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The axial profiles of the electron temperature, plasma concentration and plasma potential in a DC glow discharge
in nitrogen with a hollow cathode were registered with probe technique. At low pressure (0.05 Torr) the discharge is
shown to burn in a high-voltage (electron-beam) mode when an electron beam is formed inside the cathode cavity.
A potential barrier is found near the cathode sheath boundary. At gas pressure starting from 0.15 Torr at low dis-
charge currents a glow mode is observed. At higher current the discharge is burning in the hollow mode in which the
cavity is filled with high concentration plasma. A potential well up to 3 V deep is observed near the edge of the
cathode cavity. On increasing the gas pressure the depth of the potential well in the cathode cavity decreases and the

well disappears at 0.5 Torr.
PACS: 52.80.Hc

INTRODUCTION

The hollow cathode glow discharge is widely applied
in many industrial ionic devices (stabilitrons and thyra-
trons), gas discharge lamps, spectral sources in atomic-
absorption spectroscopy, for pumping gas discharge la-
sers, welding and melting materials with an electron gun,
for modifying surfaces of solid bodies (etching, deposit-
ing thin films), in analytic and plasma chemistry [1, 2].
Recently a hollow-cathode discharge found broad appli-
cation in correcting ion space thrusters [3].

In order to apply a hollow cathode glow discharge
correctly, one has to know the conditions of its exis-
tence and quantitative data for different burning modes,
therefore this problem is under study by a number of
research groups for many years. They experimented
mostly with a glow discharge due to a cylindrical hol-
low cathode as well as a segmented cathode. The avail-
able literature contains only several papers devoted to
probe measurements of the plasma parameters in a hol-
low-cathode discharge. Thus the aim of this report was
to register CVCs of a single Langmuir probe along the
discharge axes in different burning modes and to deter-
mine the axial profiles of electron temperature, plasma
concentration and plasma potential outside as well as
inside the hollow cathode.

Measuring with Langmuir probes [4,5] demon-
strated that conventionally two groups of slow electrons
were present in the negative glow of the hollow cathode
discharge. The slowest of them (so called final elec-
trons) possess the Maxwellian distribution with the
temperature below 1 eV. They are contained in the po-
tential well of the hollow cathode [6] and they form a
plasma concentration profile. The second group consists
of secondary electrons having the energy about 3 eV.
These electrons were produced due to ionization at the
very end of the cathode sheath and they are responsible
for the transport of current from the hollow cathode to
the anode. The presence of this potential well was dis-
covered in experiment by Moskalev [6] via the Lang-
muir probe technique, its depth amounted to around
2...3 V. Obviously the slowest electrons are unable to
leave it, whereas the fastest electrons from the second
group may go out of the cavity.
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1. EXPERIMENTAL

In order to study axial profiles of the plasma pa-
rameters of the dc glow discharge with a hollow cathode
we employed the discharge chamber the scheme of
which is depicted in Fig. 1. A fused silica tube had an
inner diameter of 56 mm. The diameter of the flat
stainless steel anode was 55 mm. A hollow cathode con-
sisted of two plates 3 mm thick each, which were lo-
cated at a distance of 8 mm from each other and were
fixed to a flat disc 55 mm in diameter. The plate ends
were at a distance of 37 mm from the flat part of the
cathode. The entire cathode was made of aluminum.
The distance between the flat parts of the electrodes was
100 mm. Studies were performed in nitrogen within the
pressure range of p = 0.05...0.5 Torr.
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Fig. 1. Experimental device setup

Axial profiles of plasma parameters were registered
with a single cylindrical Langmuir probe out of
nichrome 3.2 mm in length and 0.18 mm in diameter.
The saw-like voltage was fed from the generator, the
potential difference between the “saw” ends amounted
to about 300 V. This voltage was reduced via a resistive
divider (containing R, and R, resistors) and fed to 24-
digit analog-to-digital converter (ADC). The registered
probe current was reduced with a shunt (R, resistor)
and also fed to ADC. The ADC signal travelled through
the galvanic decoupling and via the RS232 interface
was fed to the computer for subsequent processing.
Plasma concentration »n; was calculated from the ion
branch of the probe current /,,. and electron temperature
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T, measured according to the technique described in
papers [4, 5].

