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The article is devoted to the study of the operating modes of a glow discharge with a coaxial hollow cathode in helium and neon gases.
It is shown that the burning voltage of a discharge with a coaxial hollow cathode is lower than one with a cylindrical hollow cathode
of equal diameter, and the position of the optimal pressure range depends on the width of the annular gap of the cavity. It is noted that
the rod current density is 3-5 times higher than the cylinder current density. The insignificant role of the photoelectric effect in the
processes of electron emission from the cathode is proved. It is shown that the intensity of the atomic spectral lines of the cathode
material increases significantly when a coaxial hollow cathode is used.
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The vast majority of glow discharge studies in hollow cathode devices use cylindrical hollow cathodes that are open
at one or both ends. However, the effect of a hollow cathode is also observed with other configuration of the cathode
cavity (a double hollow cathode formed by two flat plates located at a rather small distance; or hollow cathodes with
different shapes of the inner cavity [1]), as long as conditions for the oscillation of fast electrons in the cross section of
the cathode cavity are provided. These designs have no advantages over the cylindrical hollow cathode and therefore have
not gained widespread acceptance. An exception is the slit hollow cathode used in ion lasers, which is essentially a
cylindrical hollow cathode, with withdrawal of a current through a slit in the side surface of the cylinder.

GOALS OF ARTICLE

Analyzing the features of the discharge mechanism with a cylindrical hollow cathode, the following drawback of
these cathodes can be noted [2, 3, 4]. On the axis of the cathode cavity, there is a maximum concentration of slow
electrons, which have an energy of less than 1 eV near the upper boundary of the optimal pressures range. Consequently,
in the axial region of the cylindrical cathode cavity, conditions for intense volume recombination of electrons and ions
are created, because of this recombination the degree of plasma ionization in the cathode cavity decreases. Placement of
additional electrodes in the cathode cavity, for example, an anode or an insulated electrode [3] leads to the loss of fast
electrons due to violation of the conditions for the oscillation of fast electrons and a sharp increase in the burning voltage
of the discharge. However, placing a metal rod, connected to the cathode, on the axis of the cathode cavity leads to a
decrease in the burning voltage of the discharge in comparison with a hollow cathode formed by the same cylinder without
a rod. Therefore, such a hollow cathode, called coaxial, was investigated in more detail.

MATERIALS AND METHODS
One of the designs of discharge tubes with a coaxial hollow cathode is shown in Figure 1.
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Figure 1. Construction of the discharge tube with a coaxial hollow cathode: 1 - cylinder; 2 - removable rod; 3 - side flange;
4 - anodes; 5 — glass plate; 6 — water cooling jacket; 7 — glass pipes for gas.

The cathode cavity is formed by a cylinder 1 and a removable rod of various diameters 2, fixed with a vitrified holder
in the side flange 3. The anodes are two annular electrodes 4 located coaxially with the cathode cavity. The second side
flange is covered with a glass plate 5 for visual observation and output of optical radiation from the cathode cavity. The outer
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cylinder is equipped with a water cooling jacket 6, filling the tube with gas and pumping out was performed through glass
pipes 7. The rod could be introduced into the cathode cavity using a bellows system that allows the rod to be shifted parallel
to the axis of the cathode cavity. All measurements were carried out in the continuous flow regime of spectrally pure helium
and neon gases.

RESULTS

For a cylindrical hollow cathode, the discharge burning voltage depends on the geometric dimensions of the cathode
cavity and the cathode material. Figure 2 shows the dependences of the burning voltage on the helium pressure for a
coaxial hollow cathode with a rod diameter of 2 mm and 5 mm at a discharge current of 10 mA. Similar measurements
were also carried out for the cylindrical hollow cathode.

It can be seen that, in the region of optimal pressures, the burning voltage in the coaxial hollow cathode is lower
than in the cylindrical one, and a shift of both boundaries of the region of optimal pressures is observed. With an increase
in the diameter of the rod, the transverse size of the resulting annular cavity, along which the electron oscillations occur,
decreases. And just like for a cylindrical hollow cathode, with a decrease in the diameter, the burning voltage decreases
and the boundaries of the region of optimal pressures shift towards higher pressures.

