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For the description of the low-pressure Hg-Ar positive column a self-consistent collisional-radiative
model has been used. Calculations of the population densities for the fundamental and the first five ex-
cited Hg levels, electron and rare-gas temperature, and densities have been carried out. All these quanti-
ties, except electron temperature, have been evaluated as functions of the radial position in the axially
uniform positive column; no assumptions on the radial profiles have been made. Macroscopic quantities
such as electric-field strength and radiative power output have been also calculated. A diffusion-

controlled positive column has been assumed. The most important collisional processes in the plasma
have been taken into account (elastic collisions, electron-atom and atom-atom inelastic collisions includ-

ing excitation, direct and stepwise ionizations, and also superlastic collisions). Argon excitation and
stepwise ionization have been included. Radiation trapping has been taken into account, including pres-
sure broadening of resonance lines due to Ar. In our calculations a non-Maxwellian electron-energy dis-

tribution function has been used. Diffusion of the charged particles in the presence of Hg+ and Ar+ has
been considered. Diffusion of the metastable Hg levels has been taken into account. The results ob-
tained in this paper have been compared to corresponding values given in the literature and detailed dis-

cussion of the validity of several models has been carried out.

PACS number(s): 52.25.—b, 52.80.Mg, 51.50.+v

I. INTRODUCTION

The aim of modeling of Hg-rare-gas low-pressure-
discharge lamps, which is a necessary complement to ex-
perimental investigations, is to predict the optimal
operating conditions of these devices. Optimal operating
conditions, in the case of certain applications, mean high
luminous intensities at selected wavelengths and high
efficacy for a large range of ambient temperatures. These
operating conditions depend closely on several external
parameters such as tube diameter and shape, discharge
current, and partial pressures of mercury and rare gas in
the positive column plasma.

In practice, it was found to be possible to obtain higher
uv-radiation intensities by decreasing the tube diameter.
In this case, an important decrease of the discharge
current was imposed in order to maintain in the positive
column the electron temperature as high as needed to
maintain an important selective excitation of the resonant
Hg(6 P, ) level without an important increase of the visi-
ble radiation lines.

In the literature, numerous experimental and theoreti-
cal studies have been devoted to both classical fluorescent
lamps (4 =24—36 mm) and compact fiuorescent tubes
(d =8—12 mm) [1—10]. However, to the authors'
knowledge, in the case of extremely narrow diameters (a
few mm), there are neither sufficient experimental results
nor calculations presently available to draw general con-
clusions [11]. In this paper we deal with a comparative
study of several existing models applied to the fluorescent
lamps. A collisional-radiative model with a large range
of application, developed by the authors, is used as a dis-
cussion basis. A review of the most important models
will be presented in Sec. II of this paper, whereas Sec. III

will be devoted to the presentation of the theoretical
bases of our model. Transport phenomena in the
discharge plasma and corresponding atomic data used in
this study will be given in Sec. IV. Finally, Sec. V will be
devoted to a detailed analysis of our calculation results in
a large range of Hg-Ar discharges covering classical
fluorescent lamps and as well as extremely narrow
discharges. A comparison between our calculations and
theoretical and/or experimental results will be given
when available.

II. REVIEW OF THE EXISTING MODELS

The theoretical analysis of Hg —rare-gas discharges is
sufficiently complex to necessitate the use of simplifying
assumptions. In fact, these assumptions restrict seriously
the field of application of the models. Thus a concept
common to the existing models was that calculations
should be in good agreement with experimental data
within a more or less restricted range of applications.
Under this condition the use of arbitrary adjustable pa-
rameters has been justified up to now.

Waymouth and Bitter [5] were able to calculate to a re-
markably fair degree of approximation the characteristics
of classical Hg-Ar lamps (d =36 mm, I=400 mA,
p&, =3 Torr) by using a simplified atomic transition
scheme limited to a few atomic levels. In addition, the
use of Ar was limited only to a bu8'er-gas controlling
electron mobility. The latter assumption causes some im-
portant divergences between calculations and measure-
ments in the case of low partial pressure of mercury in
the positive column, because the excitation and ioniza-
tion of the argon have been neglected. We take note, on
the one hand, of the significant deviation between the
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values of the electron mobility used in this work and the
experimental values found in the literature [2]. On the
other hand, Waymouth and Bitter were forced to increase
the resonance radiation trapping by a factor of about 3.5,
which contradicts the results of more detailed studies on
the resonance radiation trapping [12]. However, the
principal purpose of this model was to obtain the simplest
possible discharge description to fit the experimental data
quantitatively. The great simplicity of use renders this
model a powerful tool in describing the physical bases of
the discharge and also to obtain valid estimations of the
orders of magnitude in several cases of Hg —rare-gas
discharge.

Lama et al. have also elaborated an analytical model
without recourse to numerical techniques [9]. This mod-
el was based essentially on the same approximations as
those used by Waymouth and Bitter and gives a good ap-
proximation of the parametric dependence on the
discharge variables. However, the model of Waymouth
and Bitter remains more accurate.

Another important limit of these works was to deal
with average quantities over the discharge cross section
and not to consider the variation of a11 species with radial
position. This restriction did not exist in the earlier work
of Cayless [4]. However, the model of Cayless was limit-
ed to intermediate partial pressures of mercury because,
on the one hand, of the simplified treatment of the reso-
nance radiation trapping in the plasma based on the
diffusion of radiation, and, on the other hand, because of
the argon treatment as buffer gas only.

Both Cayless and Waymouth adopted a Maxwell-
Boltzmann electron-energy distribution function in their
calculations. This choice is justified partially by the ex-
perimental studies of Kenty [1] and Easley [13]. It is of
note that the cross sections used in these studies have
been evaluated essentially by Kenty under the hypothesis
of a Maxwell-Boltzmann electron-energy distribution
function. In low-pressure Hg —rare-gas discharges the lo-
cal thermodynamic equilibrium conditions are not
verified (T ((T,) and more specific calculations of the
electron-energy distribution function show that the high-
energy region of the electron-energy distribution function
may deviate significantly from the Maxwell-Boltzmann
shape.

