o u l o m b part icle system lose its 'dynamic m e m o r y ' (for 
m o r e details see Ref. 1). 

Therefore, we developed an a lgor i thm for the solution 
of the M P D equat ion for C o u l o m b part icles. I ts advan tage 
is tha t an increase in the number of part icles requires only a 
m o d e r a t e increase in the n u m b e r of opera t ions . The basic 
idea was to improve the accuracy of the calculat ion of the 
t ime dependence of the interact ion forces between nearest 
ne ighbours . This offered the possibili ty to perform m a n y 
calculat ions and to discover unexpected proper t ies in 
systems consisting of classical charged part icles [ 1 - 5 ] . 

Equation set. W e considered the t ime-evolut ion of a fully 
ionised p lasma, confined within a cubic vo lume with walls 
impenet rable to the particles. The trajectories of n 
positively charged part icles (ions) and zn negatively 
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charged part icles (electrons) were calculated by numerical ly 
solving the N e w t o n equa t ions 

d 2 r F ( z + 1 ) n 

—T7t = — i
 Fk=yZfki, = l , 2 , . . . , ( z + l ) n , 

f J Vk~ri\ 

{ ^ ^ G ( ^ ) , \ r k - r ^ r 0 . 

Here rk(t) = {xk(t), yk(t), zk(t)} is the rad ius vector of the 
kth part icle; mk is its mass (either the electron mass or the 
mass of an a tomic nucleus with a tomic number z); qk is its 
charge (\qk \ —e for an electron and qk — ze for an ion); 
G(x) = 8 — 9x + 2 x 3 is a ma tch ing function assuring the 
cont inui ty and smoothness of the force at \rk—rl\=r0. 
This function describes the interact ion of uniformly 
charged mutua l ly penet rab le spheres of diameter r 0 . The 
size a of the cube edge was chosen to ensure the necessary 
electron density Ne = zn/a3 and ion density N[ = n/a3, the 
to ta l density being (z + l)n/a3. In the calculat ions repor ted 
here r 0 was chosen to be small enough no t to influence the 
results. The validity of this condi t ion was verified by 
varying r 0 between runs . 

W e started our compu ta t ions with a relatively small 
number of part icles: 2n — 54. At present we consider up to 
2n = 8000 part icles. Over this range of n we were never able 
to observe any dependence of a substant ial ly impor t an t 
calculated average physical quant i ty on the choice of n. This 
enabled us to limit the number of part icles to 2n = 1024 in 
most of the calculat ions. 

Initial conditions. At the initial m o m e n t t = 0 the 
coordina tes and velocities of all the part icles were assigned 
by a quas i - r andom n u m b e r genera tor . In mos t cases the 
coordina tes and the velocity directions cor responded to a 
uni form dis t r ibut ion; the velocity modu l i satisfied a 
Maxwel l dis t r ibut ion for an initial t empera tu re T0. The 
initial velocities of the electron and ion were normal ised to 
m a k e the mean kinetic energy per part icle T0/2 a long each 
of the three coord ina te axes. 

Different versions of the initial condi t ions were used in 
some test runs , for example: all the part icles are concen­
t ra ted in a pa r t of the cube volume; the coord ina tes of the 
electrons coincide with those of the nuclei; all the part icle 
velocities po in t in the same direction; all the part icles have 
the same energy. 

Boundary conditions. In the stochastically isolated p lasma 
calculat ions the cube walls were assumed to be perfect 
reflectors. The appropr i a t e b o u n d a r y condi t ions were 
imposed as follows. If at some t ime a part icle falls out 
of the cube volume, the componen t of its velocity n o r m a l 
to the cube wall changes sign. It is wor th no t ing tha t there 
are per iodical b o u n d a r y condi t ions , very convenient for 
compu ta t ions and often used in molecular -dynamic 
numer ica l calculat ions. Unfor tuna te ly , these b o u n d a r y 
condi t ions are inappropr i a t e in our computa t ions : they 
are inadmissible in studies of the fundamenta l proper t ies of 
p lasmas (see Ref. [1]). 

O n the numerical solution technique. W e have tried var ious 
s t andard m e t h o d s for the solution of dynamic equat ions : 

the over-s tepping scheme and the Euler, Verlet, and 
R u n g e - K u t t a me thods . Substant ia l progress in carrying 
out an e n o r m o u s work- load of calculat ions was achieved 
by creat ing an original me thod , consisting of identifying 
the closest ne ighbours of each part icle and in calculat ing 
m o r e accurately the forces cont r ibuted by these ne ighbours . 
The me thod which we developed m a d e it possible to reduce 
the size of the calculat ions by several orders of magn i tude 
as compared with the s tandard procedures . F u r t h e r m o r e , it 
does no t in t roduce uncont ro l lab le addi t iona l errors , apt to 
change the physical proper t ies of the system. Let us briefly 
describe this a lgor i thm. 

Assume tha t at the initial m o m e n t t0 all the coordina tes 
rk(t0) and velocities vk(t0) of the part icle are k n o w n . The 
quant i t ies rk(t0 + At) and vk(t0 + At) (where is an 
external t ime step) are determined as follows. 

