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Abstract: Stochastic equations of the hydrodynamic theory of plasma are presented in relation to
strong external fields. It is shown that the use of these stochastic equations makes it possible to
obtain new theoretical solutions for plasma as a result of its heating in a strong external electric field.
Theoretical solutions for the conductivity of turbulent plasma when heated in an external electric
field of 100 V/cm are considered. Calculated values for the electron drift velocity, electron mobility,
electron collision frequency, and the Coulomb logarithm in the region of strong electric fields are
obtained. Here we consider experiments on turbulent heating of hydrogen plasma in the range of
electric field strength of 100 < E < 1000. The calculated dependences of plasma conductivity are
in satisfactory agreement with experimental data for heating plasma in a strong electric field. It is
shown that the plasma turbulence in the region of strong electric fields E ~1000 V/cm is close to
100%. For the first time, it is confirmed that the derived dependences for collision frequency, drift
velocity, and other values include the degree of turbulence of plasma, which makes it possible to
correctly describe experimental data for heating plasma even with strong electric fields. In addition,
it was determined that the scatter of experimental data may be associated with the variability of the
function in the expression for the heat flux density. For the first time, it is shown theoretically that
the experimentally determined fact of the possibility of the existence of an approximate constancy of
plasma conductivity in the region E = 100-1000 V/cm can occur with an error of ~30%. The results
show significant advantages of the stochastic hydrodynamic plasma theory over other methods
that are not yet able to satisfactorily as well as qualitatively and quantitatively predict long-known
experimental data while taking into account the degree of turbulence.

Keywords: stochastic equations; equivalence of measures; hydrodynamic theory of plasma

1. Introduction

The stochastic equations of the hydrodynamic theory of plasma are presented in relation
to strong external fields. The system of stochastic plasma equations is used for calculating
the heating of turbulent hydrogen plasma in strong external electric fields. The problem of
finding equations for solving the turbulence [1—4] is an important theoretical problem. The
phenomenon of turbulence was tried to be solved using different ideas: (1) using the theory
of attractors [5-11]; (2) on the basis of chaos theory [12,13]; (3) on the basis of the physics
of nonlinear phenomena [14,15]; (4) on the basis of statistic theory [16-24]; (5) the theory of
solitons [1]; (6) a quasi-periodic process [25-28]; (7) using the theory of self-organization [29,30].
Attempts to find solutions to this problem by numerical methods were made using DNS [31-45],
LES, and RANS codes [46-51].

The processes of heating plasma by an electric field are connected with the turbulence
in plasma [52-63]. The statistical theory of plasma physics [64—70] is used for describing
these processes. But these processes can be determined using the theory of stochastic
equations and equivalent measures [71-73]. In [74-80], the possibility of calculating crit-
ical Reynolds numbers was shown for isothermal flows [81-86] and for non-isothermal
flows [87-90]. The profiles of averaged velocity and temperature were also determined
in [91-93].The friction coefficients and heat transfer coefficients were obtained in [84,85].
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Also, the second-order correlations were presented in [91,93-98]. The correlation dimen-
sion of the attractor in the boundary layer was calculated in [99,100]. The equation for the
spectral function was shown in [101-106]. For non-isothermal flows, the Reynolds analogy
was obtained in [104]. Then the formulas for friction coefficients on the wall of a flat plate
and in a round tube during a laminar—turbulent transition [107,108] were derived.

2. Definition of Equivalence of Measures between Deterministic and Random Motions

It should be noted that the problem of transition from laminar to turbulent flow was
discussed in [71-74,81-108]. As a result, fluid and gas flows around a cylinder, as well
as in the boundary layer on a sphere, on a flat plate, in a pipe, and in a jet, were studied
on the basis of stochastic theory. It is also known that a statistical apparatus developed
for a continuous medium [32-35] is used for the hydrodynamic description of the turbu-
lent plasma motion [32-35]. Here, on the basis of stochastic equations and equivalence
relations of measures [71-73] developed for the continuum, the new results for turbu-
lent plasma motion are presented. The correlator Dy was derived in [71-74,99-104];
see also [105,108] as the definition of equivalence of measures between laminar (deter-
ministic) and turbulent (random) motions. The application of the correlator Dy for
solving equations for mass, motion, and energy leads to sets of stochastic equations for
four space-time areas: (1) the onset of generation (subscript 1, 0, or 1); (2) the gener-
ation (subscript 1, 1); (3) the diffusion (subscript 1, 1, 1) and (4) the dissipation of the
turbulent fields. In the critical point r; — r.; At; — T, for the parameter m; — m., and
for each of four space-time regions of the correlator. The correlator Dy N (rC ;Mg TC) =
Diyp (rc ;Mg ;Tc) [72-75,100-105] for the pair (M,N) = (1,0) gives the following equations

(d(D)cotst )10 = —R10(Pst); (CI(%@) o= Ry ( Dot ), here”d” is the full differential.