More recently, in the work of Winkler, Wilhelm, and
Winkler [8j, a collisional-radiative model including
several Hg levels (6'So, 6 Po, 6 P„6P2, 6'P„7S„
6 D) and Hg+ was coupled with the numerical solution
of Boltzmann equation. In this model argon excitation
and ionization were also included, but the authors do not
take into account the contribution of Ar+ to the
charged-particle diffusion. The resonance radiation trap-
ping treatment was carried out according to Holstein's
classical theory [14]. This model is also limited to classi-
cal cases because of the average treatment of the positive
column under the hypothesis of standard radial profiles
of excited and charged species over the tube cross sec-
tion.

Dakin has established a more complete model in order
to calculate the radial behavior of the discharge [10].
The field of validity of this model includes classical and

compact fluorescent tubes. In a more recent version of
the model a satisfactory treatment of the resonance radia-
tion trapping was included. Inelastic collisions between
heavy particles (Hg atoms) were taken into account.
However, argon excitation and ionization were neglected
and the electron-energy distribution function calculation
was based on the simplified two-electron group model of
Vriens [15].

III. MODEL DESCRIPTION

A. Basic assumptions

The model developed in this work is based on the fol-
lowing basic assumptions: A uniform steady-state posi-
tive column established in a circular-cross-section tube is
considered. The discharge is supposed to operate with
neither stationary nor running striations, and without os-
cillations. Under these conditions, the positive column is
supposed to be axisymmetric (electrode regions are not
actually taken into account); this makes the problem one
dimensional along the radius. Axial cataphoresis is
avoided by considering a very-low-frequency commuta-
tive dc power supply instead of a pure dc source.

The discharge tube contains a constant amount of ar-
gon and some mercury vapor. The mercury partial pres-
sure is assumed to be the saturated vapor pressure at the
tube cold-spot temperature. The total pressure is as-
sumed to be constant along the radius.

Both mercury and argon may be (de)excited by col-
lisions. In this model we take into account the funda-
mental Hg(6 'So) level, the first five Hg(6 Po, 6 P„6Pz,
6'P„7S, ) excited states. We also include the funda-
mental state of Ar and a virtual excited state Ar' at 11.65
eV which regroups the 1s2, 1s4, 1s3, and 1s5 Ar excited
states.

Resonance uv lines, corresponding to radiative decay
of mercury at 253.7 and 184.9 nm and argon at 104.8 nm,
are considered to be partially trapped in the discharge.
Visible radiation is due only to Hg (546.1, 435.8, and
404.6 nm). According to the experimental studies, the
visible radiation lines [especially that of Hg at 546.1 nm
corresponding to the transition Hg(7 Si)—+Hg(6 P2)]
can also be partially absorbed in the discharge plasma.

Direct and stepwise ionization from the mercury are
considered; direct ionization was very often neglected in
previous papers. In this work argon stepwise ionization
is also taken into account. Ionization does not occur ex-

clusively by electron impact; collisions between excited
mercury atoms at 6 P levels may be at least as important
for the ion formation in some cases. In fact, calculation
results given by Vriens, Keijser, and Ligthart have indi-

cated that associative ionization may even be dominant in

the positive column of Hg-Ar low-pressure discharge,
particularly at the higher Hg densities [16].

Vriens, Keijser, and Ligthart have considered about
eight different ionization processes by means of atom-
atom collisions. The most important seem to be

(a) Hg(6 P2)+Hg(6 P )~2gH(6' S) o+gH+ e+

(b) Hg(6 Po)+Hg(6 P& )—+Hg&++e
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In the present paper we take into account process (a) but
we neglect process (b) because of the dissociative recom-
bination of the molecular Hg2+ ion. This process may
ensure an extra loss of electrons and ions sufficient to bal-
ance the increase of ion production due to reaction (b).

The maintenance of electrical conductivity in the
discharge plasma requires production of electron-ion
pairs as fast as they are lost by recombination. In these
discharges, a diffusion-controlled positive column is as-
sumed (Schottky's regime). The principal loss process is
the diffusion of the electron-ion pairs on the tube wall
and recombination at this point, rather than volume
recombination. The presence of two ionic species (Hg+
and Ar+) in the positive column has an important
influence on the charged-particle diffusion process. In
this work this phenomenon is taken into account by in-
troducing the concept of the multipolar diffusion as de-
scribed by Delcroix [17].

The wall sheath is assumed to be, in this approach,
infinitely thin and thus can be neglected. In a first ap-
proximation this assumption is valid, but when the
diffusion characteristic length becomes comparable to the
tube radius this hypothesis may introduce a systematic
error in the calculations.

Electron temperature is also fixed by the balance be-
tween production and loss of the electron-ion pairs. This
temperature is considered to be constant along the
discharge cross section. This hypothesis is partially
justified by using the experimental measurements of
Verweij in the case of classical fluorescent tubes [2].

The knowledge of the electron-energy distribution
function is imposed on a self-consistent discharge model.
The most coherent way of introducing electron-energy
distribution function is to solve directly the Boltzmann
equation. This is an exhaustive solution because of the
relative complexity of the treatment. Thus Vriens has
proposed the "two-electron-group" model in order to
provide a simple and powerful method to account for de-
viations from the Maxwellian shape [15]. This model is
easy to use but it is physically meaningless, especially in
the first-excitation-threshold energy region where a slope
discontinuity appears. In this paper we use an analytical
approximate solution of the Boltzmann equation for the
Hg —rare-gas low-pressure mixtures proposed by
Lagushenko and Maya [18]. This approximation takes
into account the most important collisional processes and
presents the advantage of being analytical, thus computer
time decreases considerably. In this study we consider
that the electron-energy distribution function is constant
over the tube cross section. This assumption may intro-
duce systematic errors when the electron-energy distribu-
tion function is deformed because of the "reflection" of
electrons on the wall sheath.
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FIG. 1. Simplified atomic structure of Hg used in this paper

(g 6 Sp' t1l 6 Pp' r, 6 'P, ; s, 6 Pz, p, 6 'P„u,7 'S, ). Several
electron-atom inelastic (solid lines) and second-kind (dashed

lines) collisional processes have been included in our calcula-
tions, as well as the net radiative transitions (wavy lines) indicat-
ed in the figure. An associative ionization process (thick solid

line) due to atom-atom collision has been also included.

account in our investigation. Because of the steady-state
condition, the production and the decay of each excited
level must be equal; we obtain then a balance equation as
follows (in the case of species jwith number density

n 1
):

n, g ( nk zk nz k ) +—g ( nk A k nA)k —)

+H ~ —n H " +div D N grad
nj.