The rf\t0+^At) coord ina tes cor responding to a 
rectilinear mo t ion of the part icle are calculated. Then 
the values of the forces act ing u p o n the part icles are 
calculated. In order to reduce the size of the c o m p u t a ­
t ion, when calculat ing the forces, one takes into account 
N e w t o n ' s third law: fkl = —flk. One then finds for each 
part icle its two closest ne ighbours (one of them positively 
and the other negatively charged); one also finds the 
distance to each of these ne ighbours . 

The force act ing on each part icle is calculated as a sum 
of two forces. The first is due to the interact ion of the given 
part icle with its closest ne ighbours and with the part icles of 
which the given part icle is the closest ne ighbour . The second 
force is due to the interact ion with all the rest of the 
part icles. 

Then the N e w t o n equa t ions are integrated, us ing the 
R u n g e - K u t t a four th-order of accuracy p rocedure with a 
T = At/Nx step, where NT represents the number of internal 
steps. In the course of the integrat ion, only the interact ion 
with the closest part icles is t reated as a variable. Hav ing 
evaluated rk(t0 + At) and vk(t0 + At) one should verify 
whether there are particles outs ide the cube volume. 
Particles having penet ra ted t h rough the cube wall are 
t reated according to b o u n d a r y condi t ions formulated 
above. 

3.2 External stochastic actions upon the system 
W e considered several k inds of act ion mak ing the mot ion 
of the p lasma part icles indeterminate : rough-wal l effect, 
cons tan t - t empera tu re wall effect, pe rmu ta t i on s tochast isa-
t ion effect, inelastic collision s tochast isat ion effect. 

Numerical calculation errors. The precision of the calcula­
t ions was controlled mainly according to the error in the 
tota l energy of the system. In some cases appreciable 
deviations were observed in the tail of the electron 
distribution at negative to ta l energies. Their contr ibut ion 
to the calculated tota l energy of the system was small and 
they appeared to be due to particle reflections from the 
walls. The contr ibut ion of the computa t ion error was 
identified by compar ing the results of calculations for 
different t ime steps and numbers of particles [1, 3, 5]. 

Rough wall surfaces. In the case of diffuse reflection of a 
part icle from a wall in accordance with the energy 
conservat ion law the velocity of the part icle was directed 
within the cube at a r a n d o m or ienta t ion. 
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Plasma in a thermostat. The part icles reflected from 
the rmos ta ted walls re turn back into the cube vo lume 
with a r a n d o m direction of mo t ion and a Maxwel l 
dis t r ibut ion of kinetic energy for a wall t empera tu re Tw. 
It was specially verified tha t this p rocedure did no t distort 
the Maxwel l dis t r ibut ion substantial ly. 

Permutation stochastisation. The p rocedure consisted of 
redis t r ibut ing the velocities of all the electrons at given t ime 
intervals. The velocity of one electron was assigned to 
another , the velocity of the latter being assigned to yet 
another , etc., while all the coordinates were left unchanged. 
Such an action cannot simulate any real physical process, 
bu t nevertheless the pe rmuta t ion stochast isat ion effect is 
interesting because it changes the to ta l energy of individual 
particles while keeping the energy of the whole system 
constant. 

Stochastisation by inelastic collisions. Imagine a space filled 
with a hypothet ica l gas of two-level a toms . The gas is 
characterised by its n u m b e r density N, the popu la t ion of its 
levels Ni and N2 (so tha t N = Nx + N2), and the e 1 2 

t ransi t ion energy. The two-level gas can be regarded as a 
the rmos ta t with t empera tu re T u = e 1 2 / l n ( N i / N 2 ) . This is 
equivalent to assuming the lack of dependence of iV l j 2 and 
N u p o n the proper t ies of the p lasma. 

On a p a t h / an electron has a probabi l i ty 
p = 1 — exp(—// / e l ) of experiencing an elastic collision. 
H e r e / e l = \/aQ\N is the mean free pa th , and crel is the 
elastic collision cross-section. 

After establishing that the electron has had an elastic 
collision with a two-level a tom, one determines the probabili ty 
of occurrence of one of the two atomic states wx =N\/N, 
w2=N2/N and the probabil i ty w 1 2 = W!<7 1 2 (v ) /<7 e i , 
w2l = w2o2i(v)/oQ\ of a corresponding inelastic transition, 
where v is the electron velocity. N o t e that for the 1 —• 2 
transition there is an e 1 2 threshold, and that the 1 —> 2 and 
2 —> 1 cross-sections are related, according to the detailed 
balancing principle, by the expression 

ln/(e /r e ) 
0 

(7 1 2 (V)- : ^21 
2ei V2 1 

In elastic collisions the electron always experiences a 
r a n d o m change in direction of its velocity. In the case of an 
inelastic collision the velocity m o d u l u s is either lowered or 
increased by an a m o u n t cor responding to the energy e 1 2 . 

4. Some results of MPD calculations 
4.1 Quasistationary state 
Our M P D calculations for a stochastically isolated plasma 
have shown that a stationary (or quasi-stationary) total-energy 
electron distribution function is established during the time of 
flight T E I of an electron over the mean distance between 
particles. In the negative total energy domain, the distribution 
found by M P D calculations shows an exponential decay 
(instead of the exponential growth in the thermodynamic 
equilibrium case). Consequently the recombination flux is zero 
or near-zero. These results cannot be attributed to insufficient 
observation time of the system evolution. The times used in 
the simulations were sufficient for the recombination 
distribution to be formed (see Fig. 1 and for more details 
Refs [ l , 8]). 

