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Abstract

The mixture of argon and mercury vapor is used as the background gas in different types of gas discharge
illuminating lamps. The aim of this work was development of a model, describing transport of electrons, ions
and fast atoms in the one-dimensional low-current gas discharge in argon-mercury mixture, and determination
of the dependence of their contributions to the cathode sputtering, limiting the device service time,
on the temperature.

For simulation of motion of electrons we used the Monte Carlo method of statistical modeling, whereas
the ion and metastable excited atom motion, in order to reduce the calculation time, we described on the
basis of their macroscopic transport equations, which allowed to obtain their flow densities at the cathode
surface. Then, using the Monte Carlo method, we found the energy spectra of ions and fast atoms,
generated in collisions of ions with mixture atoms, at the cathode surface and also the effective coefficients
of the cathode sputtering by each type of particles.

Calculations showed that the flow densities of argon ions and fast argon atoms, produced in collisions
of argon ions with slow argon atoms, do not depend on the temperature, while the flow densities of mercury
ions and fast argon atoms generated by them grow rapidly with the temperature due to an increase of mercury
content in the mixture.

There are represented results of modeling of the energy spectra of ions and fast atoms at the cathode
surface. They demonstrate that at low mercury content in the mixture of the order of 107 the energies
of mercury ions exceed that of the other types of particles, so that the cathode is sputtered mainly by mercury
ions, and their contribution to sputtering is reduced at a mixture temperature decrease.

Keywords: gas discharge lamp, low-current discharge, argon-mercury mixture, ion and atom energy spectra,
cathode sputtering.
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CmMmech AprOoHAa U IIapOB PTYTU UCITOJIB3YCTCA B KAYCCTBC pa60qer0 Tra3a B pa3JINYHbIX TUTIAX Ta30Pa3pAAHBIX
OCBCTUTCIIBHBIX JIaMII. L[GJ'ILIO ,I[aHHOﬁ pa6OTLI SABJIAJIOCH MOCTPOCHHUE MOJCIIH, OHI/ICLIBaIOI]_Ieﬁ epeHOC
9JICKTPOHOB, HOHOB 1 6I>ICTpI:IX aTOMOB B CJIA00TOYHOM pa3psaac B CMECH aproH-pTYTh, a TAKIKC OIIPCACIICHUC
3aBUCUMOCTH UX BKJIAA0B B PACIIBIJICHUE KaTOJd, OTPAHUYNBAIOIICC CPOK CJ'Iy)K6I:I an60pa, OT TEMIICPATYyPhbI.

I[J'If[ MOACIUPOBAHUA ABUIKCHUS DJICKTPOHOB MbI IPUMCEHSAIN MCTO CTATUCTUYCCKOI'O MOJACIIMPOBAHUSA
MOHTC—KapJ'IO. HepeHOC HOHOB B036Y)KI[GHHI>IX ATOMOB C LICJIbIO COKPALICHUA 3aTPAT PACUCTHOI'O BPDEMCHU
OIMUCBIBAJIM Ha OCHOBC MAaKPOCKOIMWYECKUX ypaBHeHHfI, YTO IIO3BOJIMJIO HAWTH INIOTHOCTH HMX IIOTOKOB
Y NOBCPXHOCTU KaTOAA. 3aTeM ¢ HCIOJIb30BaHHEM METOoAa MOHTC—KapJ'IO HaxOoAWJINn SHEPreTU4YCCKueC
CIICKTPBI MOHOB U 6LICTpI>IX aTOMOB, O6p33}’IOH_[I/IXC$I IIpu CTOJIKHOBCHHUAX MOHOB C aTOMaMU CMECH, Yy I10-
BCPXHOCTH KaTOJd, 4 TAKIKE 3(1)(1)6KTI/IBHLIG KOS(I)(i)I/ILII/IeHTI)I pacClibUICHUA KaTOda KaXXAbIM TUIIOM YaCTHILI.

Pacuersr MOoKa3aljiv, 4TO IJNIOTHOCTU IMMOTOKOB MOHOB aproHa U 6LICTpLIX ATOMOB aproHa, BO3HUKArIIuxX
IIpU CTOJIKHOBCHHUAX NOHOB aproHa ¢ MEIJICHHBIMU aTOMaMU aproHa, HE 3aBUCAT OT TCMIICPATYPLI, B TO BpEMA
KaK INIOTHOCTU ITOTOKOB MOHOB PTYTHU U 6LICTpLIX aTOMOB aproHa, 06pa3y€MBIX HUMH, 6I>ICTpO BO3pacCTar0T
IpU YBCIIMUCHHUU TEMIICPATYPhI BCICACTBUC YBCINYCHUA COACPIKAHUA PTYTU B CMCCH.