J J J J N
=0, (1)

H~ '=g ni g nkZkj. ,
I k

(2a)

(2b)

where n, gk nkzkj and n, n~ gk zjk are the collisional
production and decay of the species j by electron impact,
respectively; z are the appropriate reaction rate
coefficients. The second term includes the gains due to
radiative transitions incoming to j level, gk nk Akj, and
the losses due to radiative (de)excitations outgoing from
the same level, nj gk AJ&, A ' are the total effective tran-
sition probabilities for those transitions taking into ac-
count the radiation trapping in the plasma. The two
terms H' ' and H' ' correspond to the collisional produc-
tion and decay of the species j by heavy particle impact;
these two terms can be rewritten in a more explicit form
as

B. Governing equations

In order to write the continuity equations of all species
we take into account all possible collisional and radiative
transitions between the atomic levels. For example, in
Fig. 1, the lines show the transitions (collisional or radia-
tive) between the Hg atomic states, which are taken into

ZJ'k and Zk- are the reaction rate coefficients correspond-
ing to the transitions j—+k and k ~j, respectively, where
particle I is the projectile. The last term of Eq. (1)
represents the losses of species j due to the diffusion pro-
cess to the tube wall (ordinary diffusion for neutral parti-
cles and multipolar diffusion for charged particles); DJ is
the appropriate diffusion coefficient, X is the total numer-
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ic density.
The local energy-conservation equation for the elec-

trons in the positive column can be written in the form

Ej, P—,~

P—;„+P„~—Pd;f+div(A, , gradT, ) =0,
where E and j, are the electric-field strength and electric
current density in the positive column; this term
represents the energy gain by the electric field. The sub-
scripts el, in, sel, and dif denote elastic, inelastic (excita-
tion and ionization), second-kind collisions, and diffusion
contributions, respectively. The last term represents the
energy transferred by thermal flux, due to the thermal
conductivity of the electron gas; A,, is the thermal con-
duction coefficient. In our study, where T, is taken to be
constant, this term is equal to zero. The terms P,~, P;„,
P„~,and Pd;f, can be written in a more explicit form

In our case the electric current is imposed by the exter-
nal circuit; we must then take into account this restric-
tion by including Ohm s law in our equation set (in cylin-
drical geometry)

I=2m f rrj, (r)+j;(r)]dr
R

=2mEq rp, (r)n, (r)dr +I, , (7)
0

where q is the elementary charge and p, electron mobili-

ty. The term I; accounts for ion contribution to total
current, the corresponding ionic current density is j;; this
contribution may be important in the case of a high
p, ; /p, ratio (p; is the ionic mobility).

The numeric densities of the buffer gas (n~, ) and of the
mercury (n Hs) can be evaluated at each radial node by us-

ing the ideal gas law

n 2m,P„=n,zy ' (u, g„E,),
j j

P,„=n,g g n, E,„(u,g,„)
k j(k

(4a)

(4b)

pAr

ks T (r)

p „(sT„)
(8a)

(gb)

ne
Pd;f=div D, N grad (E, ),

P,,~=n, g g nuEp(u, ga, )
k j)k

(4c)

(4d)

k~ is the Boltzmann constant; p H(sT„) is the mercury
saturated vapor pressure at the tube cold-spot tempera-
ture T„;pA, is the buffer-gas pressure given by the rela-
tion

where n, is the electron density; m, and M. are the elec-
tron mass and the atomic mass of species j, respectively;
v, and E, are the electron velocity and the electron ener-

gy; D, is the multipolar diffusion coefficient of electrons
in the presence of Hg+ and Ar+; Q, represents the
momentum-transfer cross section for the elastic collisions
between electrons and atomic species j; Q,k and Q&, are
the cross sections for the inelastic and second-kind transi-
tions between the atomic levels j and k, corresponding to
an energy gap of E k. Quantities in brackets, for exam-
ple, ( A ), represent the mean value of the quantity A:
( A ) = f o" f, Adu„' f, is the normalized electron-energy
distribution function.

The following should be emphasized about Eqs. (4): (i)
The elastic collisions between electrons and excited
species are negligible because of the very small value of
the ratio n IX (usually less than 10 —10 ). (ii) The
values ( v, gjj, ) and ( v, gkj ) correspond to the reaction
rate coefficients zjk and zk, , respectively. (iii) Pd;& is usu-

ally negligible in the electron-energy balance, but we
must not forget that charged species diffusion controls
the positive column formation. (iv) The term P;„P„, —
corresponds to thi= net radiation loss of the discharge:

P;„P„~=P„,z =g n —g A kE k

j k

Similarly to Eq. (3), the local energy-conservation
equation for the neutral atomic gas can be written as

P,
~

—div(A. gradT )=0 .

T is the gas temperature and A, is the thermal conduc-
tion coefficient of the Hg-Ar mixture.

n, (r)=n +(r)+n +(r) .
Hg Ar

(10)

IV. TRANSPORT PHENOMENA AND ATOMIC DATA

The transport phenomena of particles and radiation
play a very important role in the positive-column forma-
tion. Evaluation of these phenomena depends closely on
atomic-data values and often represents a very important
calculational task. Another important quantity for the
calculation of the particle transport coefficients is the
electron-energy distribution function. In this section we
will discuss the choice of the atomic data used in this pa-
per and then we will present some comments on the
electron-energy distribution function calculation and the
particle transport coefficients evaluation. Finally, we will

briefly broach the problem of radiation transfer in the
plasma.

A. Atomic data

The atomic data used in our investigation include
cross-section values for several collisional interactions
and natural radiative lifetimes for the excited atomic
states.

PAr R 1 PAr f(T )
2m r dr = mR

k~ o T (r) k~Tf

where R is the discharge radius and p~, ( Tf ) is the initial
argon pressure at the tube filling temperature Tf.

Finally, in order to complete our equation set, we use
the local charge-neutrality condition in the positive
column
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The electron-Hg momentum transfer and ground-state
inelastic cross sections come from Rockwood's paper
[19], excitation cross sections of the Hg 6 Po, 6 Pi,
6 P2, 6'P„and 7 S, atomic levels are given in the paper
by Winkler, Wilhelm, and Winkler [8]. The cross sec-
tions for ionization of the excited Hg levels are evaluated
by using an analytical expression proposed by Vriens
[16]. Figure 2 shows, as an illustration, the electron-Hg
(6 'So) inelastic cross sections.

