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Absorption spectroscopy is used to map the absolute density of excited Ar atoms and ground-state
Hg" ions in the negative glow of a hot cathode Hg-Ar discharge. The experimental map of the density
of excited Ar atoms is compared to, and found to agree with, a Monte Carlo simulation of the
resonance-atom density from radiation trapping. The primary production rate per unit volume of excit-
ed Ar atoms in the simulation is sharply peaked near the cathode hot spot. The experimental map of the
density of ground-state Hg™ ions is compared to, and found to agree with, a simulation based on an
ambipolar-diffusion model. The production rate per unit volume of Hg" in this second simulation is en-
tirely due to Penning ionization of Hg by the excited Ar atoms. Penning ionization is found to be an im-
portant, possibly the dominant, ionization mechanism in the negative glow.

PACS number(s): 52.80.Hc, 52.25.Jm, 52.70.Kz, 52.25.Dg

I. INTRODUCTION

Glow discharges containing a mixture of Hg and Ar
are widely used in fluorescent lighting and have been
studied extensively. Sophisticated hydrodynamic models
provide true predictive capability in the positive column
of these discharges [1]. However, the cathode region,
which includes the cathode fall, negative glow, and Fara-
day dark space, is not as well understood. Kinetic theory
is best suited to describing this region because many of
the standard hydrodynamic approximations fail in the
cathode region. Modeling of the cathode region
represents a difficult and fundamental challenge. Al-
though the cathode region is not well understood, it is
very important because cathodic phenomena limit the life
of fluorescent lamps. New optical diagnostics and
methods for numerical simulation can provide a very
quantitative understanding to augment the existing more
qualitative understanding [2].

In this paper we address the ionization balance of the
negative-glow region in fluorescent lamps. Measure-
ments of the absolute density of Ar atoms excited to the
3p°4s configuration (Ar*) and measurements of the abso-
lute density of ground-state Hg' are reported. The spa-
tial dependence of the Ar* density is sharply peaked near
the cathode hot spot and has extended low “wings”
throughout the negative glow. This spatial distribution is
compared to Monte Carlo simulations of radiation trap-
ping and is found to be controlled by resonance-radiation
transport. Nearly all of the Ar* is produced by electron-
impact excitation in a small region within approximately
1 mm of the cathode hot spot. The Ar* spreads
throughout the negative glow by resonance-radiation
transport.

Recent experimental work using optical diagnostics
has shown that the peak Hg" density in the negative
glow is approximately five times higher than the Hg*
density in the positive column [3]. The peak excited-Hg-
atom density in the negative glow was also shown to be
approximately half as large as in the positive column [3].
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These observations strongly suggest that the multistep
ionization mechanism which dominates Hg™ production
in the positive column is not important in the negative
glow. Another ionization mechanism produces Hg™ in
the negative glow. The absolute Ar* density (normalized
to experiment) from the simulation and the Penning ion-
ization rate [4] for Ar* colliding with ground-state Hg
are used to determine production rate per unit volume or
source function for Hg' in a second simulation. This
source function is combined with a Green’s-function
solution to the ambipolar-diffusion equation for Hg™
transport in order to study the contribution of Penning
ionization to the Hg" density in the negative glow. Our
predicted Hg" absolute density is then compared to mea-
surements of the Hg" absolute density. The peak abso-
lute value and the approximate spatial dependence of the
simulated Hg* density agree with experiment.” We con-
clude that Penning ionization is an important, possibly
the dominant, ionization mechanism in the negative
glow.

II. EXPERIMENT

Figure 1 is a schematic of the experiment. The Hg-Ar
glow-discharge tube is similar to a commercial fluores-
cent lamp, but it has no phosphor. It is made of fused sil-
ica with an inside diameter of 35 mm and is filled with 2.5
Torr of Ar. The hot cathode is a small double-coiled
tungsten wire coated with an emission mix which in-
cludes Ba, Sr, and Ca oxides to enhance electron emis-
sion. This cathode design as well as the lamp diameter
and gas fill are typical of commercial lamps. The Hg
density is controlled by a water jacket which maintains a
cold spot temperature of 40°C. Warm air blown on the
cathode end of the lamp is used to prevent Hg condensa-
tion in the cool negative glow region.

