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ABSTRACT The characteristics of post-cathode plasma maintained by a self-made DC short glow-discharge
plasma generator with grid electrodes were measured by optical emission spectroscopy. The discharge
existed in an abnormal glow discharge mode at a voltage of 250-400 V and a helium pressure of 3-15 Torr and
a discharge gap of 3 mm. The results indicate that the intensity distribution of helium atom spectral lines in
the post-cathode space differs from that in the post-anode space. The temperature of electron excitation in the
post-cathode plasma reaches its peak of 1500-3000K at 5-6 mm from the grid cathode. The difference in the
intensity distributions of helium atom spectral lines in the post-cathode and post-anode spaces is associated
with electron generation mechanism in these cases.

INDEX TERMS Glow discharge, grid anode, spectral characteristics, post-anode plasma, effective thickness

of plasma.

I. INTRODUCTION

The glow discharge plasma sources with a small electrode
gap and a grid anode have been developed and studied
for several decades because of their ability to generate
plasma with parameters that are promising for a number of
applications such as pumping gas lasers, coating deposi-
tion, electromagnetic wave propagation controls, initiation
of reactions, etc., [1], [2], [3], [4], [5], [6], [7], [8]. In the
process of glow discharge, positive column region is gen-
erally not available, but cathode falling region emerges a
large electric field sufficient to generate runaway electrons,
which, however, needs to satisfy the Dreicer criterion [9]
expressed as (E/p) > (E/p)cr, where E is the field inten-
sity, and p is the gas pressure. In this case, electrons can
enter a mode of continuous acceleration (runaway) because
they acquire more energy than lose due to collisions. For
helium (E/p)., = 31V/(Pa-m), the mode of continuous
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acceleration can be achieved in a cathode dark space [10].
The possibility of electrons being accelerated in strongly
ionized plasma is a consequence of the rapid decrease in
the frequency at which electrons collide with ions and other
electrons as its velocity increases.

If the product of gas pressure p and distance [ between
electrodes is < (pl)pin corresponding to the left branch
of the Paschen curve, “hampered” discharge condition is
achieved. Within that range of pl, the Dreicer criterion can
be reached prior to gas breakdown with discharge voltage
peaking from 10* V-10° V. In this case, if a grid anode is
used with a sufficiently large area (drift space) behind it, then
it is possible to recover a high current from the discharge in
the form of an electron beam [5], [11]. There are a lot of
research on the various configurations of grid anode glow dis-
charge in recent decades, which have demonstrated the high
efficiency of electron beam generation [5], [6], [7], [8], [10],
[11], [12], [13].

The exit of a beam of high-energy electrons into the space
behind the anode leads to the formation post-anode plasma
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with a sufficiently high electron number density. In addition,
high-energy electron beams are capable of initiating various
reactions in the region behind the anode, up to nuclear reac-
tions [14]. The research interest in such discharge obviously
is not weakened [15], [16], [17], [18], [19], [20], [21]. Yuan
et al. simulated an electron beam generated by a glow dis-
charge with grid anode [4], [22] and found that a DC glow
discharge with grid anode could be used as part of a larger
coating mounted on an aircraft to provide a plasma envelope
that could be turned on and off.

The characteristics of post-anode plasma generated by
glow discharge with grid anode and the efficiency and mech-
anism of electron beam generation have been studied by
many research teams, However, there is little research on the
distribution of electron number density and changing electron
energy in the post-anode space [14].

Akishev and Dyatko investigated the characteristics of a
strongly abnormal glow discharge with grid anode in inert
gases at medium pressures used to obtain fast electrons in
the kilovolt energy range [14]. as well as the active medium
excited by fast electrons in the post-anode space after helium
discharge spectroscopically at a pressure of 10 Torr—70 Torr.
A pulse voltage of 1.5kV-2kV with a pulse duration of
1073 s-10"!' s was applied to electrodes for discharge. Sim-
ulation by the Monte Carlo method allowed the authors
to obtain the electron energy distribution function (EEDF)
immediately behind the grid anode and to calculate the inten-
sity of electron-ion pair generation and electronic level exci-
tation as well as their dependence on distance from the grid
anode.