T Tcor

Then the correlator for the pair (M,N) = (1,1), Dy N (rc; mgj; TC) =D (rC ; Mg, TC) gives the
following equations: (d(®)colst )11 = —R1,1d(Pst), (%)1 L= —Ri,4 (dgbﬁ). Here @ is

T T
the substantial quantity {mass (density p), momentum (pU), and energy (E)}. Here (®) o1st
is the deterministic component (subscript cost) having the zero stochastic component of

measure, (Pgt) is the stochastic component (subscript st), Teor = @ is the lifetime of ®g;,

L =2m/k, and k is the wave number. The subscripts “cr” or “c” refer to the critical point
r (Xcr, Ter) OF Ie. The critical point is the space—time point of the onset of the interaction
between the deterministic and random motions, which leads to the turbulence. It is impor-
tant to emphasize that one of the main differences between statistical and stochastic theory
is the number of regions inspace-time. The statistic theory envelops only three space-time
areas: (2) the generation; (3) the diffusion; and (4) the dissipation of turbulent fields [16-24].

3. Stochastic Equations for Plasma

In accordance with [71-73,83-108], the stochastic equations were obtained without
external and internal forces. These forces are taken into account for the stochastic plasma
equations in accordance with [52-58]:

d(mtxntx)col _ (mtxntx)st . d(mtxntx)st )
dt teor dt '

d(mang ic)col J G
% = _aT(j(Todj)col - aT(].(Tocij)st + (Fint(tx/B) + Fk(oci))col

allaUjx )sf d(myng ioc)s
+(Fint(o, ) + Fic(ai) st — (m e bt ol

- a%] (9 + Ui Taxij) ol — a% (9 Wari Taxij)st + (Wi [Fing(or,8) + Fic(oxi) ol

(mangeqi)st  d(Mmangeqi)st
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« is the component of plasma (particles of class «, electron-ion liquid). The forces
resulting from the action of normal P, stresses (pressure) and tangential stresses Tlyjj are
written as 7y;; = Py + 7,ij and, then, it is possible to write that

d , \_ 0P 3 duj,  Oujy 20uy,
BTC]'(TMJ) = axi+axj[”“ <8x]+8xl 51]}%587% . 4)

Here, i,j,1=1, 2, 3, the coefficients pu and ¢ are the dynamic and second viscosities,
respectively. The values u;, uj, ug,Xj, Xj, X] are the velocities and coordinates corresponding to
i,j, 1. The Kronecker delta is &5 = 1 fori=j, and &;; = 0 for i # j. Fy(,;) is the sum of k external

forces acting on particles of class «ov» in the «i» direction. Fy,;) = ‘il kil (F)ik=1,2,...,m;
i=1 k=

i=1,2,3. For an electromagnetic field Fy(,;y = (j{E + [ X B]}),; = (Zuena){E + [u X B]}4;-

In addition, F;, ) are the internal (intercomponent or interphase) forces caused

by the interaction of liquid components with each other. In the case of a heterogeneous

mixture, these are the interphase forces; in the case of plasma, these are the forces caused

by the collision of particles of various kinds with each other (subscript int): Fyy(,p) =

Mang (U, \6T) = TlaZg (R,Xﬂ + R§ﬁ> [53-57,65,69]. The force of relative friction, depending
on the relative velocity of electrons and ions is Rj,p= ¥, plap (uiq — Mi/g) and the thermal

force: RZﬁi = pap(ttin) (OVap) = %g?‘:’; gradT,g. Here pi,g, Tyg , Vap are the reduced particle

mass, the effective temperature, and the collision frequency. The equation for the energy
(m n eq) per unit volume of the plasma grade x components (my and ny are the mass
and concentration of particles).
ad in ou joc ad o Ey
Here —a% (UiaTaij) = —aixj [—ui,xPa + umy“(( BL;]- + a—;l) — (5ijy,,¢%au7”>} . In addition,
the work caused by the collision of particles of different sorts with each other is deter-

mined by the dependence u;yFiyy(np) = Ujg MMy (SUu\OT) = Uigha}p (R,X/g + RZB) [52-
56,64,68]. The work of relative friction forces depending on the relative velocity of electrons
and ions is ujyRixg = UigHapVap (um — uiﬁ). The work of the thermal force is ungﬂ =