Figure 3 shows the dependence of the burning voltage on the helium pressure for a cylindrical hollow cathode and
coaxial hollow cathode formed by an aluminum cylinder with a diameter of 30 mm and a rod with a diameter of 5 mm
made of molybdenum, aluminum and nickel.
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Figure 2. The dependences of the burning voltage on the helium  Figure 3. The dependence of the burning voltage on the helium
pressure for a cylindrical hollow cathode (CylHC) with a cylinder  pressure for CylHC with a cylinder diameter of 30 mm (1) and
diameter of 30 mm (1) and for a coaxial hollow cathode (CoaxHC) CoaxHC with a rod diameter of 5 mm of molybdenum (2),
with a rod diameter of 2 mm (2) and 5 mm (3) aluminum (3) and nickel (4)

Curve 1 corresponds to a hollow cathode without a rod. It can be seen that the burning voltage of the discharge
depends on the material of the rod and also it depends on the material of a cylindrical hollow cathode. If both the outer
cylinder and the rod are made of nickel (Figure 4), then the burning voltage at the minimum of the U(P) dependence is
116 V, which is less than the normal cathode potential drop for a nickel-helium pair (144V) [5].
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The fact that the burning voltage in the coaxial hollow cathode depends on the rod material indicates that the atomized
atoms of the outer cylinder fall on the rod in an insignificant amount. The displacement of the boundaries of the optimal
pressures region depending on the type of gas for a coaxial hollow cathode has the same regularities as for a cylindrical
one. One would expect that if the width of the annular gap of the coaxial hollow cathode is equal to the diameter of the
cylindrical hollow cathode, the regions of optimal pressures should coincide. Comparison for helium gas of the upper PU
and lower PL boundaries of the optimal pressures region for a coaxial hollow cathode (CoaxHC) and cylindrical (CylHC)
with the equality of the gap width and the diameter of the cathode cavity is given in Table.

Table. The value of the upper Pu and lower PL boundaries of the optimal pressures region at the same values of the width of the gap
of the CoaxHC and the diameter of the CylHC.

6.5 mm 10 mm 12.5 mm 14 mm
CoaxHC CylHC CoaxHC CylHC CoaxHC CylHC CoaxHC CylHC
Py, Torr 5.0 7.5 3.0 4.5 3.0 4.0 2.0 3.5
Pr, Torr 0.6 1.5 0.4 0.9 0.4 0.75 0.3 0.7
Pu/PL 8.3 5.0 7.5 5.0 7.5 5.0 6,7 5.0
DISCUSSIONS

It can be seen from the table that in all cases the region of optimal pressures of the coaxial hollow cathode is shifted relative
to the cylindrical one towards lower pressures. At the same time, the value of PU/PL for a coaxial hollow cathode is higher than
for a cylindrical one. All this indicates that the oscillations of fast electrons in the coaxial hollow cathode occur not only in the
radial direction. Part of the electrons emerging from the outer cylinder is decelerated in the dark cathode space near the rod, and
part of the electrons first bends around this region and then falls into the dark cathode space near the cylinder again. Thus, the
length of the trajectory for different electrons a lies in the range from S - the width of the annular gap to D - the diameter of the
outer cylinder. As a result, the width of the optimal pressure region increases. The above considerations are confirmed by the
fact that when the rod is displaced relative to the axis of the outer cylinder, the region of optimal pressures also expands.

The problem of studying the distribution of the current in a coaxial hollow cathode has two aspects. First, the
distribution of the current between the outer cylinder and the rod, and second, the distribution of the current along the
length of the cathode cavity [6]. In all discharge tubes, the rod had an insulated terminal, and this made it possible to
measure the rod current and its dependence on various conditions. A tube with a sectioned hollow cathode was used to
measure the longitudinal distribution of the current.