This work focuses on a large-area DC grid anode glow
discharge in helium at a pressure of 2 Torr—50 Torr and volt-
age of up to 1500V [23]. It is concluded in this work that
discharge behavior is typical for anomalous glow discharge.
Using microwave diagnostic methods, it is found that electron
density n, is about 2 x 10° cm—3-6 x 10! cm~3 and increases
with the decrease in helium pressure and the rise of discharge
current. The ionization degree is about 10~7=107, and the
maximum attenuation of 10 GHz microwave radiation peaks
at around 6% at a helium pressure of 2 Torr.

On this basis, the characteristics of DC short glow dis-
charge between grid anode and solid-plate cathode are stud-
ied, together with two others electrode structures [24]. The
results reveal that glow discharge with grid anode violates
the Paschen’s law. The minimum breakdown voltage on the
experimental Paschen curves is greater than the theoretical
value, and the slope of the right branch of the experimental
Paschen curve is different from that of the theoretical curve,
the shorter the electrode gap, the greater the slope of the
right branch of the Paschen curve, and the left branch of
the Paschen curve gradually shifts to the left. Based on the
characteristics of short glow discharge, this work proposes a
modified Paschen’s law to effectively approximate the exper-
imentally obtained Paschen curves.

Our previous work focused on the spectral characteristics
of short glow discharge with grid electrodes in helium both in
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FIGURE 1. The DC discharge device with grid electrode. 1 - grid anode,
2 - grid cathode, 3 - fused silica tube, 4 - vacuum gauge, 5 - micro-
metering valve, 6 -gas cylinder, 7 - oscilloscope, 8 - DC power supply,

9 - resistance, 10 - spectrometer probe, 11 -spectrometer, 12 - computer,
13 - vacuum pump.

the electrode gap and in the space behind the grid anode [25].
Using the intensity distributions of helium atom spectral lines
behind grid anode, we estimated the effective penetration
thickness of the electrons penetration in the post-anode space
to be about 10 mm—-14mm for short glow discharge with
an inter-electrode gap of 1 mm-5mm. We also explored
the current-voltage characteristics of discharge and found
that discharge existed in an abnormal glow discharge at a
voltage of 250 V—400 V. However, discharge gap was found
to decrease dramatically and remained unstable at a voltage of
more than 400 V, resulting in filamentous discharge between
electrodes, with no plasma generated in the post-electrode
space.

The results presented in this article are a continuation of the
studies carried out in [25]. The influence of helium pressure
on the spectral characteristics of short glow discharge with
grid electrode and the temperature distribution for electrons
to be excited both in the electrode gap and in the space behind
grid cathodes are investigated in this work. The research to
be of interest for both possible applications and theoretical
description of the post-cathode plasma generated by short
glow discharges with grid cathode.

Il. EXPERIMENTAL SETUP
The schematic diagram of DC discharge plasma generator
with grid electrode is shown in Fig. 1. The device is composed
of a discharge tube with two grid electrodes, digital DC
regulated power supply, vacuum pump, helium bottle, etc.

Two grid electrodes were used as positive and negative
electrodes respectively. The hole in anode was to facilitate
the flow of working gas into discharge tube, and that in
cathode was to enable charged particles in the discharge gap
to pass through grid holes in cathode into the space behind the
cathode (post-cathode space). The parameters of discharge
tube and grid electrodes are specifically displayed in Table 1.

Prior to discharge, the discharge tube was pumped by
vacuum pump to air pressure less than 5 Pa and then helium
was fed into the tube with a fine-tuning valve to a pressure of
several Torr to ensure that the purity of the working gas in the
discharge tube was greater than 99.5%.

The DC power supply was intended to provide a stable volt-
age for discharge. The DC voltage used for discharge supply
was 300 V. An RXG201 high-power corrugated resistor was
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TABLE 1. Parameters of discharge tube and grid electrodes.

