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Physical processes in plasma electron
emitters based on a hollow-cathode
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Abstract. The physical processes taking place in plasma electron emitters based
on a hollow-cathode reflected discharge are analysed. Spatial distributions of the
plasma parameters in the discharge chamber and in the emission channel have
been calculated. The effect of electron emission on the plasma parameters in the
discharge chamber and in the emission channel is discussed.

1. Introduction
The plasma electron emitter is a device where a gas
discharge plasma is generated and conditions favourable
for efficient extraction of charged particles from the
plasma surface into the acceleration gap are created.
The physical processes occurring in electron emitters
have been investigated in a number of experimental
and theoretical works [1, 2]. Various types of plasma
emitters have many properties in common, particularly
those concerning the emission of charged particles from
the plasma. Nevertheless, the production of a plasma and
its parameters as well as the conditions under which the
emission boundary is formed can be described in terms
of a general theory in some special cases only and, as
a rule, have to be specially considered for each emitter
under investigation.
This paper presents the results of a study of plasma
emitters based on a continuous low-voltage reflected
discharge with a hollow cathode [1]. Simple physical
models that are used have made it possible to predict
practically important characteristics of the discharge and
the emission process and to demonstrate the relationship
between them.
A plasma electron emitter generally consists of a
gas discharge chamber whose electrodes bound the
region where the emitting plasma is formed, an electron
acceleration region, and an emission channel that joins
these two regions together and determines the degree of
their mutual influence. The parameters of each of these
building units are determined by the requirements for the
performance of the electron source of the plasma emitter.
In the subsequent discussion we do not consider
the electron acceleration region and only consider the
physical processes occurring immediately in the plasma
emitter.
0022-3727/94/050953+09$19.50 © 1994 lOP Publishing Ltd

Reflected discharge based emitters are mainly used
for the production of continuous focused electron beams.
The principal use of such beams is in the thermal
treatment of materials, e.g. in electron beam welding.
For comparatively high plasma electron temperatures,
the required beam parameters are achieved at an emitter
current density je of about 106 A m- 2 . The combination
of the values of beam current fe and je determines
the size of the emission channel whose diameter is
approximately equal to 10- 3 m. Owing to the small
size of the channel and the high emission current
density, the electric field of the accelerating electrode
only slightly penetrates the discharge chamber and it
fails to form an emitting plasma boundary with an
area much in excess of the channel cross sectional
area. Under these conditions, in order to make electron
emission from the discharge chamber more efficient, it
is purposeful to use a discharge capable of generating a
highly inhomogeneous plasma and to place the emission
channel in the region where the electron density is a
maximum. Moreover, the discharge should be low
voltage with electrodes showing a low erosion rate to
increase the emitter lifetime, and the gas pressure in the
region of the emitting plasma boundary should be low
enough to ensure electric strength for the accleration gap.
All these requirements are satisfied by the type of emitter
under consideration.

2. The low-voltage reflected discharge with a
hollow cold cathode
The electrode assembly for a hollow cathode reflected
discharge is shown in figure I. The discharge chamber
is a cylindrical Penning cell with one of the cathodes
having a cavity. Comparatively low-current (up to
a few amperes) glow discharges are more commonly
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V L Galansky eta/

1

gas

o.e
_o.s

:s<

0.4

0.2

r....i-~

O.~OL0--'--~40':-0--'---:-'500

Figure 1. Electrode system for a hollow cathode reflected
discharge: 1, hollow cathode; 2, anode; 3, reflector
cathode; 4, emission channel.