TlX (5 o
Wig [Pap(ia) (OVap) | = “mﬁg 5;;; gradTyg [52-56,64,68]. The work of external forces act-

ing on particles of class «a» in the «i» direction is ;i Fy(ai) = in G{E +[u X B]}),; =
Uig (Zaeng){E + [u X B]}ai = ujn(Zueng)E, (q].erad) is the braking radiation power per
unit volume, T, = mye, is the particle energy. The written equations are defined as instanta-
neous provided that the hypothesis of plasma continuity is observed. At the same time, the
direct consideration of equation for the collision frequencies of particles of the same grade
and different grades among themselves determines, as is known, the limits of the hypothesis
of continuity and the dualism when describing the motion of charged particles in plasma
as a multicomponent fluid. This important aspect seems substantial for writing down the
stochastic equations of conservation of plasma motion in an external electromagnetic field.

4. Equivalent Measures and Excitation of Plasma Turbulence by an Electric Field

In accordance with [72-75,100-109], for space—time area (1) of the onset of genera-
tion for a pair (N, M)(1,0)re(xc + Axg, Tc + ATy) — 1, the set of Equations (1)—(3) can be
written as follows (see also [105,108]):

d(mana)col (Mmang)st

drt - teor ®)
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d(Manalio)col1,0 9 (MaNaUiq)s
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d(mocntxuicx)col,l,o - _ (mnxnocuicx)st ’ (6)
a dT (Tgor)l,(]
aT(j(_Tocij>col,1 = (Fint((x,ﬁ) + Fk(cxi))col,l
d(manaeo)eo1,0 p)
= 3TOC = = _aT(j(q(xi + uodTodj)col,l + (uoci [Fint(oc,ﬁ) + Fk(cxi)])col,l + Tx] qj‘x,)‘[yq wol1
_ (MaNaeqi)st
(Tgor)l,o
or
d<m<xn0(e0<)c01,1,0 _ (mcxnocezx)st (7)
dt (Tgor)l,o

0 ) = —
7W(Tal]) - axl- 4 ax,- - axl- 4

]

a%(qod + uociTocij)col,l = (uod [Fint(cx,ﬁ) + Fk(cxi)])col,l + (qjlx,Vrad>

col,1

For the case under consideration, the expression for the stress tensor of the flow of
electrons and ions is determined as well as the expression for the relative friction force
between electrons and ions and the equations for thermal forces for each plasma component
(electrons and ions [53-57]).

(a) The stress tensor for the flow of electrons and ions [53-57,65,69]

O(Pu+7ui) . 9Py _ _angTy. [ ()] _ (T (0) _ (T [ (i) | Mige) 2 de)
i), 9B _on [n } —0.73%% ¢ _—0.73”78[(—,+ f_)—(s,»j

@] = T (1) _ T [ (%) | %) 2935
{ni,j = —096"Twf]) = —096%% | (F12 4 ) - 535

(b) The friction forces [53-57,65,69]:
(c) Riaﬁ = HapVap (um - ”iﬁ) = —NMeV, (ui(e) - ui(i)) for Wpe > Ve,

Riag = HapVap (ui,x — uiﬁ) = —0,51n.mev, (ul-(e) - ul-(l-)) for wpe << V. 9)

The thermal forces [53-57] are

d
Rzﬁ = —0.71nea71Te. (10)
The external forces are Fy () = [eZn(ei)E} , Where e is the elementary charge of electron,
Z is the element number, and n ;) is the concentration of negative and positive particles.

3
. . 2 2 .
Here v, = Aﬁ(%’fe) is the electron collision frequency, (wpe)” = zomy is the
Sng \ UTe

plasma frequency of electron oscillations taking into account the thermal motion (w)? =
(wpe)z + kzvpez, the thermal velocity of electrons is vre = \/(Te/me), Te is the termal

energy and Coulomb logarithm is A = Ln {47{110(“)}’6)_3} ,rg = A = Ln[(%‘)};

VTe Wpe
2
re = Kvpe;me%)] [109-118].