Parameter Value
Length of discharge tube 150 mm
Outer diameter of discharge tube 30 mm
Inner diameter of discharge tube 25 mm
The electrode diameter 24 mm
The thickness of the electrode 1 mm
Diameter of support hole 6 mm
Grid hole diameter 4 mm
Discharge tube material quartz
Number of holes in the cathode 8
Number of holes in the anode 4
Electrode materials Pure iron

10 3 4
N 5

—_|

7 71 6 5

FIGURE 2. Schematic diagram of circuit connection in the discharge tube.
1 - wire connected to the anode, 2 - polytetrafluoroethylene nut,

3 - anode, 4 - cathode, 5 and 6 - polytetrafluoroethylene shims,

7 - hollow polytetrafluoroethylene stud, 8 - wire connected to the
cathode, 9 - insulating layer, 10 - power feedthrough connected to the
anode, 11 - discharge tube joint flange, 12 -connection to the cathode,

13 - discharge tube.

introduced into the circuit to prevent power supply damage
and glow discharge from being converted into arc discharge.

Fig. 2 is a schematic diagram of the connection between
two grids and power supply. The cathode and anode were
fixed in the discharge glass tube by using a hollow polyte-
trafluoroethylene (PTFE) column.

The distance between the electrodes and the chosen con-
stant voltage Up was designed to provide a cathode drop
for charged particles to acquire energy and then to rapidly
enter the post-electrode space, where they would lose energy
along with gas ionization, thus generating plasma outside the
electrode gap. The ions eventually bombarded the cathode
surface and generate secondary electrons, required to sustain
discharge.

The plasma emission intensity was measured by a fiber
optic probe with a numerical aperture of 0.22 and transmitted
to the entrance slit of the HR2000 spectrometer with an opti-
cal resolution of up to 0.065 nm (FWHM). All the collected
spectra were digitally recorded in a computer by the same
acquisition time, i.e. ten seconds.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

A. VOLT-AMPERE CHARACTERISTICS

The current-voltage characteristics of DC discharge with
grid electrode have been studied early and presented
elsewhere [25]. The discharge wa found to be in an abnormal
glow discharge mode at a voltage of 250 V-400V. When
the discharge was maintained at these voltages, the glow
of post-anode plasma could be observed with the naked
eye behind the grid anode. The discharge gap decreased
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FIGURE 3. Spectra of DC glow discharge in helium obtained at different
locations from the outer surface of grid cathode.

dramatically and remained unstable at a voltage of more
than 400V, resulting in filamentous discharge between elec-
trodes with no plasma generated in the post-anode space.
As short glow discharge between grid electrodes remained
stable at a voltage of 275 V to 400 V, we used a direct voltage
of 300V to sustain glow discharge and generate plasma in
the post-cathode space in this work. The experimental setup
in this work was the same as that in [25], except that power
supply poles were wrapped when connected to electrodes.
To put it simple, the electrode 2 was anode in [25] but cathode
in this work, and electrode 1 in [25] was cathode but anode in
this work.

B. EMISSION SPECTRUM OF DC GRID DISCHARGE
PLASMA

Fig. 3 shows the emission spectra of the DC short glow dis-
charge with grid electrodes in helium. Helium emitted from
both discharge gap and post-cathode space during discharge.
Negative values of the x-coordinate to regions in the space
between electrodes, and positive values correspond to the
region behind the grid cathode. Zero is located on the surface
of the grid cathode from the side of the post-cathode space.
The observed discharge emission was concentrated in the
wavelength range of 350 nm to 750 nm.

As can be seen from the figure,, all the recorded spec-
tra emitted both from the discharge gap and from the
post-cathode space only involved helium atoms lines. Helium
ion lines were not detected in the discharge spectra, nor was
the radiation of possible impurities (nitrogen, oxygen, water
vapor) in the spectra, which indicates a very low content of
impurities in the gas inside the discharge device.

All the spectra of DC glow discharge in helium was made
up of eight distinct atomic spectral lines, as presented in
Table 2, together with their spectral parameters [26], [27].

C. AXIAL DISTRIBUTIONS OF DISCHARGE RADIATION
INTENSITY

The axial distribution of discharge emission in the discharge
gap and post-cathode space was examined at a discharge gap
of 3mm, a helium pressure of 15 Torr and a DC voltage
of 300V between grid electrodes. The measurements were

19341



IEEE Access

S. Zhao et al.: Spectral Characteristics of DC Short Glow Discharge Plasma With Grid Electrodes

TABLE 2. Parameters of helium atom spectral lines.