- 8 
s/Te 

Figure 1. Comparison of two kinds of data on the recombination 
distribution function: traditional theory formulae (solid curves) and 
M P D computation results [1] (open circles). Curves 1-5 represent the 
distribution function at reduced times t/T0 equal to 1, 2, 5, 10, 20, 
respectively. The M P D simulation data correspond to T = t/z0 = 30. 
Here T 0 = 3ml^2T^2/8y/2ne4ANe represents a characteristic Coulomb 
collision time for electrons. According to the MPD simulation results, the 
distribution function shape plotted here is finally established at time 
t ~ T E I = T 0 / 1 . 7 and keeps this shape throughout the calculation. Initially 
the distribution function is zero at negative electron total energies. 

In compu ta t ions s imulat ing var ious k inds of stochastic 
act ion u p o n the systems it was found tha t the C o u l o m b 
system began to follow the basic laws of statistical 
mechanics if the stochast ic act ion was sufficient to change 
the energies of individual electrons. These are three 
examples of this type of act ion: (1) the rmos ta t ic wall 
reflection [1], (2) pe rmu ta t i on velocity s tochast isat ion [1, 
3 - 5 ] ; (3) r a n d o m inelastic collisions with a toms [ 3 - 5 ] . 

The M P D calculat ions of pe rmu ta t i on s tochast isat ion 
[3, 5] are of ou t s t and ing interest. The pe rmu ta t i on s tochas­
tisation produced a distribution function (see Fig. 2) close to 
the diffusion distribution obtained using the principle of 
detailed balancing, whereas the M P D calculations wi thout 
pe rmuta t ion stochast isat ion gave a radically different 
dis tr ibut ion. 

The investigation of our M P D algor i thm demons t ra ted its 
ability to mon i to r the evolut ion of several t housands of 
C o u l o m b part icles over t imes of the order of the inter-part icle 

ln / (e /r e ) 
0 

4 8 / r e 

Figure 2. Electron distribution function over total electron energy in the 
case of electron stochastisation by permutation (filled circles) for the 
following plasma and calculation parameters: Nc — 10 1 7 c m - 3 , 
T e = 0.35 eV; n — 512; t — 50xe i . The full curves 1, 2, 3 represent the 
Boltzmann distribution, the F o k k e r - P l a n c k distribution with a specially 
accurate diffusion coefficient [1, 4, 5], and a distribution calculated by 
M P D (with no stochastisation), respectively. 
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t ime of flight and with the conservat ion of dynamic m e m o r y of 
the initial coord ina tes and velocities of all the part icles. 
However , at t imes exceeding the interpart icle t ime of flight 
the numer ica l solut ion is no longer qui te de terminate , i.e. after 
t ime reversal the system does no t re turn to its initial poin t in 
phase space. T h e n u m e r i c a l c o m p u t a t i o n e r r o r s p l a y t h e r o l e of 
a stochastic act ion external to the dynamic equat ions , which 
endows the system with some statistical proper t ies . Owing to 
this, in our opinion, a t ime of the order of the interpart icle t ime-
of-flight is enough for the dis t r ibut ion function to relax to a 
Maxwel l dis t r ibut ion with a new tempera tu re value. 

However, the numerical solution does not 'forget' the 
initial dynamic parameters completely. This is shown, at least, 
by the high accuracy of the energy conservation (to better 
than 0.1%) for times much longer than the Coulomb collision 
time. W e believe that the observed recombinat ion 'freeze-in' is 
due to the conservation of the dynamic memory of the 
system. This idea is confirmed by the fact that when a 
specially p rogrammed stochastic action was introduced in our 
calculations the recombinat ion took place. It was also shown 
[3] that when the calculations were performed at a substan­
tially lower accuracy level a recombinat ion relaxation was 
observed. 

4.2 Anomalous drift towards positive energies 
In order to interpret reasonably the results of the ab initio 
simulat ion we had to pos tu la te a s t rong drift a long the energy 
axis from the zone of negative to the zone of posit ive electron 
energies. This drift is due to microfields p roduced by all the 
charged part icles. In the negative energy domain we find the 
following micro jump characterist ic energy and t ime, as well 
as the following mobi l i ty coefficient: 

I n / ( 8 ) 0 

As ~ ( A e 2 ) 1 / 2 >e2N!/3T~ 

AfTt f1 e 
Br 

Star t ing with these expressions and al lowing for the 
en t ropy conservat ion law for Hami l t on i an systems we 
derived the following expression [1] for the rat io of the 
electron diffusion coefficient to the coefficient of electron 
mobil i ty a long the energy axis 

' - 1 + r e / 2 e , sT~l > (x5l/3, 
Dl+D2sT~\ \sT~l\^a3l/3, 

. j0<T 1 / 3 , sT~l < -oc31/3. 

This formula was derived wi thou t m a k i n g use of the 
detailed ba lanc ing relat ion in the negative energy doma in 
(see Section 2.2). H e r e the subscript f denotes the mic ro -
field origin of the cor responding quant i t ies . Dx and D2 are 
factors which ensure cont inui ty of the rat io AfTe/Bf u p o n 
transi t from the negative to the posit ive energy domain [11] 
and depend only on 3, oc and /?. oc and /? are n u m b e r s which 
can be regarded as adjustable pa ramete r s : they define the 
width of the domain of nonideal i ty of the p lasma (where 
the electron energy is determined by the C o u l o m b 
interact ion with other particles) and the diffusion coeffi­
cient m o d u l u s in the negative energy domain , respectively. 