The Hg-Ar lamp current is fixed at 400 mA dc in these
experiments. This current is chosen because it is near
standard operating conditions. Although our data at oth-
er currents will not be reported in this paper, it is worth
mentioning that the Ar* density is independent of
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FIG. 1. Schematic of the experiment.

current after the density saturates at very low currents
(<10 mA). We suggest that the saturation and current
independence of the Ar* density is due to slight varia-
tions in the cathode fall voltage. The current dependence
of the Hg ™ density in the negative glow has been report-
ed and discussed previously [5].

A very stable (Hamamatsu Super-Quiet) Xe arc lamp is
used as a continuum source for these absorption experi-
ments. The radiation from the Xe arc lamp is chopped
for phase-sensitive detection before it traverses the Hg-Ar
glow-discharge lamp. Phase-sensitive detection makes it
possible to discriminate against line emission from the
glow discharge and to detect only the continuum emis-
sion from the arc discharge with absorption features after
it has traversed the glow discharge. After passing
through the glow discharge the continuum radiation is
filtered by a pre-monochromator and a 0.5-m-focal-length
echelle monochromator and then is detected using a pho-
tomultiplier (PMT). An echelle monochromator is used
because of its superior luminosity-resolution product.
The echelle grating is a 316-groove/mm, 63° blaze grating
which is used in orders ranging from 7th for the Ar lines
near 800 nm to 29th for the Hg" line at 194.2 nm. A
small low-resolution monochromator (or interference
filter) is necessary as a premonochromator due to the
small free spectral range of the echelle grating at high or-
ders. Finally the output of the PMT is sent to a lock-in
amplifier and the transmittance as a function of frequen-
cy is recorded on a chart recorder. This simple experi-
ment is useful from the vacuum ultraviolet to the in-
frared.

Sample absorption signals at 194.2 nm from ground-
state Hg" and at 811.5 nm from the 3p>4s 3P level of Ar
are shown in Fig. 2. The 194.23-nm absorption line from
Hg™" is cross hatched, as it lies on the shoulder of an O,
line at 194.21 nm in the Schumann-Runge band which
was analyzed by Curry and Herzberg [6]. In order to
reduce the strength of the O, absorption line we flush the
0.5-m monochromator and the small premonochromator
with dry N,. The remaining O, absorption is from the
unflushed regions (total path <50 cm) around the Xe arc
lamp, the mechanical chopper, and the Hg-Ar lamp. Itis
worth noting that the echelle monochromator can resolve
much of the hyperfine and isotopic structure of Hg and
Hg™ lines, although it is not always necessary or desir-
able to do so in the absorption experiments [3].

The area of the cross-hatched region in Fig. 2(a) divid-
ed by the full-scale transmittance is an equivalent width.
An equivalent width is directly proportional to the
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FIG. 2. (a) Sample absorption spectrum at 194 nm for the
Hg™ ion. The cross-hatched region is the equivalent width of
the 194.23-nm line of Hg*. Absorption from the 194.21-nm line
of O, in the unflushed regions of the optical path is also visible.
(b) Sample absorption spectrum at 811.5 nm for the 3p°4s P
level of Ar.

column density of absorbing ions or atoms if the absorp-
tion is weak (< 10%) at line center. In such cases the
equivalent width, expressed in units of frequency, can be
divided by mr,cf, to determine the number of ions or
atoms per unit area along the absorption path, where 7, is
the classical radius of the electron, c is the speed of light,
and f, is the absorption oscillator strength.