(d) For the energy equation, respectively, the work caused by the collision of particles of

different sorts is uio(Fim((x,ﬁ) = UjaNa) p (R(X[_z, + RELB) and

d
ui(met(‘X’B) = UjeNe (Rel + Rgi) = —nemeveui(e) (ui(e) - ui(i)> — O.71ui(e)ne TX]TE, (11)

The work caused by the external forces is

UePier) = U(e)i| [eZein(eE| |, here Zei = 1 (12)
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The equation for the heat fluxis q ; = —6% gradT,p. For the flow electrons %(—q oi) =
¢ ]

Vele

(q]a Vrad) o1 1.5 % 10~ *0nen; Z2 T2 [J/(c-m3)] [52-56,117].

o { gl gdeg} , 6= (2.5 —3.91) [52-56,64,68]. The equation for the braking radiation power

el €

It should be noted here that the speed of sound in plasma, as is known, is determined

by the formula Cs = (m— . Now it is possible to obtain theoretical equations for
the critical value of external electrical field substituting the received expressions into the

set of equations for the region of onset of turbulence. Here tcor = (Thor )10 = (Teor)1.0-

d(mana)col _ (Mmang)st (13)
dt teor
d(mOLnDcui(x)col,l,O - _ (mzxnocuirx)st
5 dt (Télor)lﬂ , (14)
TXj(Tcxij)col,l = (Fint(oc,ﬁ) + Fk(cxi))col,l
d(mtxn(xe(x)col,l,[) — _ (mocnfxeo()st
dr (Téor)10 . (15)

a%j(qoci + uociTocij)col,l — (Ui [Fint(cx,ﬁ)])col,l + (quVrad) = (uq [Fk(oci)])col,l

col,1

5. Plasma Conductivity

In accordance with the last set of Equation (15), for the electron flow with Z = 1, it
can be written that

o\ e T, ou; ou; ou

i(e)iele e eTe i(e) (e) 2 9%(e) 524

el ( 31627 grad T, — 0.73u; "2 { o ) - 3%} .
*Mi(e)engl/e (ui(e) — ui(i)) + 0.71ui(3) TleaTqTe —1.5x% 10_4Onen11éTg5 = U; i(e )[eneE]

In the case of a plane directional motion T, = Toexp(—iwt + k17); ue = ugexp(—iwt + kr);
ne = npexp(—iwt + k,r); and d(q)/dx = —3.16(n/ mve)Te?k?t, we have a parabolic equation,
and for u;(e) >> u(;), the last equation can be written as

1 _u(e)ineTe(kxT +kyu + kxn) — (0 73u; i(e ) 1/[, )kyu(kyT + ky, + kyn)

—— . (17)
wieyi(ene) | —0.7%uypyme Tokyr — nemevetty ) (ui(e) - ui@) ~3.16- (kyT) 2 T2 1.5 %10 nen; Z2 TS

Let us consider two cases when: (1) the wave numbers ky= ky1 = kyn
* * * * k
[E] = [ 1B + By +Es+Ej | = eveuy o — (%) [ -3k 4073 () (332w ) — 071(Ky)

2\ ne 2] 15%107%0nn; 22195
+3.16 (kﬂ> T: ] u(pyi(ene)

e k:
;(2) ) k—z, SO Uge>> Upe; ky >> ki, and

= [|B: + Ex+E3 + B

— Me Te k 2\ e 2] | 1510 40nen; Z2 T2 (18)
= eveuy(o — () [073(ky) (33w ) — 0.71(ky) + 316 (2 ) e 2| — e e
3
Substituting the expression ve = Ag(z;vﬁ ( :Ufe> , we obtain:
Fng \ VTe
3
% me me wpe (-Upe
E = < = Ay =P 19
1 o Vel (e) Ui (e) e 2(2m)5ng (UTe> 19)

-3 3
Considering that A = Ln [47m0 (%) } = Ln |:47T1’1() ( Uf;) }, and uj(e) = Ue &

{VTe; Var }-
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e (Melle ) UT = — MM,
Tst

Here, vte; Vg, are the electron thermal speed and electron drift speed

" 8 MeUTe Wpe 1 Wpe 3 8 MeVUTeWpe [ A
E, = A = —- 20
! (7(271)0'5 ) e [47&10 ( UTe 7(2m)05 e el (20)

Here (wpe)” = 25—, &) = 8.85*10 712 (C?/(N*m?)).