The electron-Ar momentum-transfer cross section is
taken from Yousfi and Alkaa's paper [20]. The excitation
cross section of the virtual Ar* state is carried out by
weighting the excitation cross sections of the four real Ar
levels included in the virtual state. These cross sections
are given by Gleizes [21]. The ionization cross section
for the state Ar* is calculated by using Gryzinski's theory
as cited by Drawin [22].

Second-kind-collision cross sections are obtained, in all
cases, by using the Klein-Rosseland relation. Concerning
the Coulomb interactions between electrons, the cross
section comes from Winkler, Wilhelm, and Winkler [8].

It can be noted that in the literature, there are
numerous sets of electron-atom (Hg and Ar) collision
cross sections which are not always in agreement. The
cross sections actually chosen are those which give the
best agreement between the measured and calculated
electron swarm parameters (drift velocity, ionization
coefficient, etc.). Calculation results are carried out by
using a Boltzrnann computer code presented in the paper
of Yousfi et al. [23]. Figure 3 shows as an example the
electron drift velocities in Ar and Hg in a range of re-
duced field E/N varying from 10 to 100 Td. We ob-
serve that differences between experiment and calcula-
tions remain less than 5%%uo (the present experimental ac-
curacy is 2%) in the total E/N range.

Finally, for the inelastic collisions between Hg(6 P2)
and Hg(6 P2) atoms [reaction (a)], we use an average
cross-section value equal to 24X 10 m . We estimate

107
~ . ....

106,

105,

cn 104,

103

102

10"
10 10

~ ~

10 10 10 10
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FIG. 3. Comparison between calculated values of the elec-

tronic drift velocity in Ar (solid line) and Hg (dashed line) and

experimental data (CI, Ref. [33]; 6, Ref. [34]; o, Ref. [35]; X,
Ref. [36]).

B. Electron-energy distribution function

this value by adjusting them in order to obtain a satisfac-
tory agreement between our calculations and experimen-
tal results in the well-known classical fluorescent tube
case at the higher cold-spot temperatures. In fact, some
values found in the literature vary from 10 m (Fores-
ter and Franklin [24]) to 100X10 m (Vriens, Keijser,
and Ligthart [16]). Our value is close to that used recent-
ly by Sawada, Sakai, and Tagashira [25].

For the five mercury lines taken into account in this
study the natural radiative lifetimes are listed in Table I.
The resonant 104.8-nm argon line is also taken into ac-
count; its lifetime value is set at 1.96 X 10 s.

10

10-21
'

6 9
Ee (eV)

12 15

FIG. 2. Inelastic-scattering cross sections for electron-
induced direct excitations from the Hg(6 'So) level as functions
of electron energy.

As mentioned previously, in this paper we use a non-
Maxwell-Boltzmann electron-energy distribution func-
tion corresponding to an analytical approximate solution
of the Boltzmann equation established by Lagushenko
and Maya in the case of Hg —rare-gas low-pressure
discharges [18]. Their treatment of the Boltzmann equa-
tion accounts for the effects of density gradients and elas-
tic and inelastic collisions between electrons and atoms
(Hg and Ar). Elastic collisions between electrons have
also been included in this treatment. Yousfi et al. [23]
have shown that this formula is a good approximation of
the Boltzmann equation solution using the two-term
method in which all the previously mentioned interac-
tions have been included; in addition, the generation of
new electrons by Penning Hg-Ar* ionization and meta-
stable Hg™—Hg™interactions are taken into account.
Figure 4 shows the different approximations of the
electron-energy distribution function in the case of a clas-
sical fluorescent tube (d =36 mm, pH =7.3 mTorr,

p~, =3 Torr, I =400 mA). Damelincourt's experimental
data from probe measurements have been also included
[6]. Good agreement is observed between experimental
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FIG. 4. Electron-energy distribution function in Hg-Ar elec-
tric discharge (p«=7. 3 mTorr, p„,=3 Torr, I =400 mA, and
d=36 mm} positive column as function of electron energy.

solution of Boltzmann equation; ———,Ref. [8];
Lagushenko and Maya's analytical formula; +,

Damelincourt's experimental data.

Using the isotropic part $0 of the electron-en«gy dis-

tribution function and the total momentum-transfer cross
section Q, the electron mobility in the Hg-Ar mixtures

may be carried out by using the general formula

2q 1 ~ &u 'Iko
dQ (11)

m, Xo Q a&

where N is the total numeric density in the positive

TABLE I. Wavelengths and natural lifetimes corresponding
to radiative transitions of Hg taken into account in this paper.

Transition

6 P2 6'So
6'Pi ~6'So
7 Si ~6 Po

7 SI ~6'PI
7 SI~6'P2

Wavelength
(nm)

253.7
184.9
404.6

435.8
546.0

Lifetime
(s)

1.08 x 10-'
1.19X10
5.38 X 10

2.36x10 '
1.69x10-'

data and Lagushenko's formula in the low-electron-
energy region (bulk). In the case of the higher electron
energies (tail), a satisfactory agreement is also obtained
between Lagushenko's calculations and the numeric
Boltzmann equation solution. However, this agreement
is poorer in the case of low cold-spot temperatures
(T„&5'C);the latter may cause some discrepancies be-
tween experimental data and calculations. For this
reason we include in the original treatment of Lagushen-
ko and Maya the inhuence of the electron-Ar inelastic
collisions and the interactions between electrons and ex-
cited mercury levels.

C. Transport coefBcients

column. In this study, the Hg-electron elastic collisions
are included in our calculations. This term, proportional
to (nHs/n~, )(Q,Hs/Q, A, ), constitutes a small correction
especially when the mercury density is very low. Howev-
er, these collisions cannot be neglected especially in high
Hg partial pressures where n Hs /n A, = 10 (because

Q,Hs /Q, &, = 10 ). In this calculation the electron-
electron collisions are completely neglected because of
the very low ionization degree of the plasma
(n, /n~, =10 ). We note that all other authors have
substituted different approximations for relation (11);this
may cause large discrepancies between experiment and
calculations when we apply these models in some extreme
cases.

