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An investigation is made of the heating of the electron gas in a plasma in a constant electric 
field, taking into account inelastic electron collisions. It is shown that the electron tempera
ture may be in a steady state only for small values of the intensity of the electric field E < Ek; 
in the case E ::::: Ek this condition is no longer stable. An investigation is made of the depend
ence of the field Ek on the degree of ionization of the plasma. A comparison is made with 
the results of experimental papers.9•10 An explanation is given of the two modes of heating 
observed in those papers; good quantitative agreement with their results is obtained. 

PREVIOUSL Y1 some peculiarities were pointed 
out in the behavior of the electron temperature 
in a strongly ionized plasma, arising as a result 
of the fact that the frequency of electron-ion col
lision falls off sharply as the electron velocity in
creases. It turned out that in a constant electric 
field the electron temperature may be in a station
ary state only for low values of the intensity of the 
electric Held E < E~l. For E ::::: E~l no stationary 
state exists anymore; in this case the electron tem
perature increases continuously with time.* The 
whole investigation is carried out in reference 1 
on the assumption that only elastic electron colli
sions occur. However, it is well known that in
elastic collisions usually also play a significant, 
and even a dominant, role. The object of the pres
ent article is to take them into account. 

We consider an infinite plasma in an atomic gas 
situated in a spatially homogeneous constant electric 
field. When the following conditions are satisfied 

dT.;dt<,veTe, Q(T.)<,fkTeveff, Q(Te)<fkTe'le (1) 

the main part of the electron distribution function 
which depends only on the absolute value of the 
velocity is Maxwellian;t in this case the electron 

*In an alternating electric field this effect depends signifi
cantly on its frequency w; thus, for w;;. wk"" 0.2veff no insta
bility of the electronic apparatus occurs at all. A magnetic 
field directed at right angles to the electric field also has a 
similar effect; for example, no instability arises' if eH/mc = 

WH;:: Wk. 

tlf the first of conditions (1) is not satisfied, i.e., if the 
losses are small and the field E ~ VkTemllefflle/e [cf. (2)], the 
velocity distribution of the electrons becomes sharply directed 
(this case in a fully ionized plasma was investigated by 
Dreicer2). If the second of conditions (1) is not satisfied this 
also leads to the appearance of a pronounced directed part in 
the distribution function. When the third condition is not satis
fied, the distribution function remains symmetric, but its shape 
may be significantly altered (cf., for example, reference 3). 
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temperature T e is determined by the following 
equation 

Here, as usual, k is the Boltzmann constant, 

(2) 

e and m are the char~e and the mass of the 
electron, E is the intensity of the electric field, 
Ve is the electron -electron collision frequency. 
Veff = Veffi + Veffn• where Veffi is the effective 
electron-ion collision frequency and Veffn is the 
electron-neutral particle collision frequency; the 
expressions for Veff ( Te) are given, for example, 
in the book by Al'pert, Ginzburg, and Fe1nberg,4 

and also in reference 5. Ka is a numerical co
efficient whose value depends on the ratio between 
Veffi and Veffn; it varies from 1.95 (for Veffn 
« Veffi) to 1.05-1.13 (for Veffn » Veffi). 1•5 

Finally, Q ( T e) is the energy lost by the electrons 
per unit time in collisions with heavy particles: 

3 16 (2rr:kT ') •;, eG 
Q(T,)=z-k(T.-T)oeiVeff-!-3 3m mnc" 

The first term in this expression describes the en
ergy losses by the electron in elastic collisions with 
heavy particles ( Oel = 2m/M), the second term de
scribes bremsstrahlung losses, the third term de
scribes excitation losses, the fourth term describes 
ionization losses (here EZ is the energy of the Z-th 
level, vz is the frequency of its excitation; simi
larly Ei and Vi are the ionization energy and fre
quency·).* 

*Equation (2) was utilized, in particular, in references 6 
and 7 for numerical calculations of plasma heating in the 
stellarator. 
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The stationary electron temperature is deter
mined, naturally, by the relation 

(4) 

Moreover, it is necessary that the energy given to 
the electrons by the field should increase with in
creasing T e more slowly than the energy loss by 
collisions. However, it may be easily seen that 
these conditions are by no means always satisfied. 
Indeed, the energy given to the electrons by the 
field increases, as is well known, in the case of a 
sufficiently high degree of plasma ionization, pro
portionally to T¥2 (since Veff i "" T e3/ 2 ) • Only 
the energy lost by the electron through excitation 
and ionization increases equally rapidly. However, 
at temperatures of the order of q /k the rate of 
growth of Vi ( T e) and vz ( T e) is reduced, while 
at higher temperatures even a decrease of vi ( T e ) 
and v z ( T e ) begins ( cf. reference 8 ) . The role 
played by the remaining terms, which describe 
the energy lost by the electrons in elastic colli
sions and by bremsstrahlung, is not very signifi
cant under these conditions. Consequently, the 
electron temperature may be stationary only for 
T e ~ Ei /k and at low values of the intensity of 
the electric field. 
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FIG. 1. The dependence 