used. This discharge mode is realized by bleeding
a gas into the discharge chamber.
The bleeding
rate is 30-100 cm3 atm h- 1 which corresponds to a
pressure of about w- 2-5 X w- 1 mm Hg in the emitter
discharge chamber at a pressure of 1o- 4 mm Hg in the
vacuum chamber. Since the bled-in gas is pumped out
through the (small) emission channel only, the pressure
distribution in the discharge chamber may be considered
uniform.
On application of the discharge voltage, the plasma
initially forms between the flat parts of the cathodes. As
early as this discharge stage (figure 2, the portion of the
current-voltage characteristic between points A and B),
the plasma density distribution is noticeably non-uniform
in radius (figure 3, curve 1). Once the discharge current
reaches some 'critical' value, the plasma penetrates the
cathode region where it initiates emission and ionization
processes. This results in a change in the slope of the
discharge current-voltage characteristic (see figure 2, the
characteristic portion between points C and D) and in
an enhanced plasma inhomogeneity (see figure 3, curve
2). The established plasma density radial distribution is
due to the interaction of two discharge regions where the
conditions for the motion of charge carriers are different,
namely, the cathode cavity and the intercathode gap. The
plasma density in the near-axis region of the intercathode
gap is greater than near the entrance to the cathode cavity
[3]. The axial plasma potential distribution near the
entrance is then established so that the cavity becomes
an electron source. Under these conditions the electron
current entering from the cavity into the intercathode gap
can be set equal to mid, where m is a constant. For the
modes corresponding to the technological applications
of the emitter, m is in fact constant and approximately
equal to 0.6. This makes it possible to consider the
processes in the intercathode gap independently of those
in the cavity.

3. Parameters of the plasma in the
intercathode gap
An important characteristic of this type of electron
emitter is the plasma density radial distribution in
the discharge.
This distribution can be calculated
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Figure 2. Current-voltage characteristic of a discharge.
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Figure 3. Radial plasma density distributions in a
discharge: 1, conventional reflected discharge; 2, hollow
cathode reflected discharge; n0 , plasma density at the axis
of the hollow cathode reflected discharge.

approximately using the continuity equations and the
equations of motion for electrons and ions. For this
procedure the following discharge processes are taken
into consideration and the following assumptions are
made.
(1) The hollow cathode is an electron source
producing a current Ic = mid. The electrons move from
the cavity into the cylindrical region of the intercathode
gap whose radius r0 is equal to the radius of the cavity.
Without regard for radial variations of the current density
in the cavity, the number of electrons entering each cubic
centimetre of the intercathode gap per second can be
defined as .A= midjerrr'5L, where L is the intercathode
gap spacing.
(2) The electrons from the cavity and those produced
as a result of gas ionization move away from the
intercathode gap in a radial direction towards the anode.
The ions move in both radial and axial directions. The
radial motion of the particles is assumed to occur by a
diffusion mechanism. This assumption is justified since
for the conditions under consideration (the magnetic
induction being about 0.1 T and the gas (argon) pressure
about 0.1 mm Hg) the Larmor radius of an electron
travelling with thermal velocity is 0.5% of the anode
radius and the mean free path of an ion is of the order
of 30% of the anode radius. The result of ion movement
to the cathode along the axis is taken into account by
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a factor K = ja/L, where j 8 = 0.4ni(r)J2kTe/M is
the Bohm ion current density, ni(r) is the ion density
at the space point with coordinate r, Te is the electron
temperature, k is Boltzmann's constant and M is the ion
mass.
(3) The gas is ionized by electrons generated as a
result of y processes at the cathodes. These electrons
are accelerated in the cathode fall region of the discharge
and oscillate in the intercathode gap. The ionization by
cavity electrons is disregarded because of the low energy
of the electrons. This emission of the fast y electrons
from the cavity is unlikely and so it is also neglected.
The number of ionization events induced by the y
electrons is determined as f3 = a y K. a is the number
of ionization events induced by an electron during its
lifetime and y is a generalized emission coefficient for
electrons and ions. The value of y was taken from
tabulated data and the value of a was found from the
balance equation for the ions in the intercathode gap.
(4) The magnetic field in the intercathode discharge
region is uniform and is not screened by the plasma
because of its comparatively low density. The plasma is
uniform in both axial and azimuthal directions.
With regard to the above mentioned processes and
assumptions the continuity equations are written as
djer + jer = ({3 + YK)ni(r) +A
dr
r
jir
-djir
+=
dr
r

({3- K)ni(r)

(1)

(2)

where je and ji are the electron and the ion radial fluxes
respectively.
The equations of motion have the form
(3)

.
dni(r)
dq:>(r)
]ir = -Du. d;:-- JLi.l.ni(r)~

(4)

where q:>(r) is the plasma potential.
The transport coefficients transverse to the magnetic
field were calculated from the expressions
(JL/ p)

and

kTe
D.l. = -JLJ.
e

where B is the magnetic induction and p the gas
The particle mobilities JL used in the
pressure.
calculation were taken from tabulated data.
Assuming that the plasma is quasineutral, i.e.
ne(r) = ni(r) = n(r), equations (1)-{4) can be reduced
to the equation for the plasma density

d 2n

1 dn

-dr 2 + -+an + b = 0
r dr

(5)

where

a
and
b =

=

AJLiJ.

