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Microhollow cathode discharges

K. H. Schoenbach, R. Verhappen, T. Tessnow, and F. E. Peterkin
Physical Electronics Research Institute, Old Dominion University, Norfolk, Virginia 23529

W. W. Byszewski
OSRAM SYLVANIA Inc., 71 Cherry Hill Drive, Beverly, Massachusetts 01915

(Received 25 September 1995; accepted for publication 6 November 1995)

The current—voltage characteristics of hollow cathode discharges and their predischarges in argon
under dc and pulsed conditions were found to have a positive slope at pressures up to approximately
50 Torr, and currents up to 20 mA, at a hole diameter of 0.7 mm. In this range of pressure and
current, parallel operation of hollow cathode discharges, without ballast, was demonstrated. Scaling
to higher pressure is possible by reducing the hole diameter. Pulsed experiments with an array of
cathode rings of 7mm diameter allowed us to obtain parallel operation of more than 50 discharges
at a pressure of 350 Torr in air. @996 American Institute of Physid$§0003-6951(96)04001-8]

The current density in hollow cathode discharges ex-been studied by White at values ofpD close to the upper
ceeds that of linear discharges by orders of magnitude folimit. The measured current—voltage characteristics for a 100
comparable discharge voltages. The main mechanism ré&orr neon discharge giD=7.5 Torr cm in a molybdenum
sponsible for this current enhancement is assumed to be thgllow cathode showed a shallow, but well-defined falling
“Pendel” effect! the oscillatory motion of electrons between characteristics extending to 18 mA, except for the current
the opposite cathode fall regions of the hollow cathode, agange where the discharge transfers from the face of the cav-
effect which causes a drastic increase in the number of ior]ty to the interior.
ization processes. . _ Whereas White has concentrated on the ugirange

The lower limit in pressure for this effect to occur is ¢4 gypmillimeter cylindricals hollow cathode discharges, we
according to Helrhdetermined by the loss of “Pendel” elec- explored the discharge characteristics of these micro-

trons, which reach the opposite cathode wall and are " ollow cathode discharges in a range g close to the
moved from the discharge. This condition leads to an expres-

. . . Jower limit for the onset of the “Pendel” effect. The cross
sion for the minimum value of gas pressyréimes cathode

hole diameteD for which the hollow cathode discharge can sect|on_ of the hOHO.W e_lectrode geometry is shown in Fig. 1.
be sustained: It consists of a cylindrical hole in molybdenum of 0.7 mm

diameter and 2.1 mm depth. The cathode is separated by a
pD=Inf Y ((o)ny), (1) 0.25 mm mica spacer from a ring-shaped anode of 2 mm i.d.
dc voltages of up to 600 V and pulsed voltages of up to 800

with no being the gas densny at apressure .Of 1 Torr_, kad V with 1 ms duration were applied. The measurements were
loss factor. The average collision cross sectiohis defined . . .
erformed in flowing argon. Discharge current and voltage

as the integral of the energy dependent elastic and inelastﬁ: . S . -
. ; were measured using a current viewing resistor and a high
cross sections over the electron accelerating cathode fall, the

negative glow, and the electron decelerating cathode fall a\{oltage probe, respectively. Also, the discharge was observed

the opposite cathode wall, divided by the cathode hole diam?nd'on' time integrated, by means of a microscope connected
a CCD camera.

eter. For argon the average cross section was measured - o
55%10 6 cr?. about twice the value of the maximum cross Figure 2 shows the dc current—voltage characteristics for
section for ionizatior(3.2x 10" %6 crr?). pressures of 3.5, 5.0, 7.5, 16.5, and 56 Torr, corresponding to

Comparison of Eq(1) with experimental resuli<or the pD values of 0.25, 0.35, 0.53, 1.16, and 3._9_2 Torr cm over a
critical pressure and hole diameter at which the hollow cathcurrent range from 0.01 to 400 mA. In addition, for the pres-
ode discharge can be sustained, showed that the critical loss
factor is approximately 0.6 for helium, neon, and argon as fill

gases, for cathode holes with dimensions on the order of 2 20m:'|.7 m l

cm. Accordingly, for argon the minimum or critical value of 2'1 mm I

pD is 0.026 Torrcm. The upper value of hollow cathode T e ———————y
I R

discharge operation is atgD on the order of 10 Torr cr.
Typically hollow cathode discharges are operated at sub-
Torr pressures and cathode diameters in the centimeter range.
Experiments at higher pressurgs>25 Torr)in noble gases
have been performed by Sturges and Oskavith parallel
cathode plates down to millimeter distance. Hollow cathode

discharges_ at pressures up t.O 100 Torr in neon _in cylindricatig, 1. pischarge geometry with hollow cathode and anémtth molyb-
and spherical holes, respectively, of 0.75 mm diameter haveenum), separated by a mica insulator.

2.1 mm
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FIG. 2. Current—voltage characteristics of the microhollow cathode dis-
charge in argon.

sure of 56 Torr, the characteristic obtained in the pulsed
mode is shown. Except for the lowest pressures the current
traces show a distinct discontinuity. It becomes more pro-
nounced and is shifted to lower voltages with increasing
pressure and current, respectively.