The value of mercury ion mobility in pure argon is
given by Waymouth p;, s (Ar) = 1340 cm V ' s ' Torr
(the index o corresponds to standard conditions: O' C and
1 Torr) [5]. This value is assumed to be almost constant
along the positive-column radial position. However, the
small minority of mercury atoms has some inhuence
upon the value of the ion mobility because of the charge-
exchange process. So, a correction according to Blanc's

H+
law is made. The value of p;, (Hg) is equal to 219
cm V 's 'Torr, as obtained by Hernquist [26]. In the
case of very low mercury partial pressures we must take
into account the presence of argon ions; the mobility of

A.r+Ar+ into Ar is taken to be p;,' (Ar) = 1170
cm V 's 'Torr.

Taking into account the existence of the two different
type of ions (Hg+ and Ar+) in the discharge we can
evaluate the three multipolar diffusion coefficients (D, ,
D +, and D +) as given by Delcroix [17):

Hg Ar

bD, =n +(ps D, pD ~)—
+n +(p;' D, p, D +), — (12a)

(12b)

(12c)

where b =n +p; +nA, +p,
' —n,p„p;are the ionic

Hg
mobilities at the given conditions of temperature and
pressure in the discharge. The binary diffusion
coefficients D„D +, and D + are calculated by inject-

Hg Ar

ing the corresponding mobilities in the Einstein s rela-
tion. It is easy to verify that if n + =0, we then obtain

D =D + corresponding to the common ambipolarHg+
diffusion coefficient D, .

The binary diffusion coefficient for the fundamental
scdte rig+) $0 j sfKtc lit iTic r?g=~l iiiixt'u1~&BIii-uemR~rc8-

out by using the analysis of Hirtchfelder, Courtis, and
Bird in the case of a Lennard-Jones interatomic potential
[27]. The binary diffusion coefficients for the Hg(6 Po)
and the Hg(6 P2) metastable states are calculated by us-

ing a third-degree polynomial adapted to the experimen-
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tal data given by Kryukov, Penkin, and Redko [28]. Tak-
ing into account that radiative lifetimes are much smaller
than diffusion characteristic times, the diffusion of radia-
tive states is neglected.

The thermal conductivity of the Hg-Ar mixture is
equal only to the translational thermal conductivity of
the binary mixture as given by Hirtchfelder, Courtis, and
Bird, and accounts for the presence of the small amount
of mercury [27]. The ionization "reaction" components
(Hg+e ~Hg++2e and Ar+e ~Ar++2e ) and
the electron-gas contribution have been evaluated and
found to be always negligible. If we add, as a test, these
terms, the variation of the gas temperature, in the worst
case, remains less than 0.1%.

10I

g~ to' .

D. Radiation transfer

Resonance radiation trapping is usually treated, in the
previous papers, according to Holstein's theory [14]. A
preliminary comparison between the effective lifetimes
obtained by the latter theory and Monte-Carlo simula-
tions performed in our laboratory has shown that, in the
case of extremely narrow tubes, the values obtained by
Holstein differ from the Monte Carlo values. In the case
of the principal Hg resonance line (253.7 nm) Bernat,
Bonneval, and Aubes have performed detailed calcula-
tions on the radiation transfer in the discharge Hg-Ar
low-pressure plasma as a function of tube diameter and
partial pressures of Hg and Ar, respectively [29]. In this
work, Doppler effect, natural, and pressure broadening
mechanisms have been taken into account. The influence
of the fine structure of the line due to the isotopic struc-
ture of the natural mercury has been included. The
radiation-transfer equation has been solved using the hy-
pothesis of the complete frequency redistribution and a
given radial distribution of the excited Hg(6 P, ) state. It
has been found that, neglecting all broadening mecha-
nisms other than Doppler effect, the results closely ap-
proach Holstein's theory values. However, divergences
appear when pressure broadening, due to argon, has been
added. These deviations increase with the argon partial
pressure. In all cases the average radiation trapping has
been found to be less than Holstein's predictions. In the
present paper, we take into account the radiation trap-
ping by introducing a constant-along-radius effective
transition probability A 254. This value is found by using
Holstein's theory in order to obtain a first approximation
2254 and then we calculate A 2&4=a254(R, p&, ) A z&4
where a254(R,p~„)is a correction factor calculated ac-
cording to Bernat, Bonneval, and Aubes's work [29].
Figure 5 shows the correction factor F2~4 as a function of
the mercury partial pressure for several discharge tube
diameters and Ar partial pressures.

The second Hg resonance line (184.9 nm) is also par-
tially trapped in the plasma, but the complete frequency
redistribution hypothesis is not valid [12]. We take note
that the contribution of the Hg 184.9-nm line remains in
all cases less than 15% in the balance equations. Uncer-
tainties due to the collisional cross-section values are
greater, thus Holstein*s value for radiation trapping may
be considered as adequate for our purposes.
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FIG. 5. Correction factor used in the calculation of the
effective transition probability of the Hg 253.7-nm resonance
line as a function of the Hg partial pressure in the discharge for
two Ar filling pressures (,3 Torr, ———,15 Torr) and
several discharge diameters (o, 3 mm; 6, 14 mm; 0, 36 mm}.

V. RESULTS AND DISCUSSION

Calculations are performed in various Hg-Ar
discharges. These situations are characterized by the
values of several parameters such as tube diameter,
discharge current, and partial pressures of Ar and Hg.
Table II summarizes these characteristics. In this study,
the Hg partial pressure varies from 0.2 to 68 mTorr, cor-
responding to a cold-spot temperature varying from 0 to
75 C. The functional relationship between Hg partial
pressure and cold-spot temperature used in this paper is
given in Ref. [30]. We note that situations denoted by N
correspond to classical fluorescent tubes with current
densities of less than 10 A/m . Compact fluorescent
lamps having current densities in the range of 1.5 X 10 to
3.0X 10 A/m are characterized by the letter C. Finally,
some special cases of extremely narrow discharges, noted
by S, are included in this paper. These discharges have
been studied experimentally in our laboratory; their

The visible mercury lines are also trapped in the
discharge plasma, but it is more difficult to take into
strict account this trapping. Anyway, the visible radia-
tion represents a small correction in the complete equa-
tion set. Hence several authors neglect the visible radia-
tion trapping without great consequences in the calculat-
ed values of the main discharge characteristics. Howev-
er, our calculations without visible radiation trapping has
shown that obtained Aux of the Hg 546.1-nm line was
40% greater than the experimental values [3]. For this
reason, in this paper we include in our calculation an
effective escape factor of 60% for the Hg 546.1-nm line;
this value is justified by Damelincourt's absorption mea-
surements [6]. In fact, the two other Hg lines (404.6 and
435.7 nm) have been considered less trapped in the plas-
ma (escape factor of about 85%).
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TABLE II. Main external characteristics (internal tube di-
ameter, Ar partial pressure at O'C, electric current) of the
discharges studied in this work. Family N corresponds to classi-
cal fluorescent tubes, C corresponds to compact lamps, and S
family represents some special narrow-tube discharges.
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Discharge