(6)

---~-------

De.l.JLil.

f3 (JLi.l. + JLe.l.)
DeJ./LiJ.

-

+ DiJ.JLeJ.
K

(JLe.l. - Y JLi.l.)

+ DiJ./LeJ.

.

(7)

Equation (5) is a zero-order Bessel equation. Its
general solution has the form n(r) = cl lo(x) +
C2No(x) - ajb, where X = r./b, c] and c2 are
constants, and J0 (x) and N 0 (x) are the zero-order
Bessel and Neimann functions respectively. Since the
discharge involves two regions with different conditions,
the solution of equation (5) is subdivided into two parts.
For the first region with r < r 0 we have
(8)

The constant C 2 should be zero, as N 0 (0) -+ oo [ 4].
For the second region with r > r0 we shall solve the
equation

Here a = 0, because there is no electron flow from
the cavity in this discharge region and A is zero.
The constants C~o C2 and C3 can be found from the
conditions of joining the solutions at the interface of the
regions
(10)
n1 (ro) = n2(ro)

dn 1 (ro)
dn2 (ro)
( 11)
= dr
dr
and from the equation for the current of the ions arriving
at the cathodes from the intercathode gap:
(1- m)ld = 2:rre(l

ro

+ y)KL Jo

n(r)r dr.

(12)

Preliminary calculations have shown that the form of
the predicted n(r) dependences is substantially affected
by the values of the particle transport coefficients JLJ.
and D .l.· Using classical transport coefficients allows one
to obtain solutions to equations (1)-(4) only for certain
values of pressure p and magnetic induction B. The
absence of a solution for reduced pressures, p < Per. or
for increased magnetic inductions B > Bcr• is concerned
with the fact that in this case the classical JL .1. and D .1.
coefficients are too small for the electrons coming from
the cavity and generated in the intercathode gap to be
transported to the anode.
It is known [5] that as the pressure in a hollow
cathode reflected discharge is lowered, a rotational
plasma inhomogeneity appears which changes the
conditions of particle motion and, hence, the values of
the transport coefficients.
The rotational plasma inhomogeneity observed in a
hollow cathode reflected discharge is basically the same
as the rotating plasma flare in a Penning discharge [6] or
in an arc discharge with a hollow [7] or hot cathode [8].
The plasma rotation in these types of discharge occurs as
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the charged particles move transversely to the magnetic
field. This phenomenon is due to the drift of electrons
and ions in crossed electric and magnetic fields and
the drift associated with the existence of radial pressure
gradients for electrons and ions [6]. The appearance
of rotational inhomogeneity in the discharge plasma is
necessary for the discharge to operate at high magnetic
field strengths and low gas pressures, where classical
transport mechanisms fail to provide the needed particle
flux transverse to the magnetic field.
The additional (abnormal) transport of charged
particles is due to the appeamace of an azimuthal
electric field Eo in the discharge which was observed
experimentally [8]. The azimuthal field non-uniformity
is represented by additional terms which appear in the
equations of motion
.

dcp
= f..Lel.n-dr

dn
dr

We'fef..Lel.nEo

(13)

}ir = -J.Lil.n dr - Dil. dr - Wi'fiJ.Lil.nEo

(14)

]er

Del.--

dcp

dn

where w is the cyclotron frequency and r is the time
between two collisions of an electron (ion) with a neutral.
The value of the field Eo was determined with the
supposition that the rotational plasma inhomogeneity
may exist in a steady state when the electrons and the
ions have the same azimuthal velocities.
Equating the expressions for lee and }io

1 o~~~2~~4~-~

r(mm)

1

o~~7
2~~4~~~

r(mm)

(c)