Spectral Electron Transition The Statistical
wavelength confisuration probability A excitation cight
(nm) guratt (1075~ 1) energy (eV) weig
388.9 1s3p—1s2s 0.947 23.007 5
447.1 1s4d—1s2p 1.843 23.736 5
492.2 1s4d—1s2p 1.986 23.736 5
501.6 183p—1s2s 1.337 23.087 3
587.6 1s3d—1s2p 5.302 23.074 5
667.8 1s3d—1s2p 6.371 23.074 5
706.5 1s3s—1s2p 1.547 22718 3
728.1 1s3s—1s2p 1.830 22.920 1
2800

501.6 nm

5 24001 587.6 nm

—4*— 667.8 nm
—v— 706.5 nm

£
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N
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< 1200
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FIGURE 4. Axial distributions of discharge emission on different
wavelengths.

respectively carried out on the wavelengths of helium atom
spectral lines 501.6 nm, 587.6 nm, 667.8 nm and 706.5 nm,
as shown in Fig. 4.

It can be seen from the figure that there were two peaks
on the intensity distribution on all wavelengths, one of which
was in the space between electrodes at a distance of 0.1 mm to
0.6 mm from the cathode (x = —1.1 mm to — 1.6 mm; cath-
ode thickness was 1 mm) and the other in the post-cathode
space at adistance of 1.1 mm to 1.5 mm from the cathode. The
emission spectral intensity of the space behind the cathode
was of the same order of magnitude as that between the
electrodes.

The maximum intensity in the space between electrodes
corresponded to the negative glow area of discharge, therefore
the length of the cathode sheath adjacent to the inner surface
of the cathode did not exceed tenths of a millimeter. The
absence of a radiation intensity saturation region behind the
negative glow indicated that of a positive column, which is
typical of short glow discharge [17].

It is of great importance to understand the reasons for the
presence of a maximum intensity in the post-cathode space at
a certain distance from the outer side of grid cathode. It would
seem more reasonable to have a radiation maximum immedi-
ately behind the cathode and a gradual decrease in intensity
with distance from the cathode. The presence of an intensity
maximum in the post-cathode space at a certain distance
from the cathode indicates the lack of electrons immediately
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FIGURE 5. The effective post-cathode plasma thickness as function of
helium pressure for the glow discharge with electrode gaps of 1, 3 and
5 mm. The effective post-anode plasma thickness is shown for
comparison. The RC (Reverse Connection) means that electrode 1 is
anode and electrode 2 is cathode, as shown in Fig. 1. The FC (Forward
Connection) means that electrode 1 is cathode and electrode 2 is anode
as in our previous study [25].

behind the cathode and their generation in the post-cathode
space by an ion beam penetrating through holes in the cathode
into the post-cathode space. This is a reasonable assumption
since the cathode layer repels electrons and accelerates ions
towards the cathode [28], [29]. Some of these accelerated
ions penetrated through holes in the cathode into the space
behind the cathode, forming a post-cathode plasma, the max-
imum density of which is at a certain distance from the
cathode.

Another explanation for the presence of the intensity max-
imum at some distance from the cathode that it was poten-
tially associated with opposite trends in the change in the
density and temperature of electrons in the post-cathode
space. In case that electron density continuously decreased
with distance from the cathode, while electron temperature
increased, then the maximum helium line was intensified at a
certain distance from the cathode, which can be expressed by
a function of both electron density and their temperature.

The axial distributions of discharge emission was
employed to define the effective penetration thickness of
electrons in the post-cathode space df as the distance from
the outer surface of the grid cathode to a position where the
Hel lines emission was short enough, namely, their arbitrary
intensity / decreased to 10/noise, where Inoise is the mean
intensity of noise dey = X7=101n0ise-

The effective penetration thicknesses of electrons in the
post-cathode space under different discharge conditions
derived are shown in Fig. 5, together that in [25].

The reverse connection (RC) and forward connection (FC)
in Fig. 5 individually correspond to the measured plasma
thickness in the post-cathode and post-anode spaces.

As shown in Fig. 5, the effective thickness of plasma in
the post-cathode for all the electrode gaps increased with
the increase in helium pressure and reached its maximum
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when electrode gap was 3 mm. The thickness of plasma in
the post-cathode space was greater than the length of electron
gap but smaller than that of plasma in the post-anode space.
The difference in the effective thickness of plasma in the
post-cathode and post-anode spaces was maximized when the
length of electrode gap was 3 mm.