of Te/Tek on E/Ek in a 
strongly ionized helium 
plasma. · 

We now calculate the stationary electron tern
perature in a helium plasma.* We assume ini
tially that the plasma is strongly ionized ( v eff i 
» v eff n), and we take into account in Q ( T e) 
only the main part of the electron energy losses 
- the losses due to excitation and ionization of 
helium atoms, i.e., we neglect initially the effect 
of losses due to bremsstrahlung, due to excitation 
and to further ionization of singly ionized helium, 
and we neglect losses in elastic collisions (they 
all lead only to a small correction, cf. below). As 

*For the calculation of IIi (Te), 111 (Te) use was made of 
effective excitation and ionization cross sections in helium 
given in reference 8. It should be noted that the corresponding 
experimental data are not sufficiently complete; moreover, 
the measured cross sections differ noticeably from values cal
culated theoretically. As a result of this, the accuracy in the 
calculation of electron temperature apparently does not exceed 
20%. 

may be easily seen, in this case the stationary 
temperature T e depends on only one parameter. 
It is shown in Fig. 1; along the vertical axis we 
have plotted the ratio T e /T ek• where T ek 
~ 1.03 Ei /k is the maximum stationary electron 
temperature; along the horizontal axis we have 
plotted the ratio ( E/Ek)2, where 

(5) 

is the critical field (in v/cm ). Here Ei is the 
ionization energy, D is the De bye radius, Vi ( Ei /k) 
is the frequency of ionization at T e = Ei /k, qi 
= Ni /Nno is the degree of plasma ionization, Ti 
is the ion temperature (in electron volts ) , Nno 
= 3.52 x 1016 p0 is the total gas density (p0 is the 
initial pressure).* 

It is seen from the diagram that the electron 
temperature can be stationary ( solid curve ) only 
in fields lower than the critical field; however, if 
E ::: Ek, then there exists no stationary state. In 
this case the electrons have no time to.lose the en
ergy communicated to them by the field, and their 
temperature increases continuously with time. t 

The value of the critical field (5) depends sig
nificantly on the degree of plasma ionization qi. 
Moreover, if qi < 0.5, then Ek increases with 
increasing qi, while if qi > 0.5, then Ek de
creases. The critical field reaches the maximum 
value 

when qi = 0.5. Naturally, in the case when the 
electric field intensity is greater than Ekmax• 
a stationary condition cannot occur irrespectively 
of the degree of plasma ionization ( since E 
> Ek max ::: Ek). However, if E is less than 
Ek max• a stationary state may be realized, if qi 
takes on some value in the interval 

0.5 (1- Yl- (E/Ek max) 2) < q; < 0.5 

X (l + Yl- (E;Ek maxn· (6) 

*The same expression (5) for the critical field Ek will also 
be obtained in the case of any other atomic gas: only the con
stant in front of the square root will be altered (it depends on 
the ratio between the excitation and ionization losses in any 
given gas). 

twhen sufficiently high values of Te are attained the first 
of conditions (1) is violated, and the electron velocity distribu
tion becomes sharply directed (cf. footnote t on p. 85). We also 
note that the electron temperature may likewise increase with 
time in the case of fields E < Ek; for this it is necessary that 
at the time the field is switched on Te should exceed Tek' 
with the point Te/Tek lying above the dotted curve in Fig. 1. 
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In this case, as the degree of plasma ionization qi 
increases, the electron temperature in the station
ary state diminishes for qi < 0.5 [since for qi 
< 0.5 the ratio EIEk diminishes as qi increases, 
and consequently T e ( EIEk) also diminishes ( cf., 
Fig. 1)], while it increases when qi > 0.5. The 
minimum value of T e in the stationary state is 
given by T e min = T e { EIEk max). From formula 
(6) it may also be seen that in the case of fields 
E < Ekmax , the electron temperature likewise be
comes nonstationary both in the case of high and 
low degrees of plasma ionization. 