N1
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N3
N4

C1
C2
C3
C4
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S3
S4

d
(mm)

36
36
24
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14
14
14
10

PAr
(Torr)

3
15
3

15

3
15
3
6

15
15
15
15

I
(mA)

400
400
200
200

40
20
40
20

J
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0.9
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0.7
5.6
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20-

current densities vary widely as shown in Table II.
It is possible to have some indications concerning the

field of validity of our model by comparing calculations
with the available experimental data in a large range of
real situations. For this reason, in the classical N1 case
we use the experimental data of Verweij [2]. These data
are very reliable and are used as references in many stud-
ies. Moreover, the measurements of Kreher et al. are
used for the compact tube C4 and the data of Benetruy
for the extremely narrow tube S2 [31,32].

Figure 6(a) shows the experimental data and our calcu-
lation results for the axial electric-field strength. We note
that the experimental accuracy concerning measurements
in the S2 case has been given k6%; no information on
data accuracy is available for the N1 and C4 cases. In all
cases and for the ~hole Hg partial pressure range the calaa

culations are in agreement with the experimental data', in
fact the observed divergences are still less than +8%
everywhere.

Moreover, Fig. 6(b) gives the calculation results for the
emitted radiative power at 253.7 nm. Experimental data
corresponding to the three above situations (N 1, C4, and
S2) are also included in the same plot. Agreement be-
tween model and experiment is found to be satisfactory.
However, some divergences appear in the case of higher
Hg partial pressures (pH ) 10 mTorr); an attempt to ex-
plain these systematic deviations will be made later in
this section. We take note that the radiation data of
Benetruy was not normalized because of technical prob-
lems and thus we multiplied it by a scale factor to bring it
into agreement with model. However, on the one hand,
in the case S2 the position of the maximum Hg 253.7-
nm-line emission as a function of Hg partial pressure pre-
dicted by the model coincides very well with the experi-
mental results. On the other hand, Benetruy has carried
out some absolute measurements of the maximum 253.7-
nm intensities; these values are very close (within 20%)

~10-
4P

Ck

5-

0
10

~rar ~r
rarart. maaarara~% a a a a ~ a a ~ ~ a a I

1010
~ a a a a a

10

to the model predictions. But the experimental accuracy
was not satisfactory and thus it is diScult to use these
data quantitatively.

Table III summarizes calculated values for electric-
field strength, 253.7-nrn intensity, electronic temperature,
and density as given by several authors for difFerent
discharges. Experimental data are also included in this
table in order to show the validity of the different models.
We note that, on the one hand, in his paper, Dakin unfor-
tunately has only given the total emitted power from the
discharge [10];thus it was not possible to find the intensi-
ty of the 253.7-nm resonance line. On the other hand,

p (m Terr)
Hg

FIG. 6. (a) Comparison between calculated values of the
electric-field strength in the positive column and the experimen-
tal data for several discharges. Calculations:, discharge
N1; ———,discharge C4; ———,discharge S2. Data: CI,
Ref. [2];6, Ref. [31];o, Ref. [32]. (b) Comparison between cal-
culated values of the emitted power at 253.7 nm (Hg resonance
line) and the experimental data for several discharges. Calculaaa

tions: , discharge N1; ———,discharge C4; —.——,
discharge S2. Data: 0, Ref. [2];6, Ref. [32]; o, Ref. [31].
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FIG. 7. Emitted power at 253.7 nm (Hg resonance line) as a
function of the Hg partial pressure for two different Ar filling

pressures (, 3 Torr; ———, 15 Torr) and several

discharge diameters (CI, 36 mm; 0, 24 mm; 6, 14 mm).

the electron temperature given in the same paper was di-
vided into "bulk" and "tail" temperatures; only the bulk
values are reported in Table III. For the classica1 cases,
we observe that all models give more or less accurate re-
sults; the deviations become more important by increas-
ing the electric current density in the discharge. Thus in
the compact case only our calculations and Dakin's mod-
el are still accurate. However, we take note that the clas-
sical model of Waymouth gives reliable results for these
situations, but its field of validity is normally limited to
the classical cases. A further increase of the current den-
sity challenges the validity of the classical models. How-
ever, to the author's knowledge, for the extremely narrow
discharges, the only available calculations are carried out
by our collisional-radiative model.

Figure 7 shows uv 253.7-nm Hg resonance line-
emission intensity as a function of Hg partial pressure.
These calculations are repeated for several discharge
cases. The dependence of 253.7-nm-line emission on Hg
partial pressure can be explained by taking into account
the evolution of two competitive factors: excited-state
density growth and radiation trapping efFect. The radia-
tion trapping process can be significant only when it in-
creases more rapidly than the radiative state density.
Since, at low Hg partial pressure (less than 1 mTorr) the
relative variation rate of the excited state density is about
3.9 and that of the radiation trapping is 1.1, in higher Hg
partial pressure (about 40 mTorr) these rates becomes 0.1

and 0.3 respectively; in this region radiation trapping
controls the uv emission. Under these assumptions the
presence of a maximum of 253.7-nm emission as a func-
tion of the Hg partial pressure is justified. However, the
value and the position of this maximum may be difFerent
from one situation to another and depend on several
discharge parameters as tube radius, Hg and Ar partial
pressures, and arc current. In fact, these parameters are
related to some more fundamental quantities, such as
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electric current density, elastic-collision number, and ra-
diation trapping.

For given partial pressures, increasing the current den-
sity means that electron density increases too. It is
known that the electron density is directly related to the
collisional process and thus, in a way, more electrons
mean more excitation. Accordingly, high electric current
density discharges emit more uv radiation. However, the
rise of the electron density also causes an important in-
crease of the thermalization degree of the discharge be-
cause of the important growth of the elastic-collision pro-
cess. Thereby the radiative efficiency tends to decrease.