D. ELECTRON EXCITATION TEMPERATURE

In the case of the Boltzmann distribution of excited atoms
over energy levels, the number density of atoms in the excited
and ground states is related by [30]:

Np = No(—)exp(—

P Tex) ey
where N; and Ny are number densities of atoms in excited
and ground states, g and g¢ are the degeneracy of the energy
level, E; is excitation energy, T,y is electron excitation tem-
perature and kp is Boltzmann constant.

Hence, the intensity of spectral line is given by:

|~ (—k)A/aNo( ©) exp(— ), @)

kB Tex
where Ay; is transition probability, A4; is line wavelength, ¢
and & are known constants.

The electronic excitation temperature can be found from
the slope of the semilogarithmic dependence of the reduced
intensity of the spectral lines (/x;Ax;)/(gkAki) on the energy of
the upper state of the spectral transition E;:

Lidi Ei
kpTex '

" gk Aui

We used this relation to determine electron excitation tem-
perature in the post-cathode plasma of short glow discharge.

The axial distribution of electron excitation temperature
at distances of 1 mm-10mm from the outer surface of grid
cathode was measured at a discharge gap of 3mm and a
helium pressure of 15 Torr. The effect of helium pressure
on electron excitation temperature at 1.5 mm from the outer
surface of grid cathode was also explored.

Compared with the information-rich atomic and molecular
spectra such as argon, oxygen and nitrogen, the number of
characteristic spectral lines in the helium discharge spec-
tra was relatively small, which, therefore, could be used
to measure electron excitation temperature in the helium
plasma. Five spectral lines of helium atoms with wavelengths
of 388.9nm, 728.1 nm, 447.1 nm, 587.6nm and 706.5 nm,
having most large radiation intensity and different excitation
energies were selected for the measurements. Parameters of
these spectral lines are presented in Table 2.

Careful studies of scattering the experimental points of
the dependence of L,(Ixirki)/(gkAki) on E; showed that it
would be the most effective to measure electron excitation
temperature using three wavelengths of 447.1 nm, 587.6 nm
and 706.5nm as an error of the dependence fitting by a
straight line in this case is minimal. The measurement results
of electron excitation temperature from these three spectral

3
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FIGURE 6. Fitting straight lines for calculating the electron excitation

temperatures of helium discharge plasma at different distances from the
grid cathode; a) 1-5 mm, b) 6-10 mm.

22.6 228 23.0

lines are shown in Fig. 6, together with the results of fitting
the dependence of L,(Ixirki)/(grAki) on E; calculated from
the measured intensities of helium lines in the post-cathode
space at various distances from the cathode.

The axial distribution of electron excitation temperature in
the post-cathode space at distances of 1 mm—10 mm from the
cathode, measured at a discharge gap of 3 mm and a helium
pressure of 15 Torr, is shown in Fig. 7. As obviously shown
in the figure, electron excitation temperature at 1 mm from
the cathode was about ~2000 K and firstly increased with the
distance from the cathode, reaching its maximum at about
2650 K at distances of 5 mm-7 mm, and then decreased to
about 1850 K at a distance of 10 mm from the cathode.

In equilibrium, the temperature at which the electron is
excited is equal to the temperature of the electron. In non-
equilibrium conditions, the temperature of electron excitation
may be different from that of the electron; nevertheless, its
change reflects changing trend of the change in the electron
temperature. Therefore, we concluded that electron tempera-
ture also increased with distance from the cathode, reaches a
maximum at a certain distance, and then decreases. The initial
increase in the electron temperature in the post-cathode space
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FIGURE 8. The dependence of Hel spectral line intensity in the space
behind the grid cathode at distance of 2mm from the cathode on helium
pressure; discharge gap was Tmm.

is apparently associated with the need to generate plasma
under conditions of decreasing electron density, however,
starting from a certain distance from the cathode, the field
due to the space charge of the post-cathode plasma weakens
and the electron temperature begins to decrease.

The above changing trend in the electron temperature of
plasma in the post-cathode space with distance from the
cathode explains the presence of a maximum intensity of
helium lines at a distance of about 1 mm—1.6 mm from the
cathode.