2. EXPERIMENTAL RESULTS

At low pressure the hollow-cathode discharge is
burning in a high-voltage mode when a high-energy
electron beam is leaving the cathode cavity. The photo
of such a discharge is depicted in Fig. 2. Secondary
electrons hit out of the cathode surface by positive ions
are accelerated and focused by the electric field inside
the cavity and they form an electron beam propagating
up to the anode surface as evidenced by the photo.
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Fig. 2. Discharge photo and axial profiles of electron
temperature, plasma potential and plasma concentra-
tion for discharge current values of 1 mA and 5 mA

Probe measurements in this case were performed
from the anode surface to the cathode sheath boundary
because directed flows of positive ions and electrons
were moving to the cathode surface inside the cathode
sheath thus impeding considerably the subsequent inter-
pretation of the results obtained.

Fig. 2 also presents the axial profiles of plasma pa-
rameters for two values of the discharge current (1 mA
and 5 mA) and the nitrogen pressure of 0.05 Torr. Al-
most throughout the plasma region the electron tem-
perature amounted to about 1 eV for both current val-
ues, but on approaching the cathode sheath boundary
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one observes an abrupt increase of the electron tempera-
ture up to 9 eV for 1 mA and 3 eV for 5 mA of the dis-
charge current. The voltage drop across the cathode
sheath was about 700...900 V for the current values
given, therefore one can assume that the beam may con-
tain electrons with energies of tens or even hundreds
electronvolts. With the 1 mA discharge current the
plasma potential amounted to 2 V and it was positive
with respect to the grounded anode. The voltage drop
across the anode sheath controls the chaotic electron
current to the anode surface equaling it to the current in
the discharge circuit. The high energy electron beam
may transfer a substantial current, and the presence of
the decelerating potential in the anode sheath indicates
that the coldest electrons are confined in the plasma and
they do not approach the anode surface. However with
the discharge current of 5 mA the decelerating potential
near the anode decreases and even it is substituted with
a small accelerating potential, which can now permit the
anode to collect cold electrons. The attention is attracted
to the presence of a rather high potential barrier near the
boundary of the cathode sheath (for 1 mA current the
height of this barrier comprises 8 V). The plasma poten-
tial pattern within the cathode sheath remains not to be
studied because it is impossible to make probe meas-
urements inside it. However one may assume that this
potential barrier decelerates a portion of fast electrons
inducing them to perform more efficient ionizing colli-
sions with gas molecules. As this potential barrier is
positioned between the plasma concentration maximum
(located in the negative glow) and the cathode sheath
boundary, it is hardly intended for confining cold elec-
trons in the vicinity of this maximum.

For discharge current values of 1 and 5 mA the
maximum plasma concentration values are equal to
1.4-10° and 4.2:10° cm™. However, on increasing the
current the maximum location shifts closer to the cath-
ode and it is at a distance of 30 and 40 mm from the
anode, respectively. With the discharge current growth
the cathode sheath thickness decreases thus shifting the
plasma parameters to the cathode side.

In the photos presented in Fig. 3 for the nitrogen
pressure of 0.15 Torr, one clearly observes two different
modes of the hollow-discharge burning. At the low dis-
charge current of 2 mA one observes the glow mode in
which the glow in this cathode cavity is almost absent,
the cathode sheath envelops the cathode walls from all
sides, however, the negative glow from the anode side
possesses a wedge-like profile and it tries to penetrate
into the cathode cavity. The negative glow occupies
only a portion of the gap between the hollow-cathode
edge and the anode, and it gives its place to the dark
Faraday space, whereas near the anode surface the an-
ode glow is observed with an anode spot under forma-
tion. At higher discharge current of 25 mA the discharge
is burning in the cavity mode when the cavity is filled
with the brightly glowing plasma, the negative glow
from the anode side becomes narrower, the dark Fara-
day space becomes more elongated, and an anode spot
is observed on the anode surface. Fig. 3 also presents
the axial profiles of plasma parameters. The anode glow
at weak as well as high currents is characterized by the
high electron temperature values (up to 4.5 eV), caused
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by the presence of the positive voltage drop (about
12...15 V), which accelerates electrons collected by the
anode and leads to an enhanced ionization in this dis-
charge region. In the negative glow the electron tem-
perature is small with large as well as with weak cur-
rent, and it is equal to about 1 eV.
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Fig. 3. Discharge photos and axial profiles of electron
temperature, plasma potential and plasma concentra-
tion at the nitrogen pressure of p = 0.15 Torr and
the discharge current values of 2 mA and 25 mA
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In the glow mode the electron temperature in the
dark Faraday space grows uniformly towards the anode
whereas in the cavity mode it decreases weakly. In the
hollow mode the electron temperature grows uniformly
from 2 to almost 4 eV when one moves from the edge
deep into the cavity. Near the cathode cavity edge a
potential well about 3 V deep is observed. The presence
of this well helps to contain cold electrons inside the
cavity. Such a potential well was discovered inside the
cavity in paper [6] with probe technique. This figure
also shows that two maxima are available in the axial
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profile of the glow mode one of which is located in the
negative glow near the cathode sheath edge and another
one is located in the dark Faraday space. The axial pro-
file of the plasma concentration for the cavity mode
possesses three maxima: the first one is located inside
the cavity (with the concentration of 3-10' ¢cm™), the
second one is in the negative glow near the cavity outlet
(with the concentration of 1.3-10'° cm™.), and the third
one is observed near the anode surface and it is probably
related to the presence of the anode spot in this region.
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Fig. 4. Discharge photos and axial profiles of electron
temperature, plasma potential and plasma concentra-
tion at the nitrogen pressure of p = 0.3 Torr and the
discharge current values of 2 mA and 20 mA