Accordingly, the dis t r ibut ion function becomes 

f{y) 
2A 

y1/2exp(-y), y > tt 
D,^V(Diy+\D2y2), | y | < a < 5 1 / 3 , (2) 

where y = s/Te is the dimensionless energy; Z) 3 , Z) 4 , A are 
quant i t ies dependent exclusively on 3, oc and /? [1]. 
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Figure 3. Electron distribution over total energies. The points are the 
M P D computation data [1]: Computat ion run 35—N e = 10 2 0 c m - 3 , 
Tc — 1.7 eV (temperature defined as a parameter of the Maxwell 
electron velocity distribution), n — 512, observation time t — 46xe i , 
5 = 0.12; Computat ion run 36—N e = 10 1 7 c m - 3 , T0 = 0.2 eV, 
T e = 0.28 eV, n = 512; t = 59 i e i , S = 0.027; Computat ion run 
37—N e = 10 1 4 c m " 3 , r0 = 0 .1eV, T e = 0 .1eV, w = 512, t = 50 i e i , 
S — 0.0006. The full curves represent the microfield distribution (2) at 
a = 1.5, £ = 0.4. 

A n accurate compar i son of the dis t r ibut ion (2) with the 
M P D computa t ion results for a stochastically isolated 
p lasma showed tha t the agreement was very good for 
oc = 1 . 5 and ft = 0.4. This single set of two cons tan ts 
gave an excellent descript ion of the M P D calculat ion 
results over a wide range of p lasma pa rame te r s (see Fig. 3). 

4.3 O n the relationship with the conventional view-point 
Given the results of charged part icle dynamics s imulat ion, 
and the fact tha t these results can be theoretically 
accounted for only by rejecting the principle of detailed 
balancing, we conclude tha t the classical C o u l o m b p lasma 
is nonergodic [1]. Let us briefly consider h o w this 
conclusion relates to the m o d e r n concepts concerning the 
stochasticity of dynamic systems [21]. 

The en t ropy is k n o w n to be conserved in Hami l ton i an 
systems [9, 10]. In order to reconcile this fact with the well 
k n o w n en t ropy rise in real physical processes the dynamic 
equa t ions can be averaged in different ways. The averaging 
procedures p roduce irreversible kinetic equat ions . This 
averaging is often justified by adop t ing the mixing concept 
in t roduced by Gibbs . Consider a phase vo lume occupied by 
an ensemble of identical systems mixing with the whole 
vo lume of the energy surface (the phase space region 
accessible to these systems according to the energy con­
servation law). Accord ing to the Liouville principle the phase 
vo lume of mixing systems remains cons tant ; however , in the 
course of the ensemble evolut ion this vo lume is seriously 
deformed and develops a progressively m o r e intr icate surface 
tending to an everywhere dense ensemble over the energy 
surface. 

In order to establish a law of en t ropy rise for the mixing 
systems one in t roduces the K o l m o g o r o v (or K-) ent ropy. 
W h e n defining the K-en t ropy one divides the phase space 
into cells and makes the cell size tend t owards zero, 
ensuring a limiting t ransi t ion to the infinite-time limit 
and a complete mixing in every cell. The en t ropy defined 
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in this way increases in time, although the phase volume of 
the ensemble is conserved. 

In our opinion, this app roach is no m o r e t han a 
mathemat ica l ly sophist icated descript ion of the original 
G ibbs idea. It seems m o r e impor t an t to establish the 
physical reasons which allow the generally adop ted averag­
ing p rocedure to reflect the physical reality. 

W e believe tha t the loss of dynamic m e m o r y in a m a n y -
part icle system actually occurs in physical p h e n o m e n a (i.e. 
the en t ropy rise occurs no t in Hami l ton i an bu t in relaxing 
systems). This m e m o r y loss is always due to some external 
s tochast ic act ion u p o n the system, always present in real 
condi t ions . Evidently, for systems with a dynamic mot ion 
mixing mechanism, a very weak (in the limiting case of 
infinite t ime, an infinitesimal) external stochastic act ion is 
sufficient to m a k e the evolut ion irreversible due to full 
mixing. 

On the other hand , one can imagine many-part icle 
systems that mix in the course of an evolution governed 
by dynamic mot ion laws, though for some reason not all the 
energy surface but only a par t of it is accessible to them. In 
this case a finite (sufficiently intense) stochastic action is 
required to direct the relaxation towards the thermodynamic 
equilibrium. 

The classical C o u l o m b p lasma seems to be an example 
of such a piecemeal mixing system. The t rans la t iona l 
degrees of freedom of a many-charged-par t ic le system 
lose some of their dynamica l m e m o r y simply because of 
the limited accuracy of the numer ica l solut ion of the 
dynamic equat ion . On the other hand , the phase t rans i t ion 
( recombinat ion) does not occur. Seemingly, the t rans la ­
t ional degrees of freedom are able to mix even dur ing the 
evolut ion of the system governed by the laws of dynamics . 
However , no t rans i t ion to the region of phase space 
cor responding to the occurrence of n u m e r o u s b o u n d 
part icles is observed. The p robab le reason is tha t no 
mixing of these part icles in phase space takes place 
when the system is moving according to the laws of 
dynamics . The t rans i t ion requires a relatively s t rong 
external s tochast ic act ion u p o n the system. 