All of the absorption data in this investigation are ana-
lyzed using curves of growth. A curve of growth is the
more general relationship between the equivalent width
and the column density of ions or atoms. Curves of
growth for the 194.2-nm line of Hg" and for many lines
from the 3p>4s to the 3p>4p configuration of Ar are cal-
culated. A value of 0.16 is used for the absorption oscil-
lator strength of the 194.2-nm line of Hg*. This value is
an average of the 0.17 theoretical value from Migdalek
and Baylis [7], and the 0.15 experimental value by
Bruneteau et al. [8]. Oscillator strengths of the Ar lines
are from Wiese et al. [9]. The hyperfine and isotopic
structure of the 194.2-nm line of Hg™ is included in cal-
culating the curve of growth [10]. A full Voigt profile in-
cluding the natural or radiative broadening, the pressure
broadening, and Doppler broadening at 40°C is used in
calculating all curves of growth. The natural width of
the 194.2-nm Hg™" line is given by the previously men-
tioned oscillator strength. The natural widths of the vari-
ous Ar lines are determined from the previously men-
tioned transition probabilities [9] and from the transition
probabilities of the resonance lines. The resonance-
transition probabilities, which contribute to the widths of
the 3p°4s 3Pj and 3p°4s 'PS levels, are from Wiese,
Smith, and Glennon [11]. The contribution of pressure
broadening to the Lorentzian width in the Voigt profile
for the 194.2-nm line of Hg™ is estimated to be equal to
natural broadening. The pressure-broadening coefficient
for the 811.5-nm line from the 3p34s *P5 of Ar is from
Lee, Camm, and Copley [12]. The pressure-broadening
coefficients of the 801.4-nm line from the 3p°4s 3P level,
the 794.8-nm line from the 3p°4s 3P} level, and the 840.8-
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FIG. 3. Column density per state for the 3p°4s 3P3, 3P, 3P3,
and 'P} as a function of energy. The least-squares fit line
through the data gives an electron temperature of kz7,=0.58
eV.

and 750.4-nm lines from the 3p°4s !P} level are from
Copley and Camm [13]. The pressure-broadening
coefficient for the 842.5-nm line from the 3p34s P level
is estimated to be the same as the coefficient for other
lines from this lower level [13]. The useful regions of the
curves of growth are at most a factor of 2 below a linear
extrapolation of the linear (low-density) region. This cor-
responds to a line-center transmittance greater than
exp(—7). Doppler broadening dominates the Voigt
profile this close to the linear region of the curve of
growth. In order to use only regions near the linear re-
gion of each curve of growth it was necessary to use
several different lines from some Ar levels. This ap-
proach produces the most reliable results over the entire
range of Ar* densities.

All densities from absorption measurements are actual-
ly column densities because the measurements represent
integrals along a line of sight perpendicular to the axis of
the cylindrical Hg-Ar lamp. The measurements are re-
ported in units of cm 2. A precision mechanical slide is
used to translate the Hg-Ar lamp. Some absorption mea-
surements are made along diameters (on-axis chords).
The location of these measurements is specified by the
distance z along the tube axis between the hot spot on the
cathode and the intersection of the diameter and the tube
axis. This coordinate is z in a standard cylindrical coor-
dinate system. Absorption measurements are also made
along off-axis chords. The location of these measure-
ments is specified by the z coordinate mentioned previ-
ously and by a second coordinate. The second coordinate
p is the minimum distance between the chord and the
tube axis.