. T k
E; = 0.72(ky) <ee) (4.31<X /ky +1+ 3VZu1(e)), (21)
Let us introduce the notation
E,p = 0.72k Te), (22)
y e
* T
B} — 3k, (;); (23)
. Te ) vre 7(2m)% 2 Te) et
c=07203 () e AT F 15708 g (2 ) =
Eye ;=0 2ky( e)wpe s =157 kg () (24)
The third term is
n 1 T T
Ef = —3.16(k3 ) —— ———T2 = —3.16(k3 — 25
3 ( T) mve (g (ene) (€)1 < T) (e) veymve @5)
B 15510 Onen; Z2ZTY 15510 40nen, ZATO? 26)
: U(e)i(ene) U(e)i(ene)

Further, the value determined by Equation (24) is not taken into account due to

Equation (17).
Thus, the first relation is obtained from the second equation of set (15)

{aiX] (qo(i + u(xiT(Xij)CoLl — (uod [Fint(a,ﬁ)} )COl,l = (U(xi |:Fk(0d):| )COl,l
marlcxem)st , we obtain
Crcur)lo

Then, from the first equation of set (15) { d(m“n‘éi“‘)w'rl/ﬂ —

the following relations (Ey, = Te is the electron termal energy):

2 _ 0.5

ne( M5 + By Jup = —B = ZEled - g (CBO)T g oma L= 3 AA s
taking in accordance with [102] for the region of generation of turbulence:

Ex \', (7 9
v~ (i) 1= (33) 7

05 05
Then, ne<me”L2’ + Eth) = (%) - [Estky/ (v p27tA)] and, finally, (u?) + % - (%)

k
[ - J21/27A)].

(manatia)st it js possible

NeMle

Also, from the first equation of set (15) { d(m“n"gg“) coll0 — _ G

cor)10
to obtain the following relations
0.5 0.5
Est Eqt

—(ust)O'S (nemg) (ngme) Eqt ky 1
——— = —n.m, T = —Eg - ky/27A or (u) = o vp 2N
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Then, using Equation (27), it is possible to obtain the following relations:
Eq ky 1 \* ([ E¢\"( Ex Kk 1 T

st . My _9 st st . My +7€ _ 0/ (28)

neMme v 21TA NeMe neme v 21TA M,

E k E. \05 E 7.\ 05

Vg & (‘“-yl/znA> = ( st ) «—( st -e> . (29)

NMeMe VT Nettle Nettle M

*

4:

15510 %0nen; ZZT2° 15510 0nen;Z2T9° 15%10 nen;Z2Te° 1072+ T® 12

It is easy to see that when Eg; = Ey,, the stochastic energy equals to the thermal energy;

then, v‘;;e = n% ~ % and u, & Vg, X Upe. For the wave number, we obtain

(vdr)vT
()
In Equations (17)~(29), uy(e) = vgr- Here, vr = ve[(A) 4,/ A)] (Vpe /Var)%;
Wpe -3 Vpe T,
(N)g, = Ln(—(rj‘s)dr); (T’d)dr =Vgr/ Wpe; A = Ln [471110( 9 ) };rd = w’;e;A = Ln[(ﬁ)};

Upe
2
— e
o= | (gpiear )|

The value of critical electrical strength [67-70] may be obtained from Equation (17) as

ky = 27A (30)

-1
[EM@lBu(yhma[3l6-U§i)ni]f]aﬂS%( a*) (kﬂ)({f)[V/nq (31)

mv neT,

neT,

[HW%BN<E”>F%Qﬂ(g>%4iﬂgﬂ(%>hﬁmy (32)

Then, in according to Ohm’s law v = j/E given that j = envg, in the general case, the
conductivity is

_ _ envy
YT Whﬁ}é+ﬁw 39

Let us estimate an effect of EZ on the electron conductivity. From data [119]: T = 100 Ev,
n=10%,72 = 1.

107°

U(pi(ene)

Vdr (61’13) Vdr (61’[6) Vdr Vdr

Therefore, this value is neglected further for the conditions of hydrogen plasma [118].

6. Comparison of Calculation Results with Experiments

Here, we present below the calculations for conductivity in plasma and for the value
of the critical electrical field using the theory of stochastic equations and equivalence of
measure. In Tables 1-4, the results of the calculation are presented for the energy of elec-
trons with densities n = 108 m—3 and Te = 100-10,000 eV; A is taken in accordance with
Equation (27). For calculating the drift speed of electrons, we used Equations (28) and (29),
for the wave number, Equation (25); for E;, E;, E;, EZ, Equations (17)—(26); and for conduc-
tivity, Equation (33) are used. Tables 3 and 4 show the results of calculations according to
the initial data indicated above in the tables and the sequence of calculations according
to points (1)—(9).The presented algorithm for calculating the electronic conductivity for
hydrogen-plasma experiments is based on the theoretical solution of stochastic equations
for turbulent plasma.
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2

Table 1. (wpe)® = 1€ = 5% (3178,7).

