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Abstract – A model of electron collector in gas discharge
plasma with electron velocity distribution as a sum two
Maxwellian distributions at different temperatures is offe
red. Gas discharge disturbance by electron collector is con
sidered, disturbance coefficient is introduced. Expressions
allowing to calculate disturbance coefficient as well as cur
rentvoltage characteristics of the collector in nonequilibri
um plasma have been obtained. Calculated and experimental
results are compared.

that the collector is located in the anode plane, their
total area is equal to F, the share of the collector in this
area being f. The plasma electron component consists
of thermal electrons with concentration net and tem
perature Tet and hot electrons with concentration neh
and temperature Teh (Tet<Tеh). The discharge is consi
dered as homogeneous in cross section. The plasma
potential ϕ exceeds the anode potential U0 (Fig. 1, b),
i.e. the anode potential drop is negative.
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1. Introduction
A.V. Zharinov and Yu.A. Kovalenko in their well
known paper [1] offer a theory of electronic collec
tors in gas discharge in which plasma has equilibrium
(Maxwellian) velocity distribution of electrons. The
importance of this work is that it allows to under
stand the physics of plasma disturbance by electronic
collector. It is rather important for research and de
velopment of electron sources with plasma emitter.
In many cases in lowpressure gas discharges us
ed in such sources to create emitting plasma, the me
an free path of electrons, accelerated in cathode po
tential drop or in a double electric layer, exceeds the
characteristic sizes of area in which plasma is crea
ted. Therefore some fast electrons cannot relax in
one flight through this area, and the electronic com
ponent of plasma will have nonequilibrium velocity
distribution. Electron velocity distributions in such
conditions observed in experiments point at there
being two or even three groups of electrons conside
rably different in energy. For calculations in such
cases nonequilibrium electron distributions are
frequently approximated by the sum of two Maxwel
lian distributions at different temperatures or by the
sum of Maxwellian distribution and the directed be
am [2, 3] or by the sum of two Maxwellian distribu
tions and the directed beam [4, 5].
In the present paper an attempt is made to consi
der the disturbance by the collector of discharge
nonequilibrium plasma in which electron velocity
distribution can be presented as the sum of two
Maxwellian distributions at different temperatures.
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Fig. 1. Electric supply circuit of discharge and electron
collector (a) and ratio of different electrode and plasma
potentials (b). C is cathode, A is anode, K is collector, ε
is discharge emf, R is ballast resistance, I is discharge
current, U is potential difference between anode and
cathode, U0 is the same when V=0, V is potential diffe
rence between anode and collector, ϕk, ϕ are collector
and plasma potentials in relation to cathode
As shown in [1], one of the key parameters deter
mining the degree of plasma disturbance by the elec
tron collector is parameter G equal to the ratio of
chaotic electron current density to discharge current
density. In the case under consideration, in view of
the chaotic current density of thermal (jrt) and hot
(jrh) electrons and the negative anode potential drop
parameter G can be presented as

2. Model of gas discharge processes
The circuit of gas discharge and switch of collector
is presented in Fig. 1, а. For simplicity we shall accept,
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G=

jrt + jrh

⎛ eϕ − eU 0 ⎞
⎛ eϕ − eU0 ⎞
jrt exp ⎜ −
⎟ + jrh exp ⎜ − kT ⎟
kT
⎝
⎠
⎝
⎠
et
eh

,

if the electron current from plasma to the anode do
es not change its sign to the opposite.
Based on (8) discharge current at some displace
ment V can be written down as the sum of the current
to collector (the first summand) and the current to
the anode (the second summand):
I (V ) = jk (V ) Ff + H (V ) j k (V )F (1 − f ).
(10)
Let's divide (10) by I(V)=j(V)F, where j(V) is
discharge current density:
j (V )
j (V )
(11)
1= f k
.
+ (1 − f ) H (V ) k
j (V )
j (V )

(1)

where

kTet
kTeh
(2)
,
,
jrh = eneh
2π m
2π m
e, m are electron charge and mass, k is Boltzmann's
constant. If we introduce the notation
neh
net
T
αh =
, αt =
, β = et ,
(3)
net + neh
net + neh
Teh
jrt = enet