In our opinion, the piecemeal mixing p rope r ty should be 
found no t only in systems of C o u l o m b part icles but , in 
general , in systems with possible phase t rans i t ions . M o r e ­
over, we believe tha t the different phases (states of 
aggregat ion) cor respond to phase space regions, where 
the dynamica l mixing of the phase vo lume takes place. 
Mix ing over the whole energy surface takes place only in the 
simplest systems with no b o u n d states (e.g. elastic spheres). 

The absence of dynamica l mixing between states 
belonging to different phase regions m a y account for the 
existence of metas tab le phase states (e.g. superheated liquid 
and supercooled vapour ) . W e believe tha t our results 
suggest the existence of such a metas tab le state in a 
supercooled p lasma. 

4.4 Collisions with atoms and microfield drift 
Kinetic model. In order to demons t ra t e the s tochast isat ion 
effect of r a n d o m electron collisions with neu t ra l species we 
have const ructed and analysed a kinetic mode l of a p lasma 
mixed with two-level a toms . The results obta ined from this 
kinetic mode l were compared with the ab initio M P D 
simulat ion da ta [4, 5]. 

W e assigned 

A =Aa + A f , B=Ba+Bf, 

in the electron diffusion equat ion , where 

A a = K T e ^ 2 - x ^ , Ba = KT2x1/2 , 

Af = G[ - y r r \Nq e 
1/2 

, Bf = GNee4 
'2Te 

1/2 

Here the quant i t ies marked with the subscripts ' a ' and ' f 
depend on collisions with two-level a toms and on the 
interact ion with microfields respectively; x = —e/Te, and 

represents the effective ra te of inelastic collisions, cr0 is the 
cross-section of inelastic electron collisions with a two-level 
a tom; e 1 2 is the t ransi t ion energy in the two-level a tom. 
Final ly, G is a dimensionless constant , tha t cannot be 
determined from stochastically isolated p lasma calculat ions 
which can offer the A f / 5 f ra t io bu t no t the two quant i t ies 
separately. The compar i son with M P D simulat ion results 
showed tha t G = 0.7 — 0.8. 

Expressing b o t h the diffusion and the mobil i ty coeffi­
cients as a sum of collision and microfield te rms implies the 
m u t u a l independence of the two mechanisms. A c o m p a r ­
ison with the M P D simulat ion results showed tha t this 
assumpt ion is satisfied, at least at small e 1 2 values, when the 
diffusion mode l is applicable. 

Diffusion model results. A n analysis of the diffusion 
equat ion has shown tha t the role of collisions is 
characterised by the following pa ramete r 

4 v0Na 

C l 3KG (eye2

l2)Ne ' 

W h e n ci —• 0, the microfield drift prevails. F o r an ideal 
p lasma with approximate ly equal t empera tu res TQ/Ta ~ 1, 
the recombina t ion t ime is expressed as 

p 
V c O C ^ e X P 3 ^ / 3 -

The collisions p r edomina t e at low ionisat ion degrees 

N 
a = — <̂  2 x 1 0 ~ 2 e 2

2 . 
Na

 1 2 

This expression was obta ined by pu t t ing cr0 = 1 0 ~ 1 5 c m 2 

and G = 1; e 1 2 is expressed in eV. At a characteris t ic energy 
e 1 2 = 4(meTa/maTe)l/2Ta the efficiencies of elastic and 
inelastic collisions are the same. So we should assume 
e 1 2 ^ 10~ 3 eV and, consequent ly, a ~ 10~ 6 . Accord ing to 
the present model , if a > 10~ 6 , the th ree-body r ecombina ­
t ion should be seriously suppressed. But this is inconsistent 
with exper imental da ta . F o r example, noble-gas p lasmas 
exhibit r ecombina t ion even at high ionisat ion degrees, the 
experimental ly observed recombina t ion ra te agreeing with 
the convent ional theory. 

One could suppose tha t this contradic t ion was due to 
the unjustified assumpt ion of mutua l ly independent colli­
sion and microfield re laxat ion mechanisms. In order to 
clarify this po in t we performed a careful compar i son with 
the M P D simulat ion results. 
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Comparison of M P D computations with the diffusion model 
results. In the M P D calculat ions the initial condi t ions , 
p lasma pa ramete r s , and two-level a t om characterist ics were 
chosen so tha t the calculat ions with widely differing p lasma 
densities and t empera tu res had the same dimensionless 
pa rame te r s 3, c\ and Te/Ta. This choice was due to the fact 
tha t according to the above diffusion mode l the recombi ­
na t ion characterist ics should depend exclusively on these 
pa ramete r s . This s ta tement was confirmed by the c o m p a r ­
ison with our M P D calculat ion da ta . 