(15)
dcp
}io = f..LiJ.nEo- wiriJ.LiJ.n dr

dn

+ DiJ. dr

(16)

we may find Eo as follows:
1

By substituting Eo into equations (13) and (14) and
grouping the terms containing dnfdr and dcpfdr we may
obtain equations similar to equations (3) and (4) but with
abnormal transport coefficients [9].
Using the set of equations (1), (2), (13) and (14),
the radial distribution of the discharge plasma density
has been calculated. The calculation was performed for
a discharge in argon with an anode diameter 14 mm,
intercathode distance 10 mm, cavity diameter 4 mm, and
discharge current 0.1 A. The evolution of the plasma
density radial distribution in the discharge intercathode
gap is illustrated in figure 4. Increasing the magnetic
induction B and decreasing the pressure p narrows the
distribution and increases the plasma density at the axis.
This is related to a decrease in electron mobility and the
diffusion coefficient resulting in a build-up of electrons at
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Figure 4. Calculated (curves 1-4) and experimental
(curve 1') radial plasma density distributions for different
(a) magnetic fields (curve 1, P = 0.8 Pa; 2, 3.2 Pa; 3,
6.4 Pa; 4, 16 Pa.), (b) pressures (curve 1, 8 = 0.1 T; 2,
0.06 T; 3, 0.04 T; 4, 0.02 T.), and (c) cavity radii (curve 1,
Rc = 1 mm; 2, 1 mm; 3, 2 mm; 4, 2.5 mm). /d = 0.1 A,
r0 = 2 mm, L = 10 mm, anode diameter = 14 mm.

the axis. The predicted radial distribution of the plasma
density in the intercathode gap is in good agreement with
experimentally obtained distributions. As an example,
figure 4(a) shows the dependence n(r) obtained by
measuring the plasma density with a movable double
probe.
The plasma density distribution is substantially
affected by the radius of the entrance into the cavity
(figure 4(c)). The increase in the density of the nearaxis plasma with decreasing r0 at constant lct is due to
an increase in the flux density of the electrons entering
the intercathode gap from the cavity.
Analysis of the effect of the anode radius and
intercathode distance on the plasma density distribution
has shown that increasing one or both of these quantities
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decreases the plasma density. This also corresponds to
experimental data.
By substituting the calculation results into the
expressions for the azimuthal field (equation (17)) and
for the azimuthal flux density (equation (15)), we can
obtain the rotation frequency of the azimuthal plasma
inhomogeneity as a function of the magnetic field
and gas pressure. The predictions indicate that the
rotation frequency increases with magnetic field. This
is not obvious since the azimuthal electron drift velocity
decreases with magnetic field, while the increase in
rotation frequency only results from the solution of
the self-consistent problem and is accounted for by the
fact that the radial electric field increases at a higher
rate than the magnetic field. The rotation frequency
decreases as the gas pressure is increased. The predicted
frequency range (60 to 200 kHz) and the character of
the dependences of the frequency on the pressure and
magnetic field are in agreement with experiment [9].

4. Plasma in the emission channel of an
electron emitter
As shown above, in order to increase the emission
current density in electron sources of the type under
consideration, it is useful to extract electrons from the
near-axis region of the discharge through a channel in the
reflector cathode. The plasma penetrating the channel
is separated from the walls by an ion space charge
layer with a potential fall across it, ({J > kTefe. The
high positive potential of the plasma with respect to the
cathode prevents electrons arriving at the channel walls,
while ions are free to arrive at the walls. The low gas
pressure and the small spatial dimensions of the channel
allow one to neglect ionization in the channel. For the
conditions under consideration (ions move away from
the plasma to the wall, while electrons fail to do this)
the plasma quasineutrality may only be provided with
the presence of a longitudinal electric field which would
return electrons back into the discharge gap. The electric
field appears as a result of the build-up of electrons in
the channel, which proceeds until the electrons returning
into the discharge gap equilibrate with ions going away
to the channel walls. The outflux of ions and the return
of electrons result in a decrease in the plasma density
n(z) at the channel axis. The decrease in plasma density
with increasing depth to which the plasma penetrates the
channel is accompanied by an increase in the thickness
of the wall ion layer. As n(z) reaches a certain value, the
layer bridges the channel, thereby preventing the plasma
from further penetration into it.
Let us find axial distributions of the plasma density
n(z), potential qJ(z), and radius r(z) in a cylindrical
channel.
To simplify the calculation we invoke the following
assumptions. The channel is infinitely long; the electron
velocity distribution in the plasma is Maxwellian;
the plasma is quasineutral and homogeneous in both
azimuthal and radial directions; the space charge
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Figure 5. Current balance in a volume element of the
plasma in the emission channel.