At a certain value of V=Vϕ the collector potential
reaches the plasma potential (ϕk=ϕ). As this takes
place, the current density to a collector jk(Vϕ) beco
mes equal to chaotic electron current density jr(Vϕ)
and if we accept, as it is done in [1], that G does not
depend on V,
jk (Vϕ ) jr (Vϕ )
=
= G,
(12)
j (Vϕ )
j (Vϕ )

than
G=

α h + αt β

⎛ eU − eϕ ⎞
⎛ eU0 − eϕ ⎞
α h exp ⎜ 0
+ αt β exp ⎜
⎟
⎟
⎝ kTeh ⎠
⎝ β kTeh ⎠

. (4)

Now we shall consider the mechanism of the gas
discharge disturbance by the electron collector. At
positive displacement V the anode potential U decre
ases by μV:
U = U 0 − μV ,
(5)
and the collector potential increases by (1–μ)V in re
lation to the initial potential U0 (Fig. 1, b). It results
in decreasing anode electron current density ja(V)
and in increasing collector electron current density
jk(V). As this takes place, the total discharge current
I(V) increases as V increases:
ε − U 0 + μV
I (V ) =
.
(6)
R
Expression (6) is received from Kirchhoff's se
cond rule for the electric circuit containing both
power supplies (Fig. 1, а).
From expressions (5) and (6) it follows, that
μ = − ΔU , μ = ΔIR ,
(7)
ΔV
ΔV
i.e. the value of μ is numerically equal to the anode
potential decrease or to the discharge current incre
ase through unit ballast resistance at unit increase in
collector displacement V. Proceeding from such
physical sense, we shall name parameter μ as distur
bance coefficient. Maximum value of μ cannot exce
ed 1. Zero value of μ testifies that the collector does
not disturb the discharge.
Let's establish the limits of applicability of the di
sturbance model under consideration and find out,
how the disturbance coefficient depends on non
equilibrium plasma parameters. Let's introduce pa
rameter

H (V ) =

ja (V )
.
jk (V )

and equation (12) becomes
1 = fG + (1 − f ) H (Vϕ )G.
From (13) we shall define H(Vϕ):

1 − fG
.
(14)
(1 − f )G
As seen from (14), to satisfy (9) at all values of V
up to V=Vϕ, the following condition should be satisfi
ed
fG < 1.
(15)
If fG≥1, H(Vϕ)≤0. It means that at a certain value
of V<Vϕ the electron current to the anode will chan
ge its sign, i.e. the anode will pass to the mode of the
cathode, and the collector – to a mode of the anode.
Let's express parameter H(Vϕ) through parame
ters of nonequilibrium plasma:
H (Vϕ ) =

⎛ eVϕ ⎞
⎛ eVϕ ⎞
+ αt β exp ⎜ −
⎟
⎟
⎝ kTh ⎠
⎝ β kTh ⎠ , (16)

α h exp ⎜ −
H (Vϕ ) =

we shall also
ϕ–U0=(1–μ)Vϕ:
G=

α h + αt β

copy

(4)

considering

α h + αt β

⎡ e( μ − 1)Vϕ ⎤
⎡ e( μ − 1) Vϕ ⎤
α h exp ⎢
+ αt β exp ⎢
⎥
⎥
⎣ kTeh ⎦
⎣ β kTeh ⎦

that

. (17)

Using equations (14) and (16) and setting f, G, αh,
αt, β, it is possible to calculate eVϕ/kTeh, and then,
having substituted this value in (17) to receive value
of disturbance coefficient μ.
For the collector to work in the mode of a probe
and not to disturb a discharge, it is necessary, as well
as in [1], to observe condition
fG << 1.
(18)

(8)

Proceeding from (8) H(0)=1. As V increases pa
rameter H(V) will decrease, remaining positive, i.e.

