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Model of optogalvanic effects in the neon positive column
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An experimental and theoretical investigation of the 594.5-nm optogalvanic effect in the Ne posi-
tive column is described. The effect is a decrease in discharge conductance due to laser-induced de-
pletion of metastable atoms. Absolute measurements of the effect per unit of absorbed laser power
are reported for a wide range of discharge conditions. Postive-column discharges with radius-
pressure products of 0.1—1.0 cm Torr and with sustaining direct currents of 1—16 mA are studied.
The effect is modeled in this regime by applying perturbation theory to key rate equations that
describe the discharge. The model predictions are in agreement with the experimental measure-
ments. Absolute densities of atoms excited to the 2p 3s levels are also reported. The regime studied
covers the transition from a discharge sustained primarily by single-step electron-impact ionization
to a discharge sustained primarily by two-step ionization via the 2p 3s metastable levels. The global
power balance of the discharge is dominated by wall losses of atoms excited to the 2p'3s levels at all
pressures and currents studied.

I. INTRODUCTION

Optogalvanic effects are changes in the electrical prop-
erties of gas discharges caused by illumination with radia-
tion having a wavelength corresponding to an atomic or
molecular transition. Although the effects were first ob-
served over 50 years ago, ' the potential of the phenomena
as a detection method in laser spectroscopy has been wide-
ly recognized only recently. Optogalvanic effects are
used as a detection method in trace-element detection, in
Doppler-free high-resolution spectroscopy, in level-
crossing experiments, and in other laser-spectroscopy ex-
periments.

Some optogalvanic effects correspond to an increase in
discharge conductance; we call such effects positive. Oth-
er effects correspond to a decrease in discharge conduc-
tance; we call these effects negative. The most common
type of negative optogalvanic effect is due to the depletion
of metastable atoms by optical excitation to a level which
radiates directly or indirectly to the ground state. Effects
of this type were the first optogalvanic effects ob-
served. ' ' Metastable atoms play a key role in ion pro-
duction in many discharges, thus the effects can be large
even with an incoherent source of radiation.

In this paper we study a negative optogalvanic effect in
the Ne positive column due to radiation of wavelength
594.5 nm. This wavelength corresponds to the Ne1s5-2@4
absorption. We report absolute measurements of the ef-
fect over a wide range of discharge conditions, and we
describe a rate-equation model which is used to calculate
the absolute magnitude of the effect. We find good agree-
ment between our measurements and the model calcula-
tions. Optogalvanic effects in Ne discharges have been
studied by several researchers, ' ' and considerable pro-
gress has been made in interpreting various features of the
negative effects in Ne. The goal of this investigation is a
quantitative understanding of the absolute magnitude of
the effect.

The absolute measurements of metastable atom densities
and other discharge parameters that are necessary to
model the 594.5-nm optogalvanic effect provide additional

insight into the positive-column kinetics. It is recognized
that two-step or multistep ionization processes involving
metastable atoms are dominant at medium and high
values of Rp (product of column radius and pressure). " It
is expected that single-step electron-impact ionization is
dominant at low values of Rp where the electrons are very
energetic. ' The absolute measurements of discharge pa-
rameters enable us to assess the relative importance of
single-step versus two-step processes. We find that the re-
gime studied in this investigation covers the transition
from a discharge sustained primarily by single-step
electron-impact ionization to a discharge sustained pri-
marily by two-step processes involving the metastable
atoms.

II. THEORY

The model of the optogalvanic effect developed in this
section is an application of linear, steady-state perturba-
tion theory to the key balance equations or steady-state
rate equations that describe the positive-column discharge.
This approach is successful in describing the positive op-
togalvanic effect at 587.6 nm in the He positive column. '

We first describe the dominant processes in the Ne posi-
tive column, then formulate the balance equations that
described the discharge, and finally apply perturbation
theory to describe the optogalvanic effect.

We study a Ne positive-column discharge with a radius
of 0.1 cm, pressures of 1—10 Torr, and sustaining direct
currents of 1—16 mA. Ion-electron pairs in this discharge
are lost primarily by diffusion to the wall; recombination
in the bulk of the discharge is neglected. Ion-electron
pairs are produced by single-step and multistep processes,
both of which are included in the model. The most im-
portant multistep processes involve the long-lived, low-
lying metastable levels of Ne. The density of these 2p 3s
metastable atoms is measured to be as much as a factor of
100 larger than the electron density. The model of the
discharge consists of a balance equation for metastable
atoms, a balance equation for electrons, and a direct
current equation.
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The lowest excited levels in Ne are the ls5 ( P2), 1s4
( PI ), ls3 { PQ), and ls~ ('P~ ) levels of the 2p 3s configu-
ration. The 1s5 and 1s3 levels are true metastable levels,
whereas the 1s4 is not a pure metastable I'I level due to
slight triplet-singlet mixing. Radiation from the 1s4 and
1s2 levels is strongly trapped in the discharge. For pur-
poses of the model the 1s5, 1s4, and 1s3 levels are lumped
together as a single mestastable level as indicated in Fig. 1.
We use this sitnplication because (1) the decay rates of the
1s5 and 1s3 levels due to diffusion to the wall and the 1s4
level due to escape of trapped radiation are substantially
smaller than the decay rate of the 1sz level due to escape
of trapped radiation and (2) the 1s&, 1s4, and 1s3 levels are
all primarily I' in character and likely to be