Hence , the diffusion mode l and M P D calculat ions are 
mutua l ly consistent bu t they b o t h contradic t the experi­
men ta l da ta . This contradic t ion could no t be explained by 
imperfections in the diffusion model , e.g., by the w r o n g 
assumpt ion of independent collision and microfield cont r i ­
bu t ions to electron relaxat ion. This m a d e us look for some 
addi t iona l mechanisms of recombina t ion s t imulat ion in real 
condi t ions . A solution was found by al lowing for the 
discrete spectra of the b o u n d states [4, 5]. 

5. Quantum effects 

5.1 Kinetic barrier 
It is well k n o w n tha t the spectrum of discrete states in a 
C o u l o m b field become increasingly condensed on the 
app roach to the con t inuum b o u n d a r y . The e l e c t r o n - i o n 
b inding energy is given by the formula sn = Ry/n2, where 
R y = mee4/2H2 « 13.6 eV and n is the pr incipal q u a n t u m 
number . At large q u a n t u m n u m b e r s b o t h the quasiclassical 
app roach and the diffusion mode l are valid. 

However , there are reasons to believe tha t the simple 
condi t ion n > 1 is no t sufficient to br ing abou t the effects 
depending on the nonergodic i ty of the classical C o u l o m b 
p lasma. In fact, the microfield drift is observable when the 

2 1/3 

characterist ic dr if t -produced energy j u m p As^eNe

f 

exceeds the energy distance between the closest levels 
Asn = 2Ry/n3. Hence , the energy of the doma in b o u n d a r y 
is expressed by the formula 

/ 2 ^ 1 / 3 ^ 2/3 

-s = R y F ^ - J = ( 2 x 1 0 - 2 X ) 2 / 9 eV (Ne is in c m " 3 ) . 

F o r electrons with sufficiently high negative energies 
e < e, the usua l concepts of b ina ry C o u l o m b collisions are 
valid. Thus , the diffusion B and mobil i ty coefficients A, in 
this energy range, are mutua l ly related by the detailed 

ATJB 

1 L \ 

Figure 4. Kinetic barrier: qualitative energy dependence of the coefficients 
of mobility and diffusion along the energy axis. 

ba lanc ing relat ion. On the other hand , the M P D calculat ion 
results suggest tha t within the energy range 

e < £ < - e 0 = (xe2(2Ne)l/3 

the p lasma part icle interact ion is substant ial ly nonb ina ry , 
and there are microfield effects to be included in some of 
the relat ions. In this case the dependence of ATQ/B on 
energy has the shape of a barr ier (see Fig. 4). 

5.2 Three-body recombination in e - i- and i - i-plasmas 
In order to demons t ra t e directly the effect of the microfield 
drift we tabula ted the T r e c and Tree p lasma recombina t ion 
t imes ( T r e c with, and -zfX wi thout , al lowing for the kinetic 
barr ier , respectively [4, 5]). F o r e < e we used [ 1 3 - 1 6 ] the 
s ingle-quantum approx imat ion , while e was expressed by 
the above formula. 

F o r testing purposes , the results of T[H calculat ions, 
ignoring many-par t ic le effects, were compared with well-
k n o w n tabu la t ions (for example Ref. [15]), based on the 
impact - rad ia t ion model . With in the p lasma pa ramete r 
range, where the radiat ive t rans i t ions can be neglected 
we found a good agreement . N o t e tha t in the T[H 
calculat ions the recombina t ion dis t r ibut ion was ma tched 
with the Bo l t zmann dis t r ibut ion at \e\ —• —0. 

The compu ta t ion results for an e l e c t r o n - i o n p lasma 
gave T r e c and T^I values differing by a factor of two to three. 
This was due to the use of a b o u n d a r y condi t ion m o r e 
accurate t han the generally accepted one when calculat ing 
T r e c . A l though this difference is relatively small, it could be 
responsible for the spread in the exper imental da ta con­
cerning the numer ica l coefficient of the '9/2 law ' (see 
Section 2.1). 

There are m o r e significant differences at very low or 
very high electron densities. However , the e - e - i - r e c o m b i -
na t ion at low p lasma densities is weak as compared with the 
rad ia t ion recombina t ion mechanism, which obscures the 
re ta rda t ion of the th ree-body recombina t ion . At high 
densities the recombina t ion t ime becomes extremely short 
( < 1CT1 0 s). Bo th the format ion and diagnostics of such 
p lasmas pose serious p rob lems . 

Al together , these considera t ions show tha t the feasibility 
of observing diffusion-barrier effects in e l e c t r o n - i o n p las ­
mas is problemat ic . The above reasoning excludes any 
significant manifestat ion of the recombina t ion re ta rda t ion 
effect due to the appearance of nonergodici ty in the 
Cou lomb system under ord inary condit ions, for example 
in a gas discharge afterglow. 

It is na tu ra l to look for observable recombina t ion 
re ta rda t ion in systems of charged heavy part icles. It is 
immediately clear tha t for heavy part icles the concepts of 
classical physics are m o r e justified t han for electrons, the 
discrete spectrum st ructure being much less p ronounced . 

Our expectat ions were confirmed by compu ta t ion 
results. Thus , the calculated i - i - i - r e c o m b i n a t i o n ra te 
was found [4, 5] to be 1 0 - 1 5 orders of magn i tude smaller 
t han the ra te predicted by either the convent ional theory or 
the T h o m p s o n theory (see Section 2.1). 