The second important quantity is the elastic-collision
process; the electron mobility in the plasma is directly
dependent on this process. Increasing the elastic-
collision process in the discharge {at constant current
density and Hg partial pressure) means that the power
dissipated by elastic collisions increases rapidly and thus
radiative efficiency decreases. Moreover, the thermaliza-
tion degree of the plasma rises rapidly by increasing the
elastic-collision rate and/or by decreasing radiation es-
cape from the discharge.

The position of the maximum 2S3.7-nm emission can
be explained by using Figs. 8(a} and 8(b). Figure 8(a)
shows the dependence of the electron temperature as a
function of Hg partial pressure; this behavior will be dis-
cussed in the following paragraphs. We observe that
electron temperature variation is more rapid in the case
of lower Ar partial pressures because of the lower
thermalization degree of the plasma. Hence we expect
that the functional form of the 253.7-nm emission should
be ffatter in the case of high Ar filling pressures (e.g., 15
Torr) than in the lower ones (e.g., 3 Torr). Figure 8(b)
resumes the dependence of 253.7-nm emission as a func-
tion of the electron temperature. By considering the fact
that smaller tubes have larger electron current densities
and by taking into account the radiation trapping which
is proportional to product pH~R decreases, we conclude
that the position of the maximum 253.7-nm emission
should be shifted to the higher values of Hg partial pres-
sure by decreasing tube radius.

In Fig. 8(a) we have observed that electron temperature
decreases by increasing Hg partial pressure. In fact, the
increase of the ionization degree corresponds to a de-
crease of the electron temperature. In order to explain
this observation, a semiquantitative discussion on the
equilibrium between the production and loss of charged
particles will be given.

The production of electron-ion pair by collisional pro-
cess is roughly given by the relation n, N'Z;(T, },where
N'Z;{ T, ) is an "effective" number of ionizing collisions
per electron; N' corresponds to the number density of all
the excited species to be ionized {direct ionization is
negligible), and Z; is the total ionization reaction rate. It
is known that reaction rates increase rapidly as a function
of T, . For a restricted region of T,
(5X10 & T, &15X10~ K), Damelincourt has considered
in a first approximation this functional form to be T„
where the exponent n has a value between 7 and 8 [6].
Hence the average production on the discharge tube
cross section is given as c,n, (0)N'T,".
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FIG. 8. (a) Electron temperature as function of the Hg par-
tial pressure for two different Ar filling pressures (,3 Torr;———,15 Torr) and several discharge diameters (C3, 36 mm;
o, 24 mm; 4, 14 mm). (b) Emitted power at 253.7 nm (Hg reso-
nance line) as function of the electron temperature in the posi-
tive column for two different Ar filling pressures (,3 Torr;———,15 Torr) and several discharge diameters (C3, 36 mm;
0, 24 mm; 6, 14 mm).

The principal electron-ion —pair loss process is the am-
bipolar diffusion and recombination at the discharge wall.
This process is described by the relation D,d2n, ldr2, but
we know that D, is proportional to p;T, (in the case
where T «T, ), where p, is the ion mobility. By averag-
ing this quantity on the tube cross section we obtain a
loss process roughly given by c2n, (0}p;T, .

As has previously been said, the production of
electron-ion pairs must be equal to the losses; this means
that CN'T,"=p;T, . Figure 9 gives a qualitative illustra-
tion of these two terms as functions of electron tempera-
ture; solid lines correspond to the left-hand term and a
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FIG. 9. Qualitative representation of the production isolid
lines) and loss (dashed line) terms of the electron continuity
equation. Curves a, b, and c correspond to different excited
state densities (this quantity increases from curve a to curve c).
The slope of the loss term curve must be equal to ionic mobility
in the discharge plasma. Black points corresponding to the in-
tersections of these curves give the electron temperature in the
stationary discharge positive column.

dashed line represents the right-hand term. Only the
values of T, corresponding to the intersection points veri-

fy the previous equality; for a given N* this value of T, is
the electron temperature of the discharge. In Fig. 9 we
observe that increasing N causes a fall in the electron
temperature in order to maintain the equilibrium between
the production and loss rates.

Another important parameter for the description of
positive-column behavior is axial electric-field strength.
For discharges in which electric current is fixed, the axial
electric-field strength is directly proportional to the total
power losses from the positive column. Figure 10 shows
the calculated values of the axial electric-field strength in
the four extremely narrow cases (Sl —S4) as functions of
Hg partial pressure. The increase of electric current den-
sity by decreasing tube radius is responsible for the rise of
collisional process in the plasma and thus the total power
losses should go up. Hence we can predict the depen-
dence of the electric-field strength on the discharge ra-
dius as illustrated in Fig. 10.

By examining the functional form of the electric field
as a function of the Hg partial pressure we observe a
maximum value corresponding to the region in which uv
emission from the plasma becomes maximum too. The
existence of this local maximum in the electric-field
strength has been verified experimentally in the case of
extremely narrow discharges, as well as in classical ones.
However, the theoretical explanation is somewhat
difficult. In classical models in which Ar ionization has
not been included the electric-field strength obtained
monotonically decreases in function of the Hg partial
pressure. In fact, the additional ionization due to Ar is
responsible for this local maximum. Figure 11 gives the
electric-field strength for the classical N1 case as it has

FIG. 10. Electric-field strength in the discharge positive
column as function of the Hg partial pressure for two different
discharge currents (,20 mA; ———,40 mA) and two
discharge diameters (0, 6 mm; o, 3 mm) (these values corre-
spond to discharges S1-S4).

been carried out from our model with and without Ar
ionization. Neglecting Ar ionization means that electron
temperature should increase rapidly in the case of low Hg
pressures because of the low density which limits the ion-
ization. Hence the total power losses increase essentially
because of the important increase of the elastic-collision
rate. Argon resonance radiation trapping must be great
because of its high partial pressure in the discharge plas-
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FIG. 11. Calculated electric-field strength in the case of the
Nl discharge, by taking into account the Ar 104.9-nm reso-
nance line trapping in the plasma. —.—.—., radiation trapping
as given by Holstein theory; ———,Ar radiation is 10 times
more trapped than given by Holstein;, Ar radiation is 25
times less trapped than given by Holstein (we keep this value);

- ., without Ar emission.
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ma. In fact, calculation results for the electric field can
be adjusted by choosing an adequate value for effective
transition probability of Ar resonance line.