It turned out that the current to the rod makes up a significant part of the total cathode current and is practically
independent of the gas pressure in the region of optimal pressures. Figure 5 shows the dependence of the current on the
helium gas pressure for a coaxial nickel cathode with an outer cylinder 30 mm in diameter and different rod diameters:
I mm, 2.5 mm, 5 mm and 10 mm and the same discharge current of 100 mA.
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Figure 5. The dependence of the current to the rod on the helium  Figure 6. The dependence of the current to the rod on its
pressure for a nickel CoaxHC with a cylinder diameter of 30 mm  diameter at helium pressure of 1Torr (1), 2 Torr (2), 5 Torr (3),
and rod diameters of 1 mm (1), 2.5 mm (2), Smm (3) and 10 mm 10 Torr (4) at the discharge current of 100 mA. Cylinder
(4) at the discharge current of 100 mA diameter equals 30 mm

With an increase in the diameter of the rod, the transition point from a flat section to a steeply dipping one shifts
towards high pressures. With the smallest diameter of the rod (1 mm), the rod current in the pressure range of 0.1-1 Torr
is about 20% of the total discharge current, although the surface of the rod in this case is 30 times smaller than the surface
of the cylinder. Figure 6 shows the dependence of the rod current on its diameter at various helium pressures.
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Curve 1 corresponds to the pressure range from 0.1 to 1 Torr. At these pressures, an increase in the diameter of the
rod by a factor of 10 leads to an insignificant increase in its current (from 20 mA to 32 mA). With increasing pressure,
the dependence of the rod current on the diameter increases, and at a pressure of 10 Torr, the rod current is proportional
to its diameter. Such a nature of the curves may indicate a change in the mechanism of emission from the cathode in the
studied pressure range.

When the rod is displaced parallel to the axis of the cathode cavity, the pattern of the dependence of the current to
the rod on the gas pressure changes. Figure 7 shows the dependence of the current to the rod on the helium pressure for
the rod located on the axis of the cavity (curve 1) and when the rod is displaced from the axis by 5 mm (2) and 10 mm (3).

When the rod is displaced perpendicular to the axis, a clear maximum appears on the curves, which, with an increase
in the displacement of the rod, shifts to the region of higher pressures. At low gas pressures, the rod current decreases, at
high gas pressures, it increases. This behavior of the curves indicates that the current to the rod is determined by the
plasma concentration in the cavity of the cylindrical hollow cathode at the location of the rod.

Figure 8 shows the dependences of the current density to the rod on the helium pressure for rods of different
diameters, as well as the dependences of the current density to the cylinder.

I mA“_ I mA A

cm?

20

10

O L [ NN L T I . O 1 Ll L SE-E -
10 10° 10" P, Torr 10" 10° 10" P, Torr

Figure 7. The dependence of the current to the rod on the Figure 8. The dependences of the current density to the rod (-o-)
helium pressure for the rod located on the axis (1) and the rod and to the cylinder (-e-) on the helium pressure with a cylinder
displaced from the axis by 4, = 5mm (2) and 4, = 10mm  diameter of 30 mm and rod diameters of 1 mm (1), 2.5 mm (2),
(3) at the discharge current of 100 mA. Cylinder diameter 5 mm (3) and 10 mm (4) at the discharge current of 100 mA
equals 30 mm. Rod diameter equals 2 mm

The current density to the rod increases sharply with decreasing rod diameter, while the current density to the
cylinder remains almost unchanged. With an increase in the gas pressure, the current density to the rod decreases and at
a pressure above 5 Torr it becomes less than the current density to the cylinder.

The current distribution along the cylinder of a coaxial hollow cathode was studied using a tube with a sectioned
hollow cathode 15 mm in diameter, on the axis of which a rod 1 mm and 2 mm in diameter was located. The pattern of
the dependence of the current along the length of the coaxial hollow cathode turned out to be qualitatively the same as for
the cylindrical hollow cathode. When the rod is placed on the axis of the cylinder, the transverse dimension of the cathode
cavity decreases, which prevents the penetration of plasma into the depth of the cathode. Therefore, in order to provide a
relatively uniform current load of the cylinder in the coaxial hollow cathode, its length in comparison with the cylindrical
one must be reduced in proportion to the decrease in the transverse size of the cathode cavity [7].