Figure 3 shows the relative population per state of the
3p°4s3P5, *P3, 3Py, and 'Pj levels versus the excitation
energy of these levels. It is important to note that all lev-
els have similar populations per state. This figure sug-
gests that the relative populations of levels in the 3p°4s
configuration are approximately in thermal equilibrium
with an effective temperature (kz T, =0.58 eV) related to
average energy of the electrons. The observation that the
electron collision rate overwhelms diffusion of the true
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metastable levels P35 and 3P} is not surprising. The reso-
nant levels *P{ and 'Pj have vacuum radiative-decay
rates of 1.19X 108 and 5.1X 108 sec™!, respectively [11].
Radiation trapping results in a much smaller effective de-
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FIG. 4. The crosses are the excited-argon column densities
measured perpendicular to the lamp axis and offset from the
center of the cathode by z =0.075 cm. (a) Column density on a
linear scale. (b) Column density on a logarithmic scale. The er-
ror bars represent the dominant, random uncertainty in our
measurements. The dotted line is the column density from the
simulation using P, as the production function. The solid line is
the column density from the simulation using P, as the produc-
tion function. (c) Production function used in the simulations.
The dotted line is P,(r)=(4.0X10'® cm %sec™')exp[(—15
ecm™Y)r]/r and the solid line is P,(r)=(3.9X10"®
cm?sec ){exp[(—15 cm™H)r]+1.3X 1073} /r.
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FIG. 5. The crosses are the excited-argon column density
measured through diameters of the lamp (p=0) with the
cathode centered at z=0.0 cm. (a) Column density on a linear
scale. (b) Column density on a logarithmic scale. The error
bars represent the dominant, random uncertainty in our mea-
surements. The dotted line is the column density from the
simulation using P, as the production function. The solid line is
the column density from the simulation using P, as the produc-
tion function.
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FIG. 6. The crosses are measurements of the mercury-ion
column density taken through diameters of the lamp (p=0).
The error bars represent the dominant, random uncertainty in
our measurements. The dotted line shows the mercury-ion
column density from the simulation using P, as the production
function. The solid line is the column density from the simula-
tion using P, as the production function.
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cay rate for these levels. The rate constants for transfer-
ring population between levels of the 3p>4s configuration
are as large as (4-7)X 1077 cm®sec ™! [14]. Electron col-
lisions can overwhelm the trapped radiative-decay rate
and equilibrate the relative populations in the 3p34s
configuration. These observations justify our approxima-
tion of representing all of the levels in the 3p°4s
configuration by a single composite excited Ar level. Any
Ar atom in the 3p°4s configuration is represented by Ar*.

Figures 4 and 5 show the Ar* absolute column-density
measurements. In these figures (a) is a linear plot and (b)
is a semilogarithmic plot. The (z,p) coordinates specify
the location of each measurement. These plots show the
large peak in the Ar* distribution near the cathode hot
spot which is on the tube axis. The spatial resolution of
these measurements is 0.5 mm in the z direction and is
0.75 mm in the p direction. Some of these Ar* density
measurements are from a lamp with a glass envelope.
Our lamps with fused silica envelopes are used sparingly
for experiments in the ultraviolet and vacuum ultraviolet.
Figure 6 shows the Hg" absolute column-density mea-
surements.

III. SIMULATION OF THE Ar* DENSITY

The balance equation for the Ar* density M is

M _p— g m— UMNy,

Odt

1

+ A4, [ M(1)Gy(r,0)d? . (1)

In subsequent paragraphs we define each term of this bal-
ance equation and describe our solution of the equation
for comparison to the experimental Ar* densities.

The primary production rate per unit volume P (r) has
a spatial dependence which is sharply peaked near the
cathode hot spot. Primary production is due to electron-
impact excitation of ground-state Ar by the primary elec-
trons. These electrons are emitted by the cathode and are
accelerated by the very thin ( << 1 mm) cathode fall to an
average energy near the first excitation energy (11.5 eV)
of Ar. The effective vacuum radiative-decay rate of
atoms in the 3p 345 configuration, 4,=1.23X 108 sec™ !,
is determined from the vacuum decay rates of the reso-
nant 3P and !P} levels using a statistical (thermal-
equilibrium) average over the configuration.

The rate constant U =9X10"19 cm*sec™! is for Pen-
ning collisions between Ar* and ground-state Hg [4].
Here Ny, is the density of ground-state Hg which we ap-
proximate as 1.88 X 10'* cm 3. This assumed value is the
equilibrium value at 40°C. We are neglecting the effects
of cataphoresis which might increase Ny, and of temper-
ature gradients which might decrease Ny, near the
cathode.

