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Abstract

The mixture of argon and mercury vapor with temperature-dependent composition is used as the
background gas in different types of gas discharge illuminating lamps. The aim of this work was to develop
a model of the low-current discharge in an argon-mercury mixture at presence of a thin insulating film on the
cathode and to investigate the influence of film on the discharge ignition voltage at low ambient temperatures.

When discharge modeling, we used the obtained earlier expression which describes dependence of the
mixture ionization coefficient on temperature. When there was a thin insulating film on the cathode the model
took into account that positive charges are accumulated on its surface during the discharge. They generate an
electric field in the film sufficient for the field emission of electrons from the metal substrate of the electrode
into the insulator and some of them can overcome the potential barrier at the film outer boundary and go out
in the discharge volume improving emission characteristics of the cathode.

Calculations showed that at a temperature decrease the electric field strengthes in the discharge gap and
the voltage in it are increased due to reduction of the saturated mercury vapor density in the mixture followed
by the decrease of its ionization coefficient. Existence of a thin insulating film on the cathode surface results
in an increase of the cathode effective secondary electron emission yield which compensates the reduction
of the mixture ionization coefficient value.

The results of discharge characteristics modeling demonstrate that in case of the cathode with an insulating
film the discharge ignition becomes possible at a lower inter-electrode voltage. This ensures outdoor mercury
lamp turning on at a reduced supply voltage and increases its reliability under low ambient temperatures.

Keywords: mercury illuminating lamp, low-current gas discharge, insulating film on cathode, field electron

emission, discharge ignition voltage.
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MopeanpoBanue BJUSHUA TOHKON AMIJICKTPUYECKOMN
IJIEHKHU HA MOBEPXHOCTH YJIEKTPOJA HA 3aKUTAHUE
pa3psia B PTYTHBIX OCBETUTEJIbHBIX JJAMIAX NPU HU3KHX
TEeMIIePaTypax OKpYy:Kawuen cpeabl
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CmMech aproHa ¥ apoB PTyTH € 3aBUCAIINM OT TEMIIEPaTypbl COCTAaBOM HCIOIB3yeTCs B KauecTBE pabodero raza
B Pa3JIMYHBIX TUMAX [a30pa3psAHBIX OCBETUTEIBHBIX JIaMIlL. L{esbio JaHHOM paboThI SBIANIOCH TOCTPOSHHUE MOCTH
c11ab0TOYHOTO pa3psia B CMECH aproH-PTYTh NPU HAIWYUH Ha KAaTO/Ie TOHKOW AMAIEKTPUIECKON IICHKH, a TaKKe
OTIpEe/ICNICHNE €€ BIMSHMS Ha HAPsDKEHUE 3KUTAHUS pa3psiia IPU HU3KOHM TeMIepaType OKpYKaroIeH cpe/sl.

[Ipn MomenmpoBaHMH pa3pszia MBI HCIONB30BAIN MTOTYYCHHOE paHee BBIPa)KeHHE, OTHCHIBAIOIIEE 3aBUCH-
MOCTb HOHU3AIIMOHHOTO K03 (HUINEHTa pacCcMaTpPUBAEMOI CMecH OT TeMIepaTypsl. B ciyuae Hamiuust Ha Katozae
TOHKOW AMAIEKTPUUCCKON TIIEHKH B MOZIENHN YUUTBIBAIIN, YTO B Pa3psje Ha e MOBEPXHOCTH HAKAIIIMBAIOTCS I10-
JIOKUTENbHbIE 3apsabl. OHM CO3AI0T B INIEHKE MNEKTPUUIECKOE M0J1e, JOCTATOUHOE [JIsl BOSHUKHOBEHUS [101E€BOM
SMHUCCHH JNEKTPOHOB M3 METAIIMIECKOH MOATOKKH IEKTPOJa B JUNICKTPHK, YACTh M3 KOTOPBIX MOXET Ipe-
0/10JIeBaTh MOTCHIMATIBHBIN Oaphep Ha BHEIIHEH I'paHMIE TJICHKH U BBIXOAUTH B PAa3psAHBIN 00BEM, yilydlias
SMHUCCHOHHBIE XapaKTEePHCTHKN KaTOA.