F o r example, at densities N[ ~ 1 0 1 8 —10 1 9 c m - 3 and 
0.2 eV temperature the i - i - i - r e c o m b i n a t i o n t ime T r e c is in 
the range 10~ 5 — 10 s, a l though the normal theory predicts 

< 1 0 - 1 2 s. 
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6. Thermodynamics of metastable plasma mixed 
with ideal gas 
6.1 Thermodynamic parameters 
One can calculate the t h e r m o d y n a m i c characterist ics of a 
stochastically isolated p lasma mixed with an ideal gas [6, 7] 
by s tar t ing from the dis t r ibut ion function (2) and using 
s t andard t h e r m o d y n a m i c relat ions: the to ta l energy, free 
energy, ent ropy, and some other quant i t ies derived from 
those listed above. W e shall quo te only the expression for 
the to ta l energy: 

P/Po 
1.0 

E = 2nJ 

W e regard the p lasma as a uni form mixture of 2nx ions and 
nn neu t ra l part icles. The to ta l number of ions of each sign 
is nx — N^V in the V vo lume under study. The following 
addi t iona l no ta t ion is used: oc = 2nJ(nn + 2n{) is the degree 
of ionisat ion of the p lasma (not to be confused with the 
dis t r ibut ion function pa ramete r a); u is the t empera tu re -
normal ised mean poten t ia l energy (u < 0) per part icle. The 
quant i ty 

° 3 
yf(y) dv - -

is t abu la ted [6]. I ts extreme-case expressions are 

a ^ 1.8(51 / 2 if 3 ^ 0 , 

2P 
if 3 

N o t e tha t in the ideal-plasma limit 3 —> 0 there are 
two numerical ly identical po ten t ia l energy cons tants . 
The first was determined by the theory [6] based on 
formula (2) for the electron dis t r ibut ion function. The 
second, (u =—y/nd =—l.lly/n) comes from the Debye 
theory, in which the interact ion energy of the screened 
charges is found by expanding the Poisson equat ion in a 
power series of the rat io of po ten t ia l to kinetic energy. This 
coincidence demons t ra tes the appropr i a t e choice no t only 
of the dis t r ibut ion function shape, bu t also of the oc and /? 
cons tants . It is difficult to believe tha t such a numer ica l 
coincidence is purely accidental . 

6.2 Equation of state and isotherms 
F r o m the free-energy expression (or from the Clausius 
virial theorem) we obta in the equat ion of state of the 
mixture of a gas and a metas tab le p lasma 

2N{T 
oc 3 

1 + 
oc 3 

H e r e p = P/P0 is the reduced pressure, P0 = T 4/e6; the 
p lasma ideality pa ramete r 3 can be regarded as the 
reciprocal of an appropr ia te ly normal ised vo lume V 
occupied by the ensemble of part icles. 

3 = VaV Va =2nebT~ 

The shape of the isotherm following from theory [6, 7] 
does no t differ significantly from the Debye isotherm shape 
(see Fig. 5). This is surprising because the Debye theory is 
valid only in the case of \/3 —> oo. Wi th decreasing vo lume 
the pressure passes t h rough a m a x i m u m and then decreases, 
becomes negative, and finally tends to —oo. 
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Figure 5. Universal isotherm of a fully ionised metastable plasma 
(reduced pressure versus reduced volume). Curves 1, 2, 3 represent our 
theory, the Debye theory, and the ideal plasma theory, respectively. 

The pa ramete r domain in which the pressure falls as the 
vo lume decreases, is uns table . The force acting u p o n a 
p lasma fluid element is equal to the pressure gradient with a 
negative sign. Consequent ly , a p lasma cluster with a 
posit ive pressure derivative with respect to vo lume should 
no t expand towards decreasing pressures. Instead, it will 
become compressed. The negative pressure domain 
(3 > 8.34) cor responds to the development of compressive 
elastic forces. The C o u l o m b forces will compress such a 
p lasma even in the absence of pressure gradients . 

The limiting value of the nonideal i ty pa ramete r for the 
case when a fully ionised nonidea l p lasma can be never the­
less the rmodynamica l ly stable, is 3CX = 3.5. This value 
cor responds to a pressure pCY = 0.96p0. At 3 > 3CY the 
p lasma collapses. 

In p l a s m a - g a s mixture i sotherms the pressure m a x ­
imum is shifted t owards the region of small \/3 values with 
decreasing degrees of ionisat ion. This is accompanied by the 
expansion of the region of t h e r m o d y n a m i c stability of the 
mixture . F o r example, at a = 0.1, we have 3cr = 2000 and 
pcr 2* 5400p 0 . F o r r o o m tempera tu re ( 7 ^ 0 . 0 3 e V ) , the 
critical density and pressure are Af l c r « 1 0 1 9 c m - 3 and 
Pcr = 2.3 a tm. The degree of ionisat ion should be suffi­
ciently high (a > 10~ 3 ) , otherwise the p lasma would no t be 
metas tab le (for further details see Refs[4] and [5] and 
Section 3). 