In the case of low degrees of plasma ionization, 
however, we cannot neglect collisions with neutral 
particles as was done earlier. Therefore, a suit
able calculation was carried out taking into account 
Veffn• and we also took into account terms de
scribing the energy lost by the electrons in elastic 
collisions, by bremsstrahlung, and by excitation 
and ionization of singly ionized helium, which were 
all neglected previously. The dependence of the 
electron temperature on the degree of plasma 
ionization for different values of ( E1Ekmax)2 

obtained as a result of this calculation is given 
in Fig. 2. It may be seen from the diagram that 
the instability of electron temperature arises only 
for high degrees of ionization; in the case of small 
qi no such instability occurs. Consequently, it is 
very important to take into account collisions be
tween electrons and neutral particles at low de
grees of ionization, as should be the case. 

n 

FIG. 2. The depend-
' ence of Te/T ek on qi. 
I The numbers labelling 
IIJ.5 

the curves correspond to 
different values of 

(E/Ekmw/· 

We now investigate qualitatively the process of 
plasma heating in a constant electric field E which 
is smaller than Ek max or is of the same order of 
magnitude. In doing this we assume that at the in
stant of switching on the heating field the electron 
temperature is lower than T ek• and the degree of 
plasma ionization is not great. Then in the initial 
period of heating the electron temperature will in
crease up to the corresponding stationary value 
[as is shown by the dotted line in Fig. 2 for the 
case ( EIEkmax>2 = 0.6]. We now take into ac-

count the fact that the degree of plasma ionization 
also increases with time. This means that the 
electron temperature will subsequently vary in ac
cordance with the stationary state curve, but only 
up to the point where qi reaches its critical value, 
at which point instability occurs. After this the 
electron temperature again begins to grow sharply 
(dotted line in Fig. 2). Consequently, in the case 
of plasma heating in the field E :S Ek max a 
"plateau" having a characteristic maximum and 
minimum may appear in the curve which shows 
the variation with time of the electron tempera
ture (or of the electron current); this "plateau" 
corresponds to the region of the stationary state. 
As may be clearly seen in Fig. 2, the extent of 
the "plateau" decreases as the intensity of the 
heating field increases. When (EIEkmax) 2 > 1.5 
it disappears completely; in this case the electron 
temperature grows continuously with time. 

Thus, when plasma is heated in a constant elec
trio field two modes of heating may occur, depend
ing on the value of the field: with a "plateau" and 
without a "plateau." The field Es, which sepa
rates these two modes is equal to (in vI em) 

Es~VITEk max~ 4,3.J0-15Nno. (7) 

The ohmic heating of a helium plasma has been 
investigated experimentally in the case of the 
stellarator.9•10 In the experimental paper9 charac
teristic curves are given which show the variation 
with time of the current in the stellarator for vari
ous values of the heating field. We note first the 
good qualitative agreement with the special features 
of plasma heating described earlier. From the 
curves shown in the figure given above we may 
easily determine the field which separates the 
two modes of heating: 

Es ~ (0.083 + 0.006) vI em. (8) 

Formula {7) gives for this case ( Nno = 1. 76 x 1013 ) 

E_a = 0.076 vlcm; it is seen that the agreement of 
the theoretical value with the experimental one {8) 
is sufficiently good. 

Further, in reference 9 the dependence of the 
maximum current at the current "plateau" {!max> 
on the electric field intensity has also been meas
ured; these results are shown in Fig. 3, where 
along the horizontal axis we have plotted the ratio 
of EIEs, while along the vertical axis we have 
plotted the ratio I max { E )lim (for E = Es the 
maximum and the minimum values of the current, 
naturally, coincide: I max { Es) = I min ( Es) = Im) · 
The solid and the dotted curves in the same dia
gram indicate the possible limits of variation of 
the current at the current plateau obtained as a 
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FIG. 3. The dependence of 
lm81/lm (solid curve) and 
lmin/lm (dotted curve) on E/Es; 
o, !1, x are the experimental 
results• of measuring Imax(E)/Im. 

result of a theoretical calculation according to 
the following formula 

I(£) I I (Es) = (£j£p)Yeff [Te (Ep)] jv err!Te (£)]; 

it may be seen from the diagram that they are in 
good agreement with experiment.* 

One might also note a number of qualitative 
remarks made by the authors of the experimental 
papers9•10 which are also in agreement with the re
sults of the present investigation. In particular, the 
fact that there exists a current "plateau" for a long 
time (up to 3 millisec) shows that during all this 
period there exists a considerable number of neu
tral particles in the plasma ( cf. Fig. 2 ) , which is 
in accord with experimental observations on the 
luminosity of neutral helium. 

*The slope of the curve Imax(E)/Im, shown in Fig. 3, may 
vary somewhat depending on the initial degree of plasma ioni
zation, and also on the initial electron temperature, etc. The 
minimum value of the current depends on these parameters to 
a smaller extent. 

Consequently, on adding neutral gas to the dis
charge it is possible to maintain the current and 
the electron temperature at constant values for 
long periods of time. By lowering the electric 
field in a heated and singly ionized gas it is pos
sible, in principle, to achieve similar stationary 
conditions in the domain of second (or higher) 
ionization, i.e., at a higher stationary electron 
temperature. 

The author is grateful to V. L. Ginzburg for 
his interest in this work. 
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