Hpe,ILCTaBJ'IeHI)I pe3ybTaTbl MOACIHNPOBAHUSA SHEPIrETUYCCKUX CIHCKTPOB HMOHOB U 6LICTpI>IX aTOMOB
Y NOBEPXHOCTHU KaToJda4. Onn ACEMOHCTPHUPYIOT, YTO HIPHU MaJIOM COACPIKAHUHU AaTOMOB PTYTU B CMCCHU
nopsaka 1073 pacCnbUICHHUE KaTOda NPOUCXOAUT, T'NIaBHBIM o6pa30M, HOHaMU PTYTHU, TAK KaK UX DHCPIUU
CYHICCTBCHHO NPCBOCXOAAT DHCPIUU APYTr'UX TUIIOB HaCTHUILL, TPUYEM HX BKJIAJ B pACIbUICHHUC YMCHBIIACTCA
CO CHM)KCHHUEM TEMIICPATYPbI CMECH.

KiroueBble cjioBa: rasopaspsjgHas OCBETHTENIbHAs JIaMIla, CIa0OTOYHBIN paspsisi, CMECh aprOH—PTYTb,
JHEepPreTUYEeCKUe CIIeKTPhl HOHOB M aTOMOB, PacIbIIEHHE KaTo/1a.
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Introduction

In different types of gas discharge illuminating
lamps, the mixture of argon and mercury vapor
is used as the background gas [1, 2]. The argon atom
number density in it does not depend on the tempe-
rature, whereas the mercury atom number density
is decreased under its reduction. The most intensive
sputtering of the cathode surface in the discharge
proceeds directly after the lamp ignition, because its
lifetime in the continuous operation mode exceeds
considerably that in the periodic turning on and off
mode [3]. The mercury ion flow density near the
cathode surface at the stage of lamp turning on should
increase with the ambient temperature due to rising
of the mercury atom number density in the discharge
volume. Moreover, in the argon-mercury mixture,
besides of the direct ionization of gas atoms by
electrons, ionization of mercury atoms by metastable
exited argon atoms takes place (the Penning reaction)
[4-6], which also increases the mercury ion number
density. Therefore, at quite small mercury content
in the mixture, its ions can make a significant contri-
bution to the lamp electrode sputtering.

The distributions of ions and fast atoms by energy
in gas discharges, as well as the cathode sputtering
by them, were studied in a number of works both
experimentally and theoretically. However, only
discharges in pure noble gases or their mixtures with
temperature-independent composition were usually
investigated in them [7-15]. For the discharge
in the argon-mercury mixture with the temperature-
dependent composition and under the existence
of the Penning ionization of mercury atoms,
though, this question was studied insufficiently.
The distributions of ions of the mixture components
by energy in the low-current discharge was calculated
only in [16] on the basis of the approximation
of continuous slowing down of mercury ions
in argon without taking into account the stochastic
nature of ion-atomic collisions. Besides, the energy
spectrum of fast atoms, generated under the charge
exchange and elastic scattering of ions on slow argon
atoms, which can contribute substantially to the ca-
thode sputtering, was not found in [16].

In this work, a model describing the ion and
fast atom motion in the low-current (Townsend)
discharge in an argon-mercury mixture, based on
the Monte Carlo method, is used. The energy distri-
butions of ions and fast atoms at the cathode surface
are calculated and their contributions to its sputtering
are found as functions of the mixture temperature.

Mathematical model

Let the gap of length d between the parallel
planar electrodes with the large transverse dimensions
be filled with a mixture of argon with density n,,
and saturated mercury vapor with density n,,
and the voltage U sufficient for ignition of the
Town-send discharge is applied to it. If the z-axis is
directed along the normal to the electrode surfaces,
then, since the space charge is rather small in such
discharge [16], the electric field in all points is
parallel to axis z and its strength is equal to £ = U/d.