EpMe
n Wpe ¢!
101 em—3 (1017m—3) 0.178 x 1011
102cm 3 (1018m—3) 0.561 x 101!
108em =3 (109m—3) 1.78 x 101!

Table 2. vre = /(Te/me); 1s = [(Upe;%:n%)} = (311;?57).

Te Upe I's
100 Ev (160 x 10719 7) 4.193 x 10° 0.18 x 10~?
200 Ev (320 x 107197) 5.929 x 10° 0.09 x 10~?
10*Ev (16,000 x 10719 7) 4193 x 107 0.18 x 10711

Est

0.5
Table 3. Results of calculation of the electronic conductivity for data [118]: n = 108 [m~3]; @ =13;

Upe

39
Te =100 Ev(160719J) ; rq = U pe/ Wpe; s = 0.18*10~7 [m]; ¥ pe =4.193*10° [m/c], A = (ff> =774,
Wpe v . (rq)g;*10~5 A= v, vr ky E IE; | IE; | E| [c1]
1] el 74*10~%[m] il LnGgly) ~ Par 1] 1] [m1] [Vim] [Vim] [Viml [\L/:]n] CGsE
05614101 1.967-10° 7.474 3506 12.94 1218 35841 x 10° 3272105  1.05842 3.67 13748 966956 11,0444  026-1012
( Ey )[)5
Table 4. Results of calculation of the electronic conductivity for data [118]: n= 10'8 [m—3]; & =2Te
Ype
39
=10,000 Ev(160 7 ]); rg =V pe/ wpe; s = 0.18 x 1071 [m]; Y pe =4.193 x 107 [m/c], A = (n s ) = 222.86.
. v . (rq)ge x 10~4 A= v, vt ky E; IE | IE; | E
Wpe [c71] e 14 x 104 [m] e Ln(rg/rs) (N [ 1] 1] [m1] (Viml  [Viml  [Vim] Vi & ;%5
0.561 x 101 1.12 x 107 7.474 1.996 19,843 18.52 56.65 2.748-103  0.00606 0.187 1033.87 66,0508  67,084.08 0.24-1012

0.5
M () ~ 130 and (GE) = 16902,
Q) vy ~ (L : "yl/zm) ( Ly ) ° (mme - L)O'S-vpe = 0.469-Vye = 1.967-10° [m/c]

NeMe VT NeMe Me

1
G) A=~ (n%) (1.69)%7 = 7.74; (rq) 4y = Vatr/ Wpe = 3.50641075; 14 /1, = 4152#10%; Ll —
194,791; v = ve[(A) g/ )] (Vpe /Vgy) = 3.58:10%-0.943-9.69 = 3.272-10° [c ']
@) ky =27ARar — 27A R4 < 1058 (] = k2 = 112[1/m?]

(i) ()

() Ei= viwe By = 072(ky) (%) (42 41— Puge ) By = 316 (K2, ) e T2

e
©)  [Ef +E3] = "vpuy +0.72(ky) ( ) (1330 )| =367 + 76176 — 76.176+19.0964
— 3.67 +76.176 — 14546873664 — 1374.84 [B/m]
(7)) Ej=-316- (k) 1 T2 316<k2) L_1_12

mve 1)1 (ene) = (e)1 mve U, (9) ( )1

_ 2 1 2
3.16 (k ) 9.1x10~31%3.2721051.967%10°%1.6%x10~ 17 T( e)l 3 16112 % 9.37x 10 38
(25 600 x 10~ 38) —3.91x0. 8573*2 56x10* _ —3.16%1. 1200005;573*2 56x10% _ 9669.56 [V/m]

®) [E)=[E +E+E] = 13746 + 9669.56 = 11,044.19 [V/m] = [110.44] [V /cm]

j 19,1018 4 «106
(9) y = E _ en;dr — 16x10~ *1130441?83715 10%env __ 0.288 % 102 [1/(01‘1‘1*1‘1‘1)]

INCGSE = 4 = £ = 2 = 0.388 ¥ 10249 * 10° = 0.26 * 10'2 [¢ ]

0.5
(1) (%) ~ 2.0pe and (nf;ig) =4 vpg
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@ v~ (B E1/2ma) = (A)O'S - (& —Q)O'Sq)pe — 0268V = 1.12:107