Taking into account the fact that in a coaxial hollow cathode the rod current density can be much higher than the
cylinder one, it can be assumed that the rod material will be sputtered more intensively than the cylinder material, and the
lines of the rod material will prevail in the spectrum of the discharge glow. These considerations stimulated spectral
studies of the radiation from a discharge with a coaxial hollow cathode. Copper and iron were used as the rod materials.
Measurements were carried out with a discharge in helium and neon. The emission spectrum was recorded using an ISP-
51 spectrograph.

The region of negative glow in a discharge with a coaxial hollow cathode has the shape of a ring and changes in the
same way as in a discharge with a cylindrical hollow cathode. A dark cathode space exists near the surface of the cylinder
and near the surface of the rod. With increasing gas pressure, the width of the dark cathode space decreases, and at
pressures less than 2 Torr, the negative glow is distributed into two parts: brighter and wider is near the cylinder, less
bright and narrow is near the rod. Photographing the discharge glow with subsequent photometry of the film on the MF-2
microphotometer made it possible to measure the width of the dark cathode space in the discharge (d.). The value of
d. near the surface of the rod turns out to be constant up to a pressure of 1 Torr, moreover, d. near the rod is almost 2
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times less than near the cylinder. This is due to the fact that the cathode potential drop at the rod and at the cylinder is the
same, but the rod current density in this case is 3.4 times higher than the cylinder one. As expected, due to the fact that
the current density to the rod is higher than to the cylinder, in the emission spectrum of the coaxial hollow cathode, mainly
the lines of the rod material are observed.

When the rod is connected, additional lines appear in the spectrum, the identification of which showed that these are
analytical lines of iron at 404.5 nm, 427.1 nm, and 438.3 nm. [§8]. Thus, at a discharge current of 50 mA, the sputtering
of the cylinder is still insufficient for the lines of the metal from which it is made to appear in the spectrum. When the rod
is connected, despite the fact that the current to it is only 14% of the total discharge current, rather intense metal lines
appear in the discharge spectrum [9]. Figure 9 shows the dependence of the intensity of three sensitive lines of iron on
the discharge current at the neon gas pressure of 1 Torr.

Curves 1 — 3 were obtained for a coaxial hollow cathode; 1'— 3' for a cylindrical hollow cathode with a diameter
equal to the diameter of the cylinder of the coaxial hollow cathode. It can be seen that in the coaxial hollow cathode, iron
lines are reliably recorded at a discharge current of 20 mA, in a cylindrical one, a current of more than 60 mA is required.
Thus, a coaxial hollow cathode is approximately 3 times more efficient than a cylindrical one for use as a source of the
iron spectrum. The dependence of the intensity of the spectral lines of copper on the neon pressure for a coaxial hollow
cathode is shown in Figure 10.
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Figure 9. The dependence of the intensity of three sensitive lines ~ Figure 10. The dependence of the intensity of the spectral lines
of iron A=438.3 nm (1), A=427.2 nm (2) and A=404.6 nm (3) on of copper A=511.8 nm (1), A=515.3 nm (2) and A=510.5 nm
the discharge current at the neon gas pressure of 1 Torr. 1 -3 are  (3) on the neon pressure for CoaxHC at the discharge current of
for CoaxHC, and 1' — 3' are for CylHC 20 mA

In the range of neon pressures of 0.2 - 0.8 Torr, the intensity of the spectral lines of the rod material changes little,
and at higher pressures, the intensity decreases sharply. This behavior of the curves is due to the action of several factors.
At low gas pressures, the supply of sputtered atoms to the glow region increases, but the concentration of electrons in the
plasma decreases, and as a result, the dependence of the radiation intensity on the gas pressure is weakened. As the
pressure rises above 1 Torr, the number of sputtered atoms, the plasma concentration, and the current density to the rod
decrease. This leads to a sharp decrease in the radiation intensity of the spectral lines of the rod material. Similar
measurements were carried out for a discharge with a coaxial hollow cathode in helium. Due to the low mass of the ion,
the sputtering of atoms of the cathode material and the intensity of the corresponding spectral lines in helium are lower
than in neon.