layer separating the plasma from the channel wall is
collisionless; there is no magnetic field in the channel,
and the particles move in a 'free flight' mode.
Consider a plasma volume element in a channel of
radius r(z) and thickness dz (figure 5). The ion current
balance equation for this volume element has the form:
(18)

The left-hand side of this equation represents the ion
current entering the volume element from the side of
the discharge chamber, while the right-hand side terms
describe the outflux of ions in the radial (to the channel
wall) and axial (deep into the channel) directions. Taking
into account that lzin = lz(Z), lzout = Iz(Z + dz) and
Irout = j,2rrr(z)dz, equation (18) can be reduced to the
form:
lz(Z + dz)- lz(Z)
.
dz
= - J,2rrr(z)
or
(19)

The axial ion current is given by lz = rr r (z) 2iz,
where iz is the axial current density. Then we have
dJz
dlz
(
- = rr r(z) 2 dz
dz

dr(z))
+ 2Jzr(z)-.
dz

(20)

Combining equations ( 19) and (20), we obtain
1 dJz
iz dr(z)
j,
- +--+=0.

2 dz

rz

dz

rz

(21)

The ion current density onto the channel wall can be
expressed as j, = 0.4en (z)J2kTe/ M which is the Bohm
current density. The 'free flight' ion current density is
given by
iz

= en(z)J~[({Jo- ({J(z)]

where ({Jo is the plasma potential at the entrance into the
channel.
Differentiating Jz and substituting the result and the
expression for j, into equation (21) we obtain

~ [dr(z) _
n(z)
dqJ(z)]
2
dz
2[({Jo - ({J(z)] dz
n(z)
1
] =0.
+
- [dr(z)
--+0.4 f!"-Te
r(z)
dz
e J({Jo- ({J(Z)

(22)
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Ions move away from the axis of the channel to
its wall in accordance with the ~ power law, which,
provided that the Bohm criterion is satisfied for the given
case, can be written as

all ions, increases as 1-exp( -z/Ai). At each point of the
channel, there is some average velocity corresponding
to these ions, which is lower than the velocity of the
uninteracted ions. The average velocity of the total ion
flow is given by

(23)
Vtot

i

where ,B 1[Rjr(z)] is a transcendental function in the
power law for a cylinder and R is the channel radius.
Since the electrons are in a longitudinal retarding
field and may be considered to be in thermodynamic
equilibrium, we may assume that their axial density
obeys the Boltzmann distribution function, which allows
us, provided that the plasma is quasineutral, to relate n(z)
and cp(z) as follows:

n(z) = n 0 exp

[-~[cp
0kTe

cp(z)]]

(24)

where n 0 is the plasma density at the entrance into the
channel.
With the use of the dimensionless variables N 4 =
n(z)/no, Pz = r(z)/ R, and U4 = ecp(z)/ kTe, the set of
equations (22) to (24) can be rearranged to give

dNz
dz (Uo- U4

+ Nz

-

0.5)

[cuo-

Uz)I/1 0.8 - 2Uo- Uz dpz] = 0
Rpz
Pz
dz
(25)

,8 2 (1/ Pz)noN4 p4 R 1 -

Au; 11 =

N 4 = exp(Uz - Uo)

0

(26)

(27)

where A is a constant.
It is assumed that the charged particles do not
interact with the gas in their motion through the channel.
This assumption is valid for a wide range of emitter
operating conditions. However, when the gas pressure
in the discharge chamber approaches the maximum
allowable pressure, the mean free path of the ions
becomes comparable with the longitudinal dimension of
the channel and the 'free flight' assumption for the ions
may introduce an error into the calculation. In relation
to this, it would be useful to estimate the effect of the
interaction of the ions with their own gas on the form of
the plasma parameter distributions in the channel.
The principal mechanism of interaction of ions with
their own neutral gas in a plasma is charge exchange
[10]. Assuming that the mean free path of an ion Ai is
comparable to the depth to which the plasma penetrates
into the channel, the fraction of the ions that have not
interacted with neutrals in the channel can be defined
as exp( -z/Ai). The ion velocity is determined by
the potential difference between the undisturbed plasma
outside the channel (in the discharge chamber) and the
given point in the channel. The fraction of ions that have
interacted with neutrals, provided that the conditions for
the outcome from the plasma to the wall are the same for
958

= exp( -z/Ai)j2e[cpo- cp(z)]/ M
+ [1- exp(-z/Ai)](vi)