The last term of Eq. (1) represents resonance-radiation
transport. This integral term involves a function G,,,
which gives the probability that the radiative decay of a
resonance atom at r’ produces a photon which is subse-
quently absorbed at r to produce a resonance atom.
Equation (1) is solved using a Monte Carlo simulation,

1
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thus it is not necessary to give an explicit expression for
Gy

We have considered other mechanisms which could
contribute terms to Eq. (1) and found that these mecha-
nisms are negligible. The rate of collisions between pairs
of Ar* is small in comparison to the Penning ionization
rate. The cross section for the Penning process,
represented by the rate constant U, is actually quite large,
~2X 10" cm?, which is comparable to the expected
cross section for collisions between pairs of Ar* [4]. This
means the Penning process will dominate quenching by
collisions between pairs of Ar* because M is much less
than Ny,. The rate of Ar* quenching from superelastic
electron collisions to the ground state is calculated using
the rate constant from Gerasimov and Petrov [15]. It is
much smaller than the Penning ionization rate
UNy,=1.7X10° sec™!. The rate of electron-impact ion-
ization of Ar* is estimated using the theoretical cross sec-
tion by Hyman [16], a Maxwell Boltzmann electron-
energy distribution with kzT,=0.58 eV, and an electron
density of 2 X 10'2 cm 3. The estimated rate, 50 sec” !, is
actually a lower limit because it does not include mul-
tistep processes and the non-Maxwellian “tail” electrons
in the electron-energy distribution. Nevertheless, the es-
timated rate is so much smaller than the Penning rate
that the process can be neglected. Finally, it is worth
mentioning that the diffusion coefficients for Ar metasta-
ble atoms and rate constants for quenching of Ar meta-
stable atoms by collisions with ground-state Ar atoms are
known [17]. Both of these processes are negligible.

Of the terms in Eq. (1), the source term P (r) is the one
we know the least about. It depends on the electron
current from the hot spot, and it depends critically on the
cathode-fall voltage. For these reasons, we let the spatial
distribution and the magnitude of P (r) be adjustable pa-
rameters in the Monte Carlo simulation. The spatial dis-
tribution and the magnitude of P(r) are adjusted to pro-
vide the best possible match to the experimental Ar* den-
sities.

The simulation uses Lorentzian line shapes for the Ar
resonance lines at 106.7 and 104.8 nm. The width of the
Lorentzian line shapes include the natural widths deter-
mined from the vacuum radiative-decay rates of the *P
and 'P3 levels [11], and include pressure broadening cal-
culated from the formula given by Corney [18]. A
ground-state Ar density of 8.05X10'® cm™3 is used.
Simulations are run using both the full Voigt profile and
the pure Lorentzian profile. The resulting differences be-
tween simulations using these two profiles, if all other pa-
rameters are identical, are at most a few percent.

The geometry is also simplified in the Monte Carlo
simulations. Although the Hg-Ar lamp has a cylindrical
geometry, the cathode breaks the simple cylindrical sym-
metry. A concentric spherical geometry is used in the
simulations because the cathode hot spot is very small in
comparison to the tube radius. The cathode is approxi-
mated as an inner spherical absorbing boundary with a
radius of 0.5 mm. The lamp wall is approximated as an
outer spherical absorbing boundary with a radius of 19
mm. One-dimensional geometry, with radial coordinate
measured from the center of the spheres, greatly
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simplifies the simulation of the radiation transport and
the calculation of the Hg™ transport described in Sec. IV.
Unfortunately, this approximation limits the comparison
of simulation results and experiment to regions near the
hot spot. The one-dimensional simulations are adequate
for addressing issues such as the ionization balance of the
negative glow, but are inadequate for studying the transi-
tion from the negative glow to the Faraday dark space.

In order to compare simulated Ar* densities and ex-
perimental Ar* column densities, we perform a line-of-
sight integration through the spherically symmetric dis-
tribution from the simulation. The minimum distance
between the line of sight and the center of sphere is taken
to be equivalent to (z2+p?)!? in the experiment.