The visual appearance of the discharges varies depenétG. 3. Array of hollow cathode discharges in argon at a pressure of 16.5
ing on gas pressure and current. At lower pressires Torr in the “predischarge” modéabove)and the hollow cathode discharge
Torr), or low current levels, respectively, the boundaries of"°d€(®elow).
the plasma column in the cathode hole are rather diffuse. For
higher pressures, just below the current discontinuity, a wellnum with the same diameter as before. The discharges in the
defined plasma column on the axis of the hollow cathode isow current modgFig. 3(a)], as well as in the high current
observed with a smaller diameter compared to the hollownode[Fig. 3(b)] are not affecting each other, as expected.
cathode diameter; past the transition, the plasma column fill§he distance between the holes which in this case was large
almost the entire cathode hole. Photographs of the dischargesmpared to the hole diameter, can be reduced to fractions of
in these two modes are shown in Fig&a@and 3(b). Spectral the hole diameter without affecting the discharge array. A
measurements indicate the role of electrode vapor in thisystem with approximately 50 cathode openings of 2@
transition from a low to a high current mode. The relative separated by 1@xm, provided a stable array of hollow cath-
intensity of the electrode vapor lindsompared to the gas ode discharges in air at 50 Torr. By reducing the cathode
emission)increases drastically when the discharge transferspenings to values of 7am it was possible to increase the
into the higher current mode. pressurdof air) to 350 Torr. It is expected that further reduc-

The slope of the current—voltage characteristics at prestion of the hole diameter will allow us to generate arrays of
sures below 16.5 Torr is positive over the entire range ohollow cathode discharges in atmospheric air.
observation. At a pressure of 56 Torr, the slope seems to turn Discharges operated below the current discontinuity are
negative for currents above 30 mA. For dc operation welowsend discharges along a path from the interior of the
were limited to currents of approximately 35 mA due to ex-cathode hole to the backside of the hollow anode. In this
cessive Joule heating. In the pulsed mode, however, we weraode electrons may obtain energies close to value deter-
able to extend the current range to almost 500 mA. In thisnined by the applied voltage and form axial electron beams.
mode the change from positive to negative differential con+or discharges operated above the current continuity, these
ductivity is for the pressure of 56 Torr clearly visilfleéig. 2).  Townsend discharges or “predischarges” constitute the ini-
This negative slope giD’s considerably above the critical tial stage in their temporal developménthe predischarge
value is consistent with results obtained by White. generates a virtual anode close to the anode which propa-

The fact that the current—voltage characteristics of lowgates toward the cathode orifitdhis modifies the initially
pD hollow cathode discharges have a positive slope over dominantly axial electric field at the orifice of the hollow
wide range of currents allows us to place them in parallecathode and generates a more radial field structure. The
without using ballast resistors for the single discharges. Thishange in electric field favors the onset of the Pendel effect,
was demonstrated by using a set of four holes in molybdewhich generates a highly ionized plasma column on the axis
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of the hollow cathode. The discharge mode above the curremaither than electron emission through ion impact, and the
discontinuity therefore constitutes the real hollow cathodevoltage across the discharge drops to values of less than 20
discharge. The lowegiD value for which this hollow cath- V. In recent experiments with dispenser matefiaingsten
ode discharge can be sustained in our discharge configuranpregnated with barium oxides cathode material we have
tion, for voltages below 600 V, is 0.53 Torr cfp=7.5 Tor, demonstrated this transition to the thermionic mode at cur-
20 times the value obtained with E.). rents of approximately 100 mA for a 0.75 mm diameter hol-
Modeling of a hollow cathode discharge in argon haslow cathode.

provided current—voltage characteristics similar to the ones, The possibility to generate arrays of microhollow cath-
which we have obtained experimentally in the low@D  ode discharges without using ballast suggests their use as
range, except for the transition region from predischarge tsimple flat panels in light sources at high pressures. The
hollow cathode dischargeWhereas our measurements showdischarges can be operated in two stable modes: in the “pre-
only a slight, if any reduction in forward voltage when the discharge” or electron-beam mode or as fully developed hol-
discharge enters the hollow cathode mode, in the computeldw cathode discharges. Other applications are large area
current—voltage characteristics this transition is accompanieélectron and ion sources and, because of the nonthermal elec-
by a considerable drop of the discharge voltage. Treéa-  tron energy distribution, particularly in the electron-beam
tively slight) increase in current with voltage above the tran-mode, as gas processing devices.
sition into the hollow cathode mode, which is seen in both 1A, Guentherschulze, Z. Physs, 313(1923
the modeling and experimental CL_Jrverg. 2), is attributed 2 Helm, Z. Naturforsch. Teil 27, 1812 (1972,
to the fact that the plasma sheath in the hollow cathode modec. c. van Voorhis and A. G. Shenstone, Rev. Sci. Instrizn257(1941).
covers the entire hollow cathode surface, and any increase ifd. W. Gewartowski and H. A. WatsoRrinciples of Electron Tubeévan
current requires an increase in cathode fall voltage. Nostrand, Princeton, NJ, 196%. 561. _

L . . D. J. Sturges and H. J. Oskam, J. Appl. PH35,. 2887 (1964); J. Appl.

The electron energy distribution in the hollow cathode Phys.37, 2405 (1966.

discharge mode contains electrons with an energy corresa. b. white, J. Appl. Phys30, 711 (1959.
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were measure.d in the negajuve glow qf a parallel plate h0|_8P.%rr1r(])? SR?IAﬁégg,gl(B.glglgt.tiere, M. Favre, J. Moreno, H. Chuaqui, and E.
low cathode discharg®.The increased ion flux to the cath- Wyndham, Appl. Phys. Let63, 2750(1993.
ode in the hollow cathode mode causes an increase in th&a. Fiala, L. C. Pitchford, and J. P. Boeuf, Rroceedings of the XXII
concentration of sputtered electrode material and explainsConference on Phenomena in lonized Gaselited by K. H. Becker, W.
the observed occurrence of metal spectral lines in this dis- Eljcfgrgsa%i E. ';‘g‘lhard&e"ens Institute of Technology, Hoboken,
charge phase. Eventually heating of the cathode causes thes ken, F. waérﬁl}a, and H. St Phys. Rev. A23, 829 (1981).
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