Electrons generated in the discharge gap under
the ionization of atoms of the mixture components are
accelerated by the field in the direction of the anode,
and ions are accelerated to the cathode, colliding
with neutral atoms. Simulation of their transport
is fulfilled in this work on the basis of the hybrid
discharge model [17, 18]. At the first stage, motion
of primary electrons (emitted from the cathode and
produced in electron-atomic collisions) is calculated
using the Monte Carlo method, whereas the ion
and metastable excited atom motion, in order to
reduce the calculation time, is described on the basis
of their macroscopic transport equations. As a result
of their solution by the finite-difference method,
numbers An, of electrons, appearing in a unit time
in a unit volume in collisions of heavy particles,
are found in each of s intervals of length Az = d/s,
into which the interelectrode gap is divided. Then
the corresponding numbers of secondary electrons,
which should be added in the cells of the length Az
under modeling of the electron kinetics by the Monte
Carlo method, are found. After that, simulation
of electron motion in the discharge gap is performed
again taking into account the additional electrons,
as well as calculation ofthe ion and metastable
transport. Such cycle is repeated until the relative
difference between values of the quantities in succes-
sive iterations becomes sufficiently small. As a result,
numbers An,,, and An,,, of argon and mercury ions,
appearing in a unit time in a unit discharge volume
in each of s intervals of length Az, are obtained,
as well as the argon and mercury ion flow densities
J,+and Jy,+ at the cathode surface.

At the second stage, the energy spectra of
ions and fast atoms, produced in collisions of ions
with argon atoms, at the cathode surface are found
using the Monte Carlo method and the obtained
earlier values of An, and Any,. In the process
of calculation, itis being taken into account that
when an ion collides with an atom of its parent gas,
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the resonant charge exchange can occur, resulting
in generation of a slow ion with zero energy and a fast
atom with the energy equal to the ion energy before
the charge exchange. Besides of the charge exchange,
the elastic scattering of ions and fast atoms on slow
atoms can take place, in which they lose a fraction
of their energy and slow atoms become fast ones, i. e.
as a result of each elastic collision a new fast atom
is produced. Between collisions with slow atoms
the fast atoms move rectilinearly and uniformly.
Since the relative content of mercury in the dis-
charge at the stage of lamp ignition is usually small
(ny/n, = 10— 1072) [6, 18], only collisions of ions
and fast atoms with argon atoms can be taken into
account. The trajectory of each fast heavy particle is
calculated starting from the point of its formation by
solving the equation of its motion sequentially at each
time step Atz. The step value is chosen small enough
so that the length of the trajectory section passed by
the particle during time A¢ is much less than its mean
path length between collisions with atoms. Whether
the particle collides with an atom in such section, its
type, as well as the direction of motion and energy &
of the particle after the collision, are determined from
the corresponding formulas of the collision theory
with using of random numbers [12]. The energy
dependencies of'the cross sections of argon ion
charge exchange on argon atom and isotropic elastic
scattering of argon ion and atom on argon atom,
taken from [19], are used, as well as the cross section
of isotropic elastic scattering of mercury ion on argon
atom, found using of the argon and mercury atom gas-
kinetic radii. The trajectory of each ion is calculated
until it reaches the cathode, and the trajectory of each
fast atom is calculated until it reaches the cathode
orits energy becomes less than 10 eV, since such atoms
do not contribute to the cathode sputtering.
Asaresultofcalculations, the energy distribution
functions of ions and fast atoms, -(d.¢), ng+ (d,e)and
/,,(d.e) at the cathode surface are formed. Using them,
the effective (averaged over particle energies) coef-
ficients of the cathode surface sputtering by each type
of particles are found, defined by expressions [16]:

eU
RArJr = J‘YArJr (g)f‘Ar+ (d,S)dS;

oU
RHg+ = J. YHg+ (a)ng+ (d,e)de; )
StHg
eU
Ry = _[ Yy, (&) far (d.€)de;
EtAr

where Y, + (¢), YHg+ (¢) and Y, (¢) =7, +(¢) are the
yields of cathode material sputtering by argon and
mercury ions and fast argon atoms with energy ¢, €,
and €y ATC the corresponding threshold sputtering
energies, e is the elementary charge. Then the flow
densities of cathode material atoms, sputtered by
different types of particles, are obtained as follows:

JArf :RAr+JAr+ , J

S ng+ = RHg+ JHng > J_yAr = RArJAr’ (2)

where J, is the fast argon atom flow density
at the cathode, which is expressed via J, + and J_ +
with using of the results of simulation of ion and fast
atom motion in the discharge.