PacueTsl mokasany, 4TO MPH CHIDKECHUH TEMIIEPATYypPhl MPOUCXOAUT YBEIHUCHUE HAMPSKEHHOCTH SICKTPH-
YECKOTO ITOJIS B Pa3psIHOM MPOMEKYTKE M HaNpsHKEHHs Ha HEM, 0OyCIIOBIEHHOE YMEHBIIEHHEM KOHIIEHTpalnH
HACBIICHHBIX NTAPOB PTYTH B CMECH, a CIEA0BATEIBHO, M €€ HOHU3AIMOHHOTO K03 duunenta. Hanu4ue xe ToH-
KOI IMANIEeKTPUYECKOH TNICHKH Ha ITOBEPXHOCTH KaTo/la MOXKET IPHBOUTH, BCIEICTBHE CyIIECTBOBAHUS MOJICBOI
SMUCCHHU HICKTPOHOB B IUICHKY, K YBEIHYCHUIO 3(D(HEKTUBHOTO KOA(P(UIIEHTa 3NEKTPOHHON IMUCCUH KaTOAa,
KOMITCHCUPYIOIEMY CHIDKCHNE BEJTMUMHBI HOHN3AIMOHHOTO KO3(GHIIEHTa.

[IpencraBneHHbIE pe3yIbTaTHl MOACTUPOBAHUS XapaKTEPUCTHK Pa3psiia JEMOHCTPUPYIOT, UTO B CIIydae KaTo-
Jla C TUAIIEKTPUUECKOH IIIIEHKOW CTAHOBUTCS BO3MOXKHBIM BO3HHKHOBEHHE pa3psjia pH 0oiee HU3KOM MEKAIeK-
TPOIHOM HANpsDKEHUU. JTO 00ECHeYnBaeT 3aKUTaHUE JIAMIIbI HAPYHOTO OCBEILEHMS IMPH MEHBIIEM HampshKe-
HHY TINTAIOMIEH CETH 1 MOBBIIIACT €€ HaJJeKHOCTh B YCIIOBUSAX HU3KUX TEMIIEpaTyp.

KiroueBble cjioBa: PTyTHasA OCBETUTECIJIbHAA JIaMIla, c71a00TOYHBIN Tra30BBIN paspsaa, AUJICKTPUICCKAs IJICHKA
Ha KaToe, IoJIeBas 3JICKTPOHHAA SMUCCH, HAIPSHKCHUEC 3aXKUT'aHUA paspsaa.
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Introduction

Arc illuminating lamps are nowadays a
widespread type of gas discharge devices in which
a mixture of argon with fixed density and mercury
vapor with the density depending on temperature
is often used as the background gas [1-5]. After
the lamp turning on the low-current discharge is
initiated in it which then transits into the glow and
arc modes [6].

A lamp important characteristic is the discharge
ignition voltage which equals to the minimum
potential difference between the electrodes at which
the gas breakdown occurs in the inter-electrode
gap. Its reduction results in decrease of the lamp
energy consumption and also in increase of its
reliability and service time [7]. Value of the ignition
voltage is determined by the processes of electron
emission from the lamp cathode and ionization of the
background gas in the discharge volume. In an argon—
mercury mixture, along with the direct ionization of
atoms by electrons, also ionization of mercury atoms
in collisions with excited argon ones (the Penning
reaction) can considerably contribute [4, 8, 9]. This
leads to an increase of the ignition voltage of outdoor
lamps under a reduction of the ambient temperature
due to a decrease of the mercury vapor content in the
mixture. As a result, the supply voltage can become
insufficient for mixture ignition.

However, when a thin insulating film exists on
the cathode surface, positive charges are accumulated
on it during the discharge. They generate an electric
field in the insulator sufficient for the field emission of
electrons from the electrode metal substrate into the
film [10, 11]. The emitted electrons are accelerated
by the field in the film conduction band and a fraction
of them can overcome the potential barrier at the
film outer surface and go out into the discharge
volume increasing the emission characteristics of
the electrode. Therefore a method of reduction of the
discharge ignition voltage consists in formation of
an insulating layer with thickness 10'-10? nm on the
lamp metal electrodes surfaces.

Influence of field electron emission from the
metal substrate into the insulating film on the cathode
emission properties and the discharge ignition
voltage was investigated in [12]. It was shown there
that this influence was determined completely by
the film emission efficiency &, equal to the fraction
of electrons emitted from the substrate, which goes
out of the film into the discharge. But only fixed & ),
magnitudes of about 0.1 were used in [12] whereas

in real lamps its value depends on the film thickness
and the electric field strength in it, determined by the
discharge conditions [13, 14].

In this work a model of the low-current discharge
in an argon-mercury mixture under the presence
of a thin insulating film formed at the cathode is
developed. An analytical expression for the film
emission efficiency o X obtained in [14] is used.
Dependence of 8 on the background gas temperature
in the low-current discharge in argon-mercury
mixture is calculated. It is shown that existence of an
insulating film can result in a considerable reduction
of the discharge ignition voltage at low temperatures.