CONCLUSIONS

As a result of studying the main electrical and spectral characteristics of a discharge with a coaxial hollow cathode
made of various materials for different diameters of the outer cylinder and rod, the following new results were obtained.

1. In the annular cavity formed by electrically connected coaxial electrodes, the "hollow cathode effect" is preserved.
The burning voltage of a discharge with a coaxial hollow cathode in the region of optimal pressures is lower than that of
a discharge with a cylindrical cathode of the same diameter.

2. The position of the region of optimal pressures of the coaxial hollow cathode depends on the width of the annular
gap of the cavity and the type of gas. The width of the region of optimal pressures of a coaxial hollow cathode is wider
than that of a cylindrical one with an equal transverse size of the cathode cavity. The dependence of the discharge burning
voltage on the gas pressure in a coaxial hollow cathode is weaker than in a cylindrical one.

3. The rod current density is 3-5 times higher than the cylinder current density and at low pressures is practically
independent of the pressure and the gas type.
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4. The weak dependence of the current to the rod on its diameter indicates an insignificant role of the photoelectric
effect in the processes of electron emission from the cathode.

5. Due to the higher current density to the rod, the width of the dark cathode space near the rod surface is
approximately 2 times less than that near the cylinder surface.

6. In the spectrum of a discharge with a coaxial hollow cathode, the intensity of the lines of the rod material sputtered
atoms is much higher than that of the atoms of the cylinder material.
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JOCJIIXKEHHSA TJIIOYO0I'O PO3PAAY 3 KOAKCIAJIBHUM ITOPOKHUCTHUM KATOJOM
Cranicias B. Iloropeios?, Bosiogumup O. Timaniok?, Irop B. Kpacoscbkuii’, Mukoua I'. Kokoaiii®
“Hayionanenuil papmayesmuunuil yHisepcumem, Xapkis, Ykpaina
% Xapxiecvruii nayionarshuil ynisepcumem ivmeni B. H. Kapasina, Xapxis, Yipaina

CratrTs npUCBSYEHA JOCHIIKEHHIO PEXXUMIB POOOTH TIIIOYOT0 PO3Psy 3 KOAKCIAIbHAM MOPOXKHHUCTUM KaTOJOM Yy ra3ax Telilo Ta
HeoHy. [okazaHo, o Hanpyra ropiHHS PO3psAYy 3 KOAKCIaTbHIM ITOPOKHUCTUM KaTOJOM HIDKYA, HIX 3 ITIHAPHIHUAM ITOPOKHUCTHM
KaTO/IOM OJJTHAaKOBOTO JiaMeTpa, a IOJIOKEHHS ONTHMAJIbHOTO Aialla30Hy THCKY 3aJI€KUTh BiJl LIMPUHHM KiJbLEBOI'0 3a30PY IOPOKHUHU.
3a3HaueHo, 110 MUIBHICTD CTPYMY IITOKA B 3-5 pa3iB IepeBHUILy€ IUIBHICT CTPYMY LUIiHApa. JloBeeHO He3HauHy poiib oToedeKTy
B Ipolecax emicii enekTpoHiB 3 karona. [okazaHo, 110 MPH BUKOPHUCTAHHI KOAKCIaJIbHOTO MOPOXKHUCTOrO KaToAa iHTCHCHBHICTH
aTOMHHX CHEKTPAbHUX JIiHIH MaTepiaty KaToja 3HA4YHO 3pOCTaE.

KurouoBi cioBa: Thirounii po3psn, MOPOXKHUCTHN KaToA, KOHQITypalis KaToda, CIEKTpalbHi JuKepesa, eNeKTPOHHI KONWBAaHHSA,
LITBHICTE CTPYMY PO3pSAY.