(28)

where (vi) is the average velocity of the ions having
interacted with neutrals. It can be estimated as
(vi)= Kj2e[cp0

-

cp(z)]jM

(29)

where K is a factor less than unity. For a rough analysis
it is quite sufficient to use expression (29) setting K
values in the range from 0.5 to 1.
From equation (28) it follows that the interaction of
ions with a neutral gas in a channel reduces the ion
flow velocity. Consequently, to a first approximation,
the ion-neutral interaction in the channel can be taken
into account by substituting expression (28) into the set
of equations (25) to (27). Since the manipulations to
be performed in doing this are very simple, we shall
not give the final set of equations used to calculate the
plasma parameter distributions in the channel and restrict
ourselves to comparing the distributions predicted for the
free flight mode and for the collisional mode.
The set of equations (25) to (27) was solved
numerically.
The external parameters involved in
the equations (n 0 , cp0 , R, Te) were varied within ranges
typical of the plasma emitter under consideration. The
calculation was performed for argon.
The predicted axial distributions of the plasma
parameters are given in figure 6 (curves 1 and 2).
Experimental distributions (curves 3 and 4) are shown
as well as the plasma density distribution calculated
with the ion charge exchange taken into account (curve
1'). The experimental distributions were measured by
a cylindrical probe of diameter 0.07 mm and length
0.5 mm. The probe was moved along the channel axis
using a micrometer calibrated screw. Current-voltage
characteristics of the probe measured at different points
were used to determine the plasma density and floating
potential. The probe measurements were processed
using routine techniques.
It can be seen from figure 6 that the predicted and the
experimental distributions are in satisfactory agreement.
Increasing the pressure in the channel to values at which
the ion-gas interaction becomes essential results in an
increase in plasma density at small z values (see figure 6,
curve 1'). This is accounted for by a decrease in the
directional velocity of the ions. Increasing the plasma
density in the small z region increases the ion current
density onto the wall. As a result, the longitudinal ion
current, and hence the plasma density, falls with z more
rapidly, starting from a certain z, than compared with
the free-flight mode.
An analysis of the results of the numerical simulation
has shown that for given values of n 0 , cp0 , R, and Te the
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The processes discussed above for a plasma
penetrating into a channel are qualitatively similar to
the processes in a plasma expanding into vacuum [ 11],
where the decreases in density and potential are also
observed. However, for a plasma penetrating into a
channel the density gradient and, correspondingly, the
potential gradient, are much greater (up to ten times) than
for a plasma expanding into vacuum, which produces
a more intense outflux of charged particles from the
plasma into the channel.
Thus, when a plasma penetrates into an emission
channel with a potential fall in the wall layer, which
prevents electrons from coming onto the channel wall,
the plasma density decreases, an axial electric field
appears, and the layer widens thus limiting the plasma
penetration depth. These factors substantially affect the
performance of a plasma emitter electron source, since,
as the emitting surface of the plasma propagates in the
channel under the action of the field of the accelerating
electrode, the emission area and the emitting plasma
density vary simultaneously. In a long channel, because
of the limited plasma penetration, an emitting surface
may be formed by the wall layer and electrons may
be extracted through the potential barrier set up by this
layer.
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5. The effect of electron emission on the
plasma parameters

Figure 6. Axial distributions of (a) plasma density and
(b) potential in the emission channel: curves 1', 1, 2,
calculation; 3, 4, experiment; R = 1 mm ( 1', 1, 3) and
2 mm (2, 4).

The appearance of an electron emissiOn current may
disturb the plasma both in the intercathode discharge
gap and in the emission channel of the plasma emitter.
An analysis of the disturbed plasma in the
intercathode gap can be performed based on the set of
equations (1), (2), (13) and (14), if we introduce into
equation (1) an additional term taking into account the
emitted electrons flux as follows:

0 o'----':..1.1----'2----3'--

(31)

R(mm)

Figure 7. Plasma penetration depth into the emission
channel against channel radius: curve, calculation; dots,
experiment.