Results and discussion

Calculations were performed for the low-
current discharge in the interelectrode gap of the
length d = 1073 m. It was considered to be filled with
a mixture of argon and mercury, in which the number
density of argon atoms was assumed to be constant
and equal to n, =6.6-10° m™, which corresponds
to its pressure p =266 Pa at the room temperature,
whereas the mercury atom number density was
dependent on the temperature 7' [18]. The discharge
voltage was equal to 200 V, so that value of the
reduced electric field strength £/n in the discharge
was 3-107"® Vm? (where n = ny, +n,). Inthe process
of simulation, trajectories of 10® argon and mercury
ions were calculated with using of the coordinates
of their generation, found taking into account
the calculated distributions of quantities An,, and
An, along the discharge gap at s = 100. After that,
the trajectories of fast atoms, produced in collisions
of ions and generated earlier fast atoms with slow
argon atoms, were calculated.

10

==
p

J, arb. units

10]1

-30 0 30
T, °C
Figure 1 — The flow densities of argon ions (Ar"),
mercury ions (Hg"), fast argon atoms, produced by argon
ions (Ar)), and fast argon atoms, produced by mercury
ions (Ar,), at the cathode surface
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The obtained flow densities of ions and fast
atoms, bombarding the cathode surface, as function
of the mixture temperature are presented in Figure 1.
It is seen that the flow densities of argon ions and
fast argon atoms, arising in collisions of argon
ions with slow argon atoms, do not depend on the
temperature, whereas the flow densities of mercury
ions and fast argon atoms, produced by them, grow
rapidly with temperature due to rising of the mercury
content in the mixture by three orders of value at
a temperature increase from —30 °C to +30 °C [18].

f, arb. units

o
[l
X

60
&g, eV

40 80 100

Figure 2 — The energy spectra of ions and fast atoms at the
cathode surface. Designations are the same as in Figure 1

The calculated energy distributions of argon
ions, mercury ions and fast argon atoms at the
cathode surface are presented in Figure 2. It can be
seen in it that most of mercury ions have energies
exceeding considerably that of argon ions, because
they lose only a fraction of their energy in elastic
collisions with argon atoms, whereas argon ions lose
all their energy under the charge exchanges on slow
argon atoms, and the elastic scattering cross section
is less than the charge exchange cross section.

10]]

Jng*

o 10° Juts

g JsAr'

e

Eﬁ JsAr,

=107

105 1
=30 0 30

T, °C

Figure 3 — The flow densities of tungsten atoms, sput-
tered from the cathode surface by ions and fast atoms.
Designations are the same as in Figure 1

It follows from results of calculations that at
a temperature increase the energies of mercury ions,
as well as the energies of argon ions, are changed
insignificantly, because their energy losses occur
in collisions of ions with argon atoms, which number
density does not depend on the temperature. It is seen
also in Figure 2 that under the charge exchange and
elastic scattering a large number of fast argon atoms
are generated, and mercury ions make a main contri-
bution to this process as their substantial fraction has
energies exceeding that of argon ions. In Figure 3,
the temperature variation of the flow densities
of atoms, sputtered from the tungsten cathode surface
by different types of particles, obtained with using
of expressions (1), (2) and the experimental depen-
dencies Y, + (¢) and YHg+ (e) [20], are shown. It can
be seen that at low temperatures near —30 °C
the main contribution to the cathode sputtering
make fast argon atoms generated by argon ions.
At temperatures exceeding 0 °C, though, the cathode
is sputtered predominantly by mercury ions, because, as it
follows from figures 1, 2, their flow density approaching
that of argon atoms and their energies are considerably
higher than the argon atom energies. Therefore,
this factor must be taken into account under investiga-
tion of the cathode sputtering in gas discharge lamps.

Conclusion

In this work, simulation of transport of electrons,
ions and fast atoms in the one-dimensional low-
current gas discharge in argon-mercury mixture,
used in gas discharge illuminating lamps, is fulfilled.
It is taken into account that at the stage of lamp ignition
mercury content in the mixture is small and collisions
of fast heavy particles with argon atoms only can be
considered. The main types of such collisions are the
resonant charge exchange of argon ions on argon
atoms and the elastic scattering of argon ions, mercury
ions and fast argon atoms on slow argon atoms.

The flow densities of ions and fast atoms
bombarding the cathode surface, their energy spectra,
the effective rates of tungsten cathode sputtering
by ions of both types and fast atoms, and also the
flow densities of atoms, sputtered from the cathode
by them, are found as functions of the temperature.
It is shown that at low mercury content in the mixture
of the order of 107 energies of mercury ions exceed
that of the other types of particles, so that the cathode
is sputtered mainly by mercury ions, and their
contribution to sputtering is decreased at a mixture
temperature reduction.
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