Model of the low-current discharge

Let the voltage sufficient for arising of the low-
current gas discharge to be applied to the discharge
gap (length d) between the flat metal cathode
covered with a thin insulating film (thickness Hf)
and the metal anode (see Figure 1). The discharge
current density j is determined by the equation of the
discharge circuit:

Uy U +RSj=U,, (1)

where U, = E d and U=E H, are the voltage drops
in the discharge gap and in the insulating film,
respectively, £, and E are the electric field strength
values in them, S is the electrode surface areca
occupied by the discharge, U, is the external applied
voltage, R is the ballast resistor which value is large
enough to ensure a small value of j at which the
discharge is low-current one [15].

Cathode
E E

i

Anode

Metal substrate
Insulating film

S
~
&

o Uoc
Figure 1 — Schematic of the discharge geometry

Under the current flow in the discharge,
bombardment of the cathode by ions proceeds and
positive charges are accumulated on the film surface,
which generate strong electric field in the film.
When its strength £, reaches value of = 103 Vm!
the field electron emission from the cathode metal
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substrate into the film starts with the macroscopic
current density determined by the Fowler-Nordheim
equation [14, 16]:

ir(E) ol

Ey

as E}

2@
2 (50)(@n —a) (@0 —2%a)"" |- (2)

where v (o) =1- 15 +(1/3) g In yp;

r (y0)=1+(1/9)y§(1—1ny0); Yo :C\/E—f/((Pm —Xd);

a=1541-10°A-eV-V% b=6.831-10°V-m'-eV>2;
c=3.795-10°eV-m'>V'? ¢ is the metal substrate
work function; y , is the film material electronic
affinity; m and m* are magnitudes of the electron
mass in vacuum and in insulator, respectively.
Here Ef: BUf /sfo [17]; B is the electric field
enhancement factor on the relief elements of the
metal-insulator boundary; s, is the fraction of the
boundary surface near the relief tops from which the
field emission of electrons goes on due to the electric
field enhancement on them; g is the high-frequency
permittivity of the film material.

Value of £, can be found from the condition of
equality of the macroscopic current density J of the
field electron emission from the cathode substrate
into the film and the discharge current density J, 1. e.
from equation:

ir(Ef)=1

Electrons emitted into the film are accelerated
by the electric field and decelerated in collisions with
phonons [13, 14]. When they reach the film outer
boundary a fraction Sf of them goes out of the film
into the discharge increasing the cathode effective
secondary electron emission yield v, , which equals
to the average number of electrons emitted from the

surface per an incident ion. Value of the film emission
efficiency is determined by an expression [14]:

H H{ €, €,
szl—exp(—x—o]z 0 [1+¥]exp(—aj, 4)

e nzon!}\"e1
where Hy=H,—-H,; ¢, =eE;H —ep, —nAg,

eg =heE, [ 22m" (9, —x4) 1 ();

H is the tunneling length of an electron with the
initial energy about the Fermi energy €, of the cathode
metal substrate; Ag is the energy lost by an electron
in each collision with a phonon in the insulator; A _is

e

the average electron path length between collisions

G3)

with phonons in the direction perpendicular to the
cathode surface; h = A/2w, h is the Planck constant;
e is the electron charge magnitude.

In the gas discharge, a substantial fraction of
electrons emitted from the cathode surface returns to
it due to scattering by the background gas atoms and
only their fraction /| goes into the discharge volume.
Therefore the real film emission efficiency in the
discharge equals to 8 o = /.0 ) [15]:

fes 21/(1+‘7/4We)’

where v is the average velocity of electrons emitted from

the cathode; w, is the electron drift velocity in the gas.
Asaresult the cathode effective secondary electron

emission yield is determined by expression [14]:

Yer = (fesYi +8, )/(1 - Sfe)’

where v, is the cathode ion-electron emission yield.
The condition of low-current discharge self-
sustaining in the inter-electrode gap is [6]:

oc(Ed)d=ln(1+1/ye_ﬁ),

where o(E,) is the ionization coefficient of the
background gas equal to the average number of
ionizations of'its atoms by an electron per a unit length.