The results of the simulations for a number of different
assumptions about the production rate per unit volume P
convince us that the high-density part of the experimen-
tal Ar* density maps is approximately a map of the actu-
al production rate per unit volume in the lamp. This con-
clusion agrees with earlier studies by Phelps on a related
problem [19]. The linear plots of the Ar* density in Figs.
4(a) and 5(a) provide the approximate spatial dependence
of P.

A good fit to the Ar* density measurements in the cen-
tral high-density region is achieved using a production
rate per unit volume of

P, (r)=(4.0X10"® cm 2sec” Dexp[(—15 cm ™ ")r]/r

(2)
in the radiation-transport simulations. This choice for
P(r) corresponds to a total spatially integrated produc-
tion rate of 1.5X 10'® sec™!. The simulation results cor-
responding to this choice for P(r) are given as the dotted
lines in Fig. 4(b) and 5(b). This simulation is in agree-
ment with the measured Ar* column density in the cen-
tral region, but the simulated Ar* density is too low in
the “wings” (at large r). An excellent overall fit to the
Ar* density measurements is achieved using

P,(r)=(3.9X10" cm%sec™!)
X {exp[(—15em ™ )r]+1.3X1073}/r . (3)

This choice for P(r) corresponds to a total spatially in-
tegrated production rate of 2.3X10'® sec™!. This total
production rate corresponds to 1% of the primary elec-
trons (~400 mA) producing an excited Ar atom. The
optimum simulation results corresponding to this choice
for P(r) are given as the solid line in Figs. 4(b) and 5(b).
Figure 4(c) is a plot of the two choices for P (r).

The Ar* spatial distribution for a particular choice of
P is also sensitive to the Penning ionization rate. For ex-
ample, if P; is used with a reduced Penning ionization
rate, then the wings increase and approach the experi-
mental densities. The Penning rate constant of 9X 10710
cm®sec”! from Wren and Setser [4] is much larger than
the rate constant of 1.3X107!° cm3sec™! measured by
Phelps and Molnar [17]. We cannot provide a definitive
explanation for the large difference between the measure-
ments, although Wren and Setser suggest that Phelps and
Molnar may not have accurately determined the Hg den-
sity in their experiment [4,17]. Both papers report Pen-
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ning ionization rate constants for the true metastable lev-
els 3p°4s 3P5 and/or *Pj. The resonance Ar atoms in the
3p’4s configuration are undoubtedly more reactive than
the true metastable atoms because of their longer-range
interaction. A weighted-average Penning ionization rate
constant which includes both metastable and resonance
atoms is needed for modeling our experiment, thus we
use the larger rate constant from Wren and Setser’s mea-
surement. In the optimum simulations 69% of the Ar*
atoms produced in the negative glow ultimately (after
many emission-absorption cycles) decay via Penning ion-
ization. An additional 3.9% ultimately produce reso-
nance photons which are absorbed by 0.5-mm-radius
cathode. The balance ultimately produce photons which
are absorbed by the 19-mm-radius wall.

IV. SIMULATION OF THE Hg* DENSITY

The balance equation for the Hg" density (assumed to
be the same as the electron density) is

dn,
dt

The source term is the production rate per unit volume
for Penning ionization UMNy, from the optimum simu-
lation described in the preceding section. The loss term
is the ambipolar diffusion term D, V?n,. An electron
temperature kzT,=0.58 eV is combined with Hg*
mobilities in Ar measured by Chanin and Biondi to deter-
mine the diffusion coefficient D, [20]. We neglect gra-
dients in the electron and gas temperature.