NeMMe Nelle NeMe Me
[m/c] 5
_ Awpe 1 19.843+0.561%(2.39506) 1 11118 . 0
ve = m(a) 3 ol 1011-18+(9) = 56,68 10
!
B) A~ (nETf) = (4)%7 = 222,86; (rq) 4, = Vatr/ Wpe = 1.996*10~%; g /15 = 4.149*10%;

(%dr = 1115 (10)% 17 = Ve[(A) g/ AN)](Vpe/Var)® = 56.65+0.93-51.98 = 2.7489431852-10°
[c]

_ (Var)vy (Var )Vt (1.12-10%%7)2.7489431852-10%3 __ 1.
@k =2mA] i) f=2ma| ) J 6285 2286 GO 0.006104| L ;

k,? = 3.72%107°[1/m?]
®) E; = %Veule) E; = 0.72(ky) (?) (43kx +1+ yu1€) _3. 16(k2) Tey Ty

(e) U(ey1Mve
©)  [Ef +E5) =| v +072(ky) () [ (1= 331 ) || = 10187 + 43.63 + 43.63 247

—|0.187 + 43.63 — 1077.6873664|= 1121.28 * 1.018 = 1033.87 [B/m]
(7) Ei=-316- (ki) e 1 pr g 16(k2) L% — 316

MVe 1y (€11e) (e)l Mve U1 (€) ()1

2 1 2 1x107°
(ky) 9.1%10~31%2.74895103%1.12%107%1.6+10~ 1 T(E)l = —3.16%3.66(3.72) * 44.826x10—%0

(2.56+10° 103 ) = 280710 — 0,660508 + 10° = 66,050.8 [V /m]
(®) [E] = [Ef + E} + E3] = 1033.87 + 66,050.8 = 67,084.6703 [V /m] = [671.72] [V /cm]

19,1018 7
(9) y = % _ engdr — 16%10~ 21;317;i11()2496715*10 — 0.256 % 102 [1/(Om m)]

INCGSE ¢ = 4 = £ = 2 = 0.256 + 10249 * 10° = 0.24 * 1012 [¢ ]

7. Discussion

The authors of [118] showed the results for strong electric fields E from 100 to 700 V/cm.
As can be seen, the predicted results presented in Figure 1 are consistent with experimental
data [118] for this electric field region.

Also, the presented results of calculations based on the stochastic equations confirm
that there is an electric-field region with approximately constant conductivity of ~30%. That
is, in the equivalence region, there is a distribution corresponding to the experimentally
determined in [118] for 100 < E < 700 V/cm.

This is the second region with approximately constant conductivity. This region was first
experimentally determined in [118]. In this study, the measurements were carried out in a wide
range of electric-field strength of 0.5 < E < 700 V/cm, while, in the region of 0.5 < E <90 V/cm,
there were only three measurements. Nevertheless, the authors of [118] confirmed the presence
of a region with a constant conductivity in the range of 0.2 < E < 20 V/cm with a subsequent
decrease in conductivity down to the voltage E = 100, which was first determined in [119].

The conductivity and current of a non-turbulent plasma are determined by well-

known ratios: j = en,ure = eneureE = YE; v = []T] = e“f;f]“, Ve = HreE; the formula
2
for the conductivity is vy = enepip, = f}:;g. The mobility of electrons is pte = ﬁ The

3
.. Wpe Wpe .
known formula for the collision frequency v, = Az——5— ( 271)}’1,5% ( o ) includes vre. The

calculations show that the value of the thermal velocity vt in the case of the plasma
turbulence gives no correct magnitudes of electrical conductivity of the turbulent plasma.
Thus, it is important to calculate the effective collision frequency vr. The solutions of
stochastic equations enabled us to derive the formula for the drift velocity (see Equation (24))

3.9
Var ~ [(GEL) - (%) (fﬁ) 1/27]]. Then it is possible writing j = en,v4, = enepq,E = YE;

Nellle

v = ﬁ = e“["’;]dr, Vdr = parE; here, the mobility of electrons is pig, = 3%, and the formula

1’1[»6
vrm,
a turbulent plasma depends also on the intensity of plasma turbulence, its temperature