For the argon-mercury mixture o(E,) value
in wide ranges of variation of temperature 7 and
the electric field strength E, it is determined by
expression [18]:

a(E,) = A(N)nexp(~B(N) ], ).

where A(N)=0.18N’ +5.84N> +54.45N +209.20;

®)

(6)

(7

B(N)=0.08N> +2.50N" +22.28 N +90.40;

N:In(an (T)/n), n=nNu + Ny (7);

., and an(T) are the argon and mercury vapor
densities, respectively.

Equations (1)—(7) form a system for the low-
current discharge characteristics in the argon-mercury
mixture, including its ignition voltage U = U, + U,
when a thin insulating film covers the cathode, as
well as under it absence (at H =0 and 6 = 0).

Results of modeling

Calculations were performed for the dischar-
ge gap of length d=2-10°m filled with the
mixture of argon with density n, =6.57-10° m™
corresponding to its pressure 2660 Pa at

10
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temperature 20 °C and saturated mercury vapor,
which density grows rapidly with temperature 7
as it is shown in Figure 2 [18]. The cathode was
considered to be aluminum without an insulating
film on the surface or with the insulating Al O,
film of thickness H =16 nm. The following
parameter values were used [13, 14]: ¢, =4¢eV;
X,=2¢V; €= 3;=3.8; me* =m,; Ae=0.125 eV;
ke =0.3 nm; s, = 1073; y,= 0.03. The ballast resistor
ensured the discharge current density of about
10 Am™, i. e. the discharge was low-current [15].

107
107 |
<
~
z
N
1070+
10*7 1 1 1
-30 -20 -10 0 10
T, °C

Figure 2 — Relative saturated mercury vapor content in
the mixture as a function of temperature [ 18]

The calculated dependences of discharge
characteristics on the mixture temperature are
presented in Figures 3-5. It follows from them that
in case of cathode without the film temperature
reduction from+10 °Cto—20 °C (typical for northern
countries in winter time), the electric field strength
E, value increases, whereas the discharge current
density decreases. This results in discharge ignition
voltage U, increase by value of about 50 V which
is in an agreement with experimental data [18]. At
a temperature decrease below —20 °C the discharge
characteristics do not change, because the mercury
content in the mixture becomes negligibly small and
the discharge burns in practically pure argon.

Figure 3 — The discharge current density as a function
of temperature for the cathode with insulating film (solid
line) and without the film (dashed line)

0.08
0.06
S
P
0.04
0.02 ! L L
=30 -20 -10 0 10
T, °C

Figure 4 — The cathode effective secondary electron
emission yield as a function of temperature. Designations
are the same as in Figure 3

250
r————=__
225
>
< 200
S
175
150 s s .
-30 -20 -10 0 10
T, °C

Figure 5 — The discharge ignition voltage as a function
of temperature. Designations are the same as in Figure 3.
Points are experimental data [19] for the cathode without
the film

Under the presence of an insulating film on the
cathode a contribution to its effective secondary
electron emission yield Yo along with the ion-
electron emission makes the field electron emission
from the metal substrate into the insulating film.
Therefore, value of Vor exceeds its value for the
cathode without the film considerably. Hence,
fulfillment of the discharge sustaining condition (6)
becomes possible at a reduced value of the
ionization coefficient of the background gas, i.e. at
lower electric field strength in it and, consequently,
at lower voltage U, between the electrodes. It can be
seen in Figure 5 that the decrease of U, due to the
field electron emission from the cathode substrate is
of about 20 V at low temperatures which facilitates
the discharge ignition in the arc illuminating lamp
under such conditions.

Conclusion

A model of low-current discharge in the argon-
mercury mixture when a thin insulating film exists
on the cathode surface is developed in the paper.
It takes into account the ion-electron emission from

11
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the cathode surface, and the field electron emission
from the cathode metal substrate into the film,
caused by the strong electric field generated in the
cathode during the discharge. Using this model
dependences of the discharge characteristics on
the mixture temperature are calculated.

It is shown that because the saturated mercury
vapor density decreases with temperature rapidly,
a reductionofthe mixtureionizationcoefficientalso
takes place. Therefore, the electric field strength
in the discharge gap and the voltage drop across
it are increased which can prevent the discharge
ignition in the lamp at low ambient temperatures.
When the cathode surface is covered with a thin
insulating film the field electron emission from
the cathode metal substrate increases the cathode
effective secondary electron emission yield. As
a result, the discharge ignition becomes possible
at lower value of the ionization coefficient of the
background gas and, consequently, at a lower
voltage drop between the electrodes. This ensures
the discharge ignition under smaller supply voltage
values and increases reliability of mercury lamp
operation at low ambient temperatures(typical for
the northern countries in winter time) and under
instability of the supply network voltage.
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