The balance equation we use for the Hg™ density does
not include single-step electron-impact ionization of Hg
by the primary electrons. These electrons are emitted by
the cathode with some distribution which reflects the
cathode temperature, the patch effect, and possibly other
phenomena. The primary electrons are accelerated by
the very thin ( << 1 mm) cathode fall to an average energy
near the first excitation energy (11.5 eV) of Ar. The ion-
ization energy of Hg is 10.4 eV. The relative importance
of single-step ionization of Hg vs Penning ionization from
Ar excitation is dependent on the shape of the electron-
energy distribution function above 10.4 eV.

Our preliminary simulations of the primary electron-
energy distribution function indicate that the rate of
single-step electron-impact ionization of Hg is compara-
ble to the rate of electron-impact excitation of Ar. These
preliminary kinetic-theory simulations will not be report-
ed here. More sophisticated simulations are planned. In
this work we neglect single-step ionization of Hg and ex-
plore what fraction of the observed Hg* density can be
accounted for using only Penning ionization.

The spherical geometry with radial coordinate r, as
used in the radiation transport simulation, is compatible
with a Green’s-function solution to Eq. (4). For this
problem the Green’s function is

0=

=UMNy,+ D, V11, - @

G,(r,r')=(1—0.5 mm/r_)
X(1/r, —1/19 mm)/[47D ,,,(1—0.5/19)] .
(5)

Here r _ is the lesser of r and ', while r . is the greater of
r and r’. A straightforward numerical integral of the
product of G, and the source term over all 7’ yields the
density n, as function of . The simulated Hg" density is
compared to experimental results in Fig. 6. Extraordi-
narily good agreement between the measured Hg ™ densi-
ties and the simulation results is obtained. In the op-
timum simulation, which is represented by the solid line,
18% of the Hg™" ions diffused to cathode and the balance
diffused to the outer spherical wall. This simulation also
implies a field reversal ~1 mm from the cathode.

V. SUMMARY AND CONCLUSION

In summary, the absolute densities of excited Ar atoms
and ground-state Hg" ions are mapped using absorption
spectroscopy in the negative glow of a hot-cathode Hg-
Ar discharge. The Ar* density is sharply peaked near
the cathode hot spot and has a low but nonzero value
throughout the negative glow. This distribution is con-
sistent with resonance radiation transport of the Ar exci-
tation from a localized production region near the
cathode hot spot to the rest of the negative glow. A
Monte Carlo simulation of the radiation trapping is
found to agree with the measured Ar* column densities.

The Hg" density is quite high in the negative glow.
Earlier measurements show that the Hg" density is five
times higher in the negative glow than it is in the positive
column at 400 mA current. The density of excited Hg
atoms is lower in the negative glow than in the positive
column. These two observations strongly suggest that
the multistep ionization of Hg, which dominates ion pro-
duction in the positive column, is not important in the
negative glow. A simulation of the Hg" kinetics and
transport in the negative glow is found to be in excellent
agreement with the measured Hg* column density. The
Hg*-ion simulation uses the product of the Ar* density
and a rate for Penning ionization as a source term or pro-
duction rate per unit volume. Ambipolar diffusion is
used to describe ion transport in the negative glow. Al-
though a large rate constant for Penning ionization is
used in the simulation, we think it is reasonable because
the Ar* density is a mixture of true metastable Ar atoms
and the more reactive resonance Ar atoms.

The major conclusion from this study is that Penning
ionization is an important, possibly the dominant, ioniza-
tion mechanism in the negative glow. This ionization
mechanism is consistent with both the absolute Hg " den-
sity and spatial distribution. The ion-production rate per
unit volume has a spatial dependence which follows the
Ar* density and is large very close to the cathode hot
spot. The resulting Hg" density also peaks near the
cathode hot spot. These observations imply an electric-
field reversal in the negative glow within ~1 mm of the
cathode hot spot.

The goal of continuing work on this problem is to de-
velop a quantitative understanding of the power balance
of the hot cathode. The important terms in the power
balance of the hot cathode are given in a classic model by
Waymouth [2]. A more detailed quantitative understand-
ing should emerge from a combination of experimental
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work using advanced diagnostics and from more sophisti-
cated simulations.
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