Consider now the results for the nitrogen pressure of
p =0.3 Torr and the values of the discharge current of 2
and 20 mA presented in Fig. 4. For the moderate current
(2 mA) one observes three regions of enhanced heating
in the electron temperature profile. The first of them is
pressed to the anode and it corresponds to the anode
glow, and the voltage drop across the complete anode
sheath approaches 20 V. Near the anode one also ob-
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serves a plasma concentration peak (about
1.5-10° cm™). The broad maximum of the electron tem-
perature is observed in the dark Faraday space with
which a rather substantial plasma potential gradient is
associated but the plasma concentration sustained is
very small (about 3-10% cm™). The third section with
high electron temperature is observed in the negative
glow on approaching the cathode sheath boundary.
Similar to the preceding case of the gas pressure of
0.15 Torr, the negative glow possesses the wedge-like
shape directed to the cathode cavity. Cold electrons in
this region are trapped in the potential well preventing
their escape to the anode and the plasma concentration
is supported at a rather high level (3-10° cm™). After the
discharge experiences a transition to the cavity mode (at
the discharge current of 20 mA), the anode glow per-
sists, again near it one observes high values of electron
temperature and plasma concentration. The maximum
of the electron temperature in the dark Faraday space
disappears, now the electron temperature along this en-
tire region comprising about 1.5 eV. The potential gra-
dient also decreases considerably and the plasma con-
centration grows. Within the cathode cavity the electron
temperature exceeds 2 eV, a potential well about 3 V
deep is formed again and it contains cold electrons in-
side the well whereas the plasma concentration there
approaches the value of 2:10'° cm™.

On growing the gas pressure the potential well depth
in the cathode cavity (in the hollow mode) decreases
and the well disappears at 0.5 Torr.

CONCLUSIONS

This paper reports the axial profiles of such plasma
parameters as electron temperature, plasma concentra-
tion and plasma potential outside as well as inside the
hollow cathode we registered in different discharge
modes.

We demonstrate that at low gas pressure (0.05 Torr)
the discharge is burning in the high-voltage (electron-
beam) mode. Electron temperature is small being ap-
proximately equal to 1 eV through the total plasma re-
gion and increasing abruptly only near the cathode
sheath boundary. We found a rather high potential bar-
rier near it (for the current of 1 mA the height of this
barrier amounts to about 8 V), which perhaps deceler-
ates a portion of fast electrons inducing them to perform
ionizing collisions with gas molecules more efficiently.

At the nitrogen pressure of 0.15 Torr (as well as at
higher pressure values) two different modes of dis-
charge burning are well expressed: glow one and hollow
one. With the discharge current of 2 mA a glow mode is
observed when the negative glow from the anode side
possesses a wedge-like profile and it tries to penetrate
the cathode cavity. Here one can also observe a poten-
tial barrier near the cathode sheath boundary. At higher
discharge current of 25 mA the discharge is burning in
the hollow mode in which the cavity is filled with high
concentration plasma of bright luminosity, and the elec-
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tron temperature grows uniformly from 2 to almost 4 eV
on moving from the edge deep into the cavity. A poten-
tial well approximately 3 V deep is observed near the
edge of the cathode cavity. One observes maxima on the
plasma concentration axial profile inside the cavity
(with the concentration of 3-10'° cm™), in the negative
glow near the cavity outlet (with the concentration of
1.3-10" cm™), whereas the third maximum is observed
near the anode surface.