(thermal energy), and the scale of turbulence of the turbulent plasma flow, instead of only

for the conductivity is ny = en,p g, = . It is easy to see that, now, the drift velocity of
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on the frequency of collisions of electrons v.. New Formulas (29) and (30) may be converted
into Equation (33) for a classical neutral plasma with Langrumov inhomogeneity. The
calculations of each of the motion components depending on the external field are presented
as [E] =|Ej + E} + +E3|. Here E; is the value of the electric-field strength corresponding
to the force of relative friction dependent on the relative velocity of electrons and ions
E;, = Eyp+Eyp + +E;,efi' E,p is the value of the electric field strength, corresponding to
the gas pressure of telectrons and ions. Here E;e_i is the value of the electric field strength
corresponding to the voltage tensor caused by the viscosity of the flow of electrons and
plasma ions. The value of E,y is the electric-field strength corresponding to the thermal
force, and Ej is the electric-field strength corresponding to the heat flow. Tables 3 and 4
show that |Ef|<|E}|<|Ej|. The obtained Formulas (17)—(33) for the Coulomb logarithm,
the wave number (turbulence scale), the collision frequency, the current, and the drift
velocity enable us to achieve agreement between the predicted and experimental data for
the conductivity j of turbulent plasma in a strong electric field of 100 < E < 1000 V/cm. The
development of the theory for calculating plasma heating was undertaken in [120-128].

( J
[}
@ experimental data
o ( J
Py Pediction on the basis
od stchastic equations
100 200 300 400 500 600 700 800

Electric-field strength E [V/cm]

Figure 1. Plasma conductivity as a function of electric-field strength for hydrogen according to
data [118].

It should be noted that, for the data of the experiments [118], no calculations with
using the theory of ion-sound instability are known in the literature. Nevertheless, even if
there are results of prediction using the theory of ion-sound instability, it only means that
there are currently several theoretical tools, one of which is presented in this article and
represents the stochastic theory of turbulent plasma.

It should also be noted that, usually, the Boltzmann equation with the Fokker-Planck
collision term takes into consideration only a dynamical frictional force coming from the
many-body collisions through the Coulomb force [128]. In [129], the electron transport
under the effect of two kinds of friction in an electron-deuteron plasma was discussed.
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Equations (31) and (32) present new formulas for the value of the critical electric field
strength. We also mention data from [130-132].

The presented theory and obtained results of calculations show that, for high level
Est

0.5
of turbulence of plasma, ("EZ;L) > 1.3, the conductivity is Y = 0.26:10'2 [c"!]. For

By \05
M = 2, the conductivity is Y = 0.22:10'2 [c 1], see Tables 3 and 4. However, the

Upe

spread of experimental data for 100 < E <700 V/cm is ~30%.

8. Conclusions

The obtained results show that the stochastic turbulence theory based on stochastic differ-
ential equations and equivalence of measures between deterministic and random fields is valid
also for the turbulent plasma during heating by the strong electric field {Equations (1)-(15)}. It is
shown that, after the onset of plasma turbulence, the existing experimental data have a certain
spread of ~30% for a strong electric field of 100 < E < 1000 V/cm; see data in [118] and Figure 1.
The energy balance was discussed for the plasma with the temperature Te~10,000 Ev in the
region of the external strong electric field of 100 < E < 1000 V/cm. It is theoretically shown
that the energy of the external electric field compensates also the energy costs due to heat flux
E3 and the total shear-stress tensor of the plasma particles Ep, which are the functions of the
collision integral, instead of only the energy costs due to the forces between the particles E;.
Thus, the plasma becomes more turbulent with constant conductivity, and a plateau is formed
even in the region of the external strong electric field of 100 < E < 1000 V/cm. It is theoretically
determined that, starting from a voltage of about 100 V/cm, the plateau exists, and the energy
of the deterministic field continues to pass mainly only into a random turbulent field.

In addition, on the basis of stochastic equations for the experimental values of
electron density and temperature, the plasma current, and conductivity, we theoreti-
cally determined also the drift velocity, collision frequency, Coulomb interval, and the
wave number (turbulence scale). Besides, we determined theoretically the level of tur-

Eqt 0,5_
bulence of plasma W x100% = 30% for electrical field E = 100 V/cm and

Ey \05
W *100% ~ 100% for electric field E = 700 V/cm.

As a result, the correct application of stochastic theory in the range of 100-1000 V/cm
was confirmed. It should be noted that both the development of stochastic theory for plasma
and the theoretical tool is proposed for the calculation of turbulent heating by the strong
electric field in the range of 100 < E <1000 V/cm. Stochastic theory for plasma processes can
apparently lead to the development of tools for the numerical methodology [102,106,107]

of direct theoretical-numerical simulation.
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