0 < H (V ) < 1,

(13)

(9)
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It means, that the share of the current to the col
lector will be negligible even at V=Vϕ. As this takes
place, the increase of V from 0 up to Vϕ practically
will not lead to changing the discharge current. It
means, as it follows from (6), that μ=0 and ϕk=U0+V,
U=U0, i.e. the anode potential will not change (the
discharge not disturbed), and the collector potential
will increase by V.

and anode potential constant while measuring the
collector currentvoltage characteristic, evidently, at
the expense of changing the discharge emf and the
thermionic cathode heat. This provided the value of
disturbance coefficient μ equal to 0.
The satisfactory concurrence of calculated and ex
perimental currentvoltage characteristics confirms
the correctness of the proposed model of electron col
lector in nonequilibrium gas discharge plasma.

3. Collector currentvoltage characteristics
On the basis of the above stated representations it
is possible to receive a dimensionless expression for
the current to collector Ik(V) which looks as follows:
I k (V ) ⎛
μV ⎞
1
= 1+
,
I k (0) ⎜⎝ ε − U0 ⎟⎠ f + (1 − f ) H ( V )

Ik(V)/Ik(0)
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1

(19)
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Fig. 2. Comparison of experimental (dots) [6] and
calculated (solid line) collector currentvoltage cha
racteristics. G=40; f=1,33.10–3; αh=0,016; αt=0,984;
β=0,15; Teh=13,59 eV; kTeh/(ε–U0)=0,03; Vϕ=10,7 V;
μ=0,03

ε − U0
f,
(20)
R
H(V) parameter which is part of (19) can be ex
pressed through the nonequilibrium plasma parame
ters. So the current density ja(V) and jk(V) in expres
sion (8) can be represented as follows:
I k (0) = I k |V =0 =

⎡ ( μ − 1)eVϕ ⎤ ⎛ μ eV ⎞
⎟+
⎥ exp ⎜ −
⎣ kTeh ⎦ ⎝ kTeh ⎠
⎡ ( μ − 1)eVϕ ⎤ ⎛ μ eV ⎞
+ jrhα t β exp ⎢
⎟ , (21)
⎥ exp ⎜ −
⎣ β kTeh ⎦ ⎝ β kTeh ⎠

ja (V ) = jrhα h exp ⎢

10 Ik(V)/Ik(0)
1
0,1

⎡ ( μ − 1)eVϕ ⎤
⎡ ( μ − 1)eV ⎤
⎥ exp ⎢⎣ kT
⎥⎦ +
kT
eh
eh
⎣
⎦
⎡ ( μ − 1)eVϕ ⎤
⎡ ( μ − 1)eV ⎤
+ jrhα t β exp ⎢
exp
⎥
⎢⎣ β kTeh ⎥⎦ . (22)
⎣ β kTeh ⎦

jk (V ) = jrhα h exp ⎢

0,01

-5

Taking into account expressions (8, 19–22) one
can calculate collector currentvoltage characteristics.
These expressions are also correct in the case of nega
tive values of V that is why they can be used, for exam
ple, in probe diagnosing of nonequilibrium plasma.
The analysis of expressions, determining the cur
rentvoltage characteristics of the collector, if it works
in the probe mode (fG<<1, μ=0) confirms the cor
rectness of the methods of probe characteristic treat
ment offered in [4, 5]. Using these methods the para
meters of nonequilibrium plasma for experimental
conditions [5, 6] have been determined, and the cur
rentvoltage characteristics were calculated after that.
Fig. 2 and 3 show the comparison of calculated and
experimental currentvoltage characteristics for con
ditions corresponding to curve 4 in Fig 13 of [6] and
in fig. 4 of [5]. The peculiarity of the latter case is that
fG=0,48, i.e. condition (18) is not observed. However
the author of [5] artificially kept the discharge current
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Fig. 3. Comparison of experimental (dots) [5] and
calculated (solid line) collector currentvoltage cha
racteristics. G=3,7; f=0,13; αh=0,017; αt=0,983;
β=0,164; Teh=8,19 eV; Vϕ=2,66 V; μ=0
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