E. EFFECT OF PRESSURE EFFECT ON HELIUM LINE
INTENSITIES AND ELECTRON EXCITATION TEMPERATURE
IN THE POST-CATHODE SPACE
The dependence of Hel spectral line intensity in the space
behind the grid on helium pressure was studied in the helium
pressure range of 3 mm—15 mm. Typical dependence is shown
in Fig. 8.

As can be seen from Fig. 8, the intensity of the Hel spectral
lines in the post-cathode space increased linearly with the
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FIGURE 9. (a) Fitting straight lines for calculating the electron excitation
temperatures; (b) The electron excitation temperature as a function on
pressure.

increase in helium pressure. Apparently, which apparently
indicates that helium atoms in the post-anode space were
excited by direct electron impact when electrons collided with
helium atoms in the ground state. The number density of
neutral atoms n, = p/(kpTy) increased with the increase
of helium pressure P, and the mean free path of electrons
AR = 1/(ngo) became smaller (kp is the Boltzmann constant,
T, is the gas temperature of the plasma, o is the collision cross
section of charged particles). As a result, the collision fre-
quency between electrons and neutral atoms v,, = ngov
increased, so did the excitation rate of atoms (v is the electron
velocity). And eventually the radiation intensity of spectral
lines increased with the increase of helium pressure.

Hence, we concluded that there were electrons with a
sufficiently high density in the post-cathode space to excite
helium atoms at the energy level.

In addition, the effect of helium pressure on the
temperature of electronic excitation in the post-cathode
space was studied. The measurements were carried out at
a discharge gap of 3mm at a distance x = 1.5mm from
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the outer surface of grid cathode. The helium pressure varied
from 3.5 Torr—15 Torr.

The dependence of Ln(IxjAki)/(grAki) on E; for Hel line
intensity at various helium pressures is shown in Fig. 9(a)
and that of electron excitation temperature on pressure is
shown in Fig. 9(b). It can be seen from the figures that in
the pressure range of 3.75 Torr—15 Torr, the electronic excita-
tion temperature of helium plasma in the post-cathode space
gradually decreased with the increase of pressure because
with the increase of the probability of recombination between
electrons and ions, the number of neutral atoms increased,
and mean free path became smaller, the number of effective
collisions between electrons and neutral atoms and the energy
loss increased, which further led to the decrease of electron
energy [29].

IV. CONCLUSION

The characteristics of helium plasma maintained with a
home-made DC glow discharge plasma generator with grid
electrodes were measured by optical emission spectroscopy.

The obtained emission of helium plasma is mainly con-
centrated in the wavelength range of 350 nm—750 nm, and
all lines of the spectra are Hel lines. The intensity of
spectral lines in the post-cathode space during discharge is
obviously stronger than that in the post-anode space, and
reaches its maximum in the discharge gap at a distance about
I mm—1.6 mm from grid cathode. In the space behind grid
cathode, the radiation intensity of Hel spectral lines is max-
imized at a certain distance from the grid cathode, which is
different from that in the post-anode space where Hel line
intensity decreases with distance from the grid anode [25].
Both in the discharge gap and in the space behind the
electrode, the intensity of spectral lines increases with the
increase of pressure.

For all electrode gaps, the thickness of plasma in the
post-cathode space increases with helium pressure and is
greater than that of plasma in the post-anode space.

The electron excitation temperature in the post-cathode
space was calculated from the slope of the Boltzmann
dependence of Ln(I;Aki)/(gkAki) on E;. The electron exci-
tation temperature reaches its maximum at a distance about
5mm-6 mm from cathode and decreases with the increase
in helium pressure. The electron excitation temperature at
a discharge voltage of 300V and a helium pressure of
3 Torr—15 Torr was 1500 K-3000 K.

The difference in intensity distribution observed in the
post-anode and post-cathode spaces is caused by the fact
that plasma is generated by a beam of runaway elec-
trons in the post-anode space, whose intensity and energy
decrease with distance from the grid anode. In the case
of post-cathode plasma, the accelerated ions in the cathode
sheath fly to the post-cathode space, causing secondary ion
emission of electrons on the outer surface of the grid cathode
and redistribution of the electric field in the post-cathode
space. Secondary electrons are accelerated by an electric field
in the direction from the cathode, and only after acquiring
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necessary energy do they become able to excite and ionize
helium atoms. Therefore, electron excitation temperature and
spectral line intensity are maximized at a certain distance
from grid cathode.
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