solution to the set of equations (25) to (27) exists only
in the region 0 < z < Zcr for which
(30)
where F(n 0 , ({Jo, R, Te) is a function of external
parameters.
Condition (30) follows from equation (25) which
involves the function PzfJ1(lj Pz) having a minimum at
Pz ::::: 3.2 [1]. The absence of a solution for z > Zcr can
be interpreted as if the ion layer irreversibly expands at
a high rate toward the axis to fill the channel entirely, as
the product Nz uz- 312 decreases so that inequality (30)
breaks down. The quantity Zcr was identified in the
calculation with the plasma penetration depth L. A
comparison of the calculated and experimental values
of L is given in figure 7.

~~~~-~--

where le is the emiSSIOn current and re is the radius
of the area from which electrons are emitted from the
intercathode gap. To simplify the calculation we may
set re = ro.
Figure 8 presents plasma density radial distributions
calculated for different values of emission current. For
reference the distribution for le = 0 is also given.
In the absence of an emission current, electrons
may travel directionally only toward the anode. The
radial motion of electrons is hampered by the magnetic
field. This results in a build-up of charged particles
in the near-axis discharge region and in a highly nonuniform plasma density distribution. The appearance of
an emission current at a constant cathode current reduces
the plasma density in the intercathode discharge gap
(see figure 8, curves 2 and 3). The anode current then
decreases with the value of the emission current.
The effect of electron emission on the plasma
parameters in the emission channel is basically
959
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Figure 9. Axial plasma potential (curves 1-4), density
(curves 5-7), and radius (curves 8-1 0) distributions.
n0 = 10 18 m- 3 , Te = 5 eV, cp0 = 340 V, R = 1 mm; le = 0
(curves 1, 7, 10), 93 (curve 2), 186 (curves 3, 6, 9), and
372 rnA (curves 4, 5, 8).

time, the axial distributions of the plasma density and
radius remain essentially unchanged. The plots given
in figure 9 also allow one to determine the plasma
penetration depth into the channel in the absence of
electron emission and the distance to which the plasma
boundary propagates with increasing Ie.

(b)
- 6 OL__,__....L2---->-4L-_,__-':-__J

r(mm)

Figure 8. Radial distribution of (a) plasma density and (b)
potential in a discharge (/d = 0.1 A): curve 1, le = 0; 2,

0.03; 3, 0.05 A.

associated with the appearance of an axial electron
current which distorts the Boltzmann distribution of the
electron density along the axis. Moreover, since some
of the electrons move away from the plasma through
the emitting surface, the fraction of electrons that return
back into the discharge region decreases with increasing
Ie and thus the longitudinal electric field in the plasma
penetrating into the channel should decay.
These processes can be taken into account by adding
to the right-hand side of equation (27) an electron
emission term given by

Nz = exp(Uz - Uo) -

R
(~)
err 2Pz2 Ve s

(32)

where; = z/ R, and Ve(O is an average velocity of the
emitted electrons in the cross section at z. Then ve(;)
will be determined as

1"" Y/
(1"" Y~
ille

Ve(O = (

Vern

x

Vem

=

v2- kTe Uz ~ exp (- mv2) dv)
m
Vill"e
kTe
2

exp (- mv
k Te

)

dv)-J

(33)

- - - - - - - -

The results presented contribute to the understanding of
the processes of plasma formation and electron emission
in electron sources based on a glow discharge in a E x B
field and are of practical significance. The physical
mechanisms proposed and the calculations performed
offer an unambiguous explanation of some processes
occurring in the emitter and predict some important
characteristics of the plasma emitter electron sources.
In particular, based on the predicted behaviour of the
plasma boundary propagating in the emission channel
and plasma parameter distributions in the channel, we
were able to model and calculate the current-voltage
characteristic for this type of electron source [ 12] and
to reveal the degree and nature of the influence of
the channel on the modulation of the emission current,
caused by oscillations in the discharge.
Some results of this study were used in the
development of technological electron beam sources to
be used for welding. To make the electron sources
suited to the technological requirements, the discharge
chamber and the emission system were designed using
the calculation techniques discussed above. Experience
in practical use of the developed theory shows that,
despite the fact that the processes in the electron emitters
are highly intricate, they can be adequately simulated
with rather simple ideas.

=

Here Vern
JkTefmUern• where Vern
U(Zern) is the
potential at the emission boundary of the plasma.
The calculation results presented in figure 9 indicate
that the plasma disturbance in the channel caused by
electron emission results mainly in the potential gradient
in the plasma decreasing with increasing le. At the same
960

6. Conclusion
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