Wi th in the 3cr > 3 > 3.5 pa ramete r range the p lasma 
componen t a lready has a n o m a l o u s proper t ies , bu t its 
mixture with the ideal gas is stable. In these condi t ions , 
a p lasma cluster immersed in p lasma tends to adop t a 
spherical shape. At 3CY > 3 > 8.35 the p l a s m a - i d e a l - g a s 
mixture exhibits significant elastic proper t ies : the C o u l o m b 
compress ion p redomina tes over the p lasma pressure, bu t 
no t to the extent of m a k i n g the gas collapse. Such a p lasma 
cluster — being in pressure ba lance with the su r round ing 
nonionized gas — should behave like a light-weight elastic 
game ball . 

Of course, one should not forget that the expansion of the 
region of the rmodynamic stability of the mixture (as 
compared with the stability region of a metastable 
p lasma) is based on the assumption of uniform intermixing 
of gas and plasma. In reality, a p lasma cluster inside a gas 
cloud tends to be compressed because of its anomalous 
propert ies, while the neutra l gas pressure suppresses this 
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compression. Dur ing a t ime of the order of the diffusion t ime 
the p lasma and the gaseous components should separate, 
resulting in the collapse of the metastable plasma. 

6.3 Adiabatic characteristics 
Consider ing the adiabat ic (isentropic) processes in a 
mixture of a metas tab le p lasma and an ideal gas one 
can express some dependences in a pa ramet r i c form. F o r 
example, it is possible to express in te rms of 3 the 
in terdependence of the t h e r m o d y n a m i c pa rame te r s N[, T 
and P if at least two of the three initial values Ni0, T0, P0 

are given. 
W e tabula ted the cor responding functions [7]. It is 

interest ing to no te tha t in the 3 > 3cr = 8.35 region the 
pressure becomes negative, as in the case of evolut ion of 
the system along an isotherm. However , in adiabat ic 
processes the t ransi t ion to negative pressures occurs before 
the sign change of the derivative. 

As in the case of i so thermal processes, a decrease in the 
ionisat ion degree results in an extension of the t h e r m o d y ­
namic stability zone of the p l a s m a - g a s mixture . In 
par t icular , the 3CX value for these processes — cor respond­
ing to a zero pressure — increases rapidly (oc a - 3 ) with 
decreasing degree of ionisat ion. F o r instance, for a « 0.1 we 
have 3CY ~ 10 4 . In the 3CY > 3 > 8.5 range the p lasma 
componen t a l ready possesses a n o m a l o u s proper t ies bu t 
its mix ture with the ideal gas is stable. 

The dependence on the p lasma pa rame te r s of the 
pressure derivative with respect to density is of special 
interest because it is related to the velocity of sound. The 
rat io of the velocity of sound in a fully ionised metas tab le 
p lasma to the velocity of sound in a m o n o a t o m i c ideal gas 
at the same t empera tu re can be expressed as a function of a 
single variable: the ideality pa ramete r 3. This quant i ty is 
t abu la ted [7]. The velocity of sound in a slightly nonidea l 
p lasma is a little smaller t han in a perfectly ideal gas. Wi th 
increasing ideality degree pa ramete r 3 the velocity of sound 
diminishes and even becomes imaginary (for 3 > 14.5). 
However , as ment ioned above, the pressure becomes 
negative at smaller values of 3. 

At low ionisat ion degrees the influence of the p lasma 
componen t u p o n the velocity of sound in p l a s m a - g a s 
mixtures becomes weak. Nevertheless , for 3 > 14.5 the 
velocity of sound in such a mixture can be imaginary. If 
this is the case the coupl ing of the sound and i o n - s o u n d 
oscillations can be very s t rong. 

7. Conclusion 
The repor ted [ 1 - 5 ] a n o m a l o u s re ta rda t ion of the th ree-
b o d y recombina t ion in a classical C o u l o m b p lasma is 
interest ing in two respects: firstly as a fundamenta l result, 
requir ing the a b a n d o n m e n t of long-held views on the 
statistics of isolated (microcanonical) systems and secondly 
as an applied research result promis ing, in principle, the 
eventual format ion of long-lived p lasmoids . However , we 
should no te tha t the t h e r m o d y n a m i c theory developed in 
Section 6 is based on formula (2) for the to ta l energy 
dis t r ibut ion function of the charged part icle. The formula 
was verified by direct numer ica l calculat ions only for an e -
i-plasma at ra ther m o d e r a t e values of the perfection 
pa ramete r up to 3 ~ 1. A verification of the reliability of 
the results in the case of 3 > 1 would require addi t iona l 
exper imental and compute r studies. It is also necessary to 

investigate the mechanism of the drift a long the energy axis 
caused by the microfield, discovered dur ing M P D com­
puter s imulat ions. 

Our overview of recent work [ 1 - 8 ] shows tha t the 
metas tab le p lasma has proper t ies close to those assigned 
to the bal l l ightning p h e n o m e n o n (see Ref. [22] and 
references therein) . However , we cannot be sure tha t bal l 
l ightning is a cluster of metas tab le p l a s m a - a i r mixture unt i l 
the p h e n o m e n o n has been reproduced in the labora tory . 
The main p rob lems in the format ion of a metas tab le p lasma 
are due to the need for a relatively high degree of ionisat ion 
(according to our theory, a > 10~ 3 ) in a quas iabsolu te 
absence of free electrons. The search for condi t ions in 
which all the electrons are a t tached to an electronegative 
gas, is itself a difficult problem [17]. The work was supported 
by the Russian F u n d a m e n t a l Research F o u n d a t i o n , grant 
93-02-16872. 
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