The knowledge of the excited-state densities in the
positive-column plasma is very important because the ra-
diation production is directly dependent on these values.
In Fig. 12 the axial densities of the three Hg 6 P levels in
the N1 case are presented. Several collisional and radia-
tive processes must be taken into account in order to ex-
plain the behavior of the excited-state densities as func-
tion of the Hg partial pressure. Electron-induced col-
lisions and radiative transitions are essentially responsible
for the production and loss of excited particles. Inelastic
collisions between two excited atoms are often neglected
in the previous models. In fact, these reactions cannot
directly affect particle balances because, on the one hand,
their relative weight is about hundred times less than the
weight of electron- and photon-induced processes. On
the other hand, the relatively low excited-state densities
tend to diminish the probability of these reactions. How-
ever, collisions between excited Hg* atoms, as the reac-
tions discussed in Sec. IIIA of this paper, can be con-
sidered as additional ionization sources. Hence, as has
been said previously, by increasing the ionization degree
the electron temperature tends to decrease. On that ac-
count, the Hg*-Hg* interactions can indirectly affect the
excited-state population. For example, Winkler,
Wilhelm, and Winkler, by neglecting the Hg*-Hg* in-
teractions, have found that Hg(6 P) state densities in-
crease monotonically by increasing Hg partial pressure
[8]. However, the experimental data confirms this mono-
tonic increase only for the radiant Hg(6 P, ) state, the
populations of the two metastables Hg(6 Po) and

Hg(6 P2) states "saturate" in the higher Hg partial pres-
sures [3,6].

In this work we have taken into account only one addi-
tional ionization reaction between two Hg(6 P2) atoms
[reaction (a)]. This reaction seems to us to be responsible
for the "saturation" of the metastable Hg levels. More-
over, according to its cross-section value, it is possible to
fit our calculations to the experimental data. In this way,
and for a mean cross section value of 24 A, as shown in

Fig. 12 we obtain a satisfactory agreement between data
and calculations for the three Hg(6 P) levels without im-

portant perturbations to the obtained values of the axial
field strength and Hg 253.7-nm resonance line emission.

For an understanding of the main production and loss
procedures of the excited-state atoms, a detailed analysis
of their particle balance equations is necessary. Figure 13
shows the most important total collision rates (integrated
over the discharge cross section) in dependence on the Hg
partial pressure for the three Hg(6 P) levels. Solid lines
correspond to collisional production rates and dashed
lines represent the collisional loss rates. In this figure we
observe that in the whole Hg partial pressure range, the
main production mechanism of metastable Hg(6 Po) and

Hg(6 P2) levels is the direct electron-induced excitation
from the ground Hg(6 'So) state. The resonant Hg(6 P, )

level at low and medium Hg partial pressures is essential-
ly produced either by direct excitation from the ground
state and from second-kind process from the metastable
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as functions of the Hg partial pressure. Symbols represent the

experimental data given in Ref. 6. The influence of the Hg-Hg
inelastic scattering is also illustrated: - - -, without Hg-Hg col-

lisions;, with a Hg-Hg inelastic-scattering cross section of
0

24 A; . -, with a Hg-Hg inelastic-scattering cross section of
0

10 A; ———,with a Hg-Hg inelastic-scattering cross section
of 100 A .
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Hg(6 Pz) state. However, as Hg partial pressure in-

creases, the relative weight of the reaction
Hg(6 Pz)+e ~Hg(6 P, )+e becomes less than that
of the direct excitation procedure. This happens because
of the rapid growth of all kinds of inverse collisional pro-
cesses due to the decrease of the electron temperature in
the plasma (slow electron number increases in the plas-
ma). For this reason, the collisional losses of the resonant
Hg(6 P1) state is the predominant mechanism at high Hg
partial pressures instead of the photon-induced process
which dominates the low and medium Hg partial pres-
sure range. Another important remark is that behavior
of metastable Hg(6 Po ) and Hg(6 P2) states changes
significantly with the increase of the Hg partial pressure:
In low pressures these levels are produced essentially by
direct excitation from the ground state and this excita-
tion directly transfers to the radiant state which is deex-
cited by radiative emission. In higher pressures, radia-
tion trapping increases and on this account the density of
the radiant state goes up also; thus a strong coupling be-
tween the three Hg(6 P) levels appears and a collisional-
like equilibrium seems to be established in this case. The
last observation, combined with the fact that electron
temperature goes down and neutral particle temperature
rises, suggests that the thermalization degree of the plas-
ma increases with the rise of Hg partial pressure. In fact,
the mean Boltzmann decrement of the Hg(6 P) levels, as
an indication of the thermalization degree of the N1
discharge, is found to be 0.08 at 0.2 mTorr and becomes
0.53 at 50-mTorr Hg partial pressure.

Finally, as an application, Fig. 14 gives a rough idea of
the distribution of the energy reaching the glass wall in
the conditions of maximum production of the 254-nm
line; a fraction of this energy should be absorbed at the
wall. A comparison between the tube N3 and the ex-
tremely narrow tube S4 shows that, in spite of the fact
that in the previous cases volumic power is very different
(8. 1 X 10 and 1.5 X 10 W/m, respectively), energy dis-
tribution in the different "channels" is almost similar.
We take note that maximum resonance line emission
occurs at about 9 and 50 mTorr of Hg partial pressure for
the N3 and S4 tubes, respectively.
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to the Hg-Ar low-pressure discharges has been carried
out in order to define their range of validity.

The results presented in this paper cover a large range
of Hg-Ar fluorescent lamps going from classical large
tubes (d =36 or d =24 mm) to narrow special tubes
(d =3 mm); our calculations have been found in a good
agreement with the experiments.

Finally, a detailed discussion on the physical aspects of
the Hg-Ar low-pressure discharges has been presented in
order to explain our calculation results. However, as was
previously noticed, only a modeling of the discharge, in-

cluding a detailed analysis of the Boltzmann equation,
can give more precise information on the Hg-Ar low

pressure discharge. This is what we plan to do in the fu-

ture.

Power Loss Mecanisms

FIG. 14. Energy distribution reaching the tube wall in the

conditions of maximum production of the Hg 254-nm resonance

line (comparison between X3 and S4 tubes). Visible radiation is

essentially the Hg triplet from the Hg(7'S&) level. Power losses

due to Hg diffusion and Ar resonance radiation are included in

"Others. "
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