For the nitrogen pressure of p = 0.3 Torr and a mod-
erate current (2 mA) one observes a broad maximum of
the electron temperature in the dark Faraday space with
the associated considerable plasma potential, but the
supported plasma concentration is very small (about
3-10% cm™). In the hollow mode (with the current of
20 mA) the maximum of electron temperature in the
dark Faraday space vanishes. Inside the cathode cavity
the electron temperature exceeds 2 eV, the depth of the
potential well is about 3 V, and the plasma concentra-
tion approaches 2-10'° cm™.

On gas pressure growing the depth of the potential
well inside the cathode cavity (in the hollow mode) de-
creases and it vanishes at 0.5 Torr.
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OCEBA4 CTPYKTYPA TJIEIOIIEI'O PA3PAIA NIOCTOAHHOI'O TOKA C IIOJBIM KATOJOM
B PA3JIMYHBIX PEXKUMAX IT'OPEHUA

B.A. JIucoeckuii, H.A. bozooensuwiit, B./]. Ezopenxos

OceBble npomiin TeMIepaTypbl JIEKTPOHOB, TUIOTHOCTH IUIa3Mbl M MOTEHIMAIa TIICIOIEro pas3psijia C MOJIbIM
KaTOJIOM B a30T¢ OBbUIM MCCJIEOBAaHbI 30HI0BBIM MeTo10M. [loka3aHo, yro npu Hu3koM AasineHun (0.05 Topp) pas-
PSL TOPUT B BBICOKOBOJIETHOM (3JIEKTPOHHO-TTY4E€BOM) PEXUME, KOT/1a MIEKTPOHHBIH ITy4oK GopMHUpyeTcsl B KaTo-
HOM mojocTu. BOaM3K rpaHuIsl KATOIHOTO CI0si OOHApY’KeH IMOTEHIHAIBHBIN Oapbep. IIpu naBneHusx rasa, Ha4H-
Hast ¢ 0.15 Topp, npu HU3KUX pa3psAHBIX TOKaxX HaOmomaercs Tielomuil pexuM. [Ipu Goee BEICOKOM paspsiiHOM
TOKE pa3psj TOPHUT B MOJOM PEXUME, B KOTOPOM IIOJIOCTh KaTOZa 3alojHEHA IIa3MOM BBHICOKOH KOHLICHTPALHH.
[NotenmmaneHas sMa ryorHOM Mo 3 B Habmogaercs B monoctu karona. C MOBBIIIIEHHEM JTaBJICHUS Ta3a ee rryOornHa
yMmenbIuaercs, ¥ npu 0.5 Topp sima ncye3aert.

OCBOBA CTPYKTYPA TJIIOUYOIO PO3PSIY NOCTIMHOI'O CTPYMY 3 HOPOXXHUCTHUM
KATOJAOM Y PI3BHUX PEXKUMAX I'OPIHHSA

B.O. Jlicosecvkuit, 1.A. Bozooenvnuii, B./]. €zopenkos

OcpoBi npodhii TeMnepaTypy €JICKTPOHIB, 'YCTHHHU IUIA3MH 1 MOTEHI{iay TIIF0YOr0 PO3PSIy 3 MOPOKHUCTUM
KaTOZOM B a30Ti OyJiM NOCIHiKeHI 30HJOBUM MeToaoM. [lokazaHo, mo npu Hu3bkomy THCKy (0.05 Topp) pospsn
TOPUTH Y BUCOKOBOJIbTHOMY (€JIEKTPOHHO-IIPOMEHEBOMY) PEKUMI, KOJIM €JIEKTPOHHUH ITy4OK OPMYETHCS B KaTOA-
Hill mopoxHuHi. [To6mu3y Mexi KaToIHOTo mapy BUSBICHO IOTEHUiHHUH Oap'ep. IIpu THCKy rasy, MoYMHAIOuM 3
0.15 Topp, py HU3BKUX PO3PIATHUX CTPYMax CIIOCTEPIraeThCsl TIioUni pexxuM. [1pu OUIBII BUCOKOMY PO3PSIHOMY
CTPYMi PO3pSI TOPHUTH B MOPOXKHHCTOMY PEKHMIi, B SKOMY IIOPOKHHHA KaToJa 3allOBHEHA IIa3MOI0 BUCOKOT KOH-
nenrparii. [Torenmiitaa ssma rmubuHOIO 10 3 B crocTepiraeTbes B MOPOXHMHI KaToAa. 3 MiABUIIEHHSIM THCKY Ta3y il
rmbuHa 3MeHITyeThes, i ipu 0.5 Topp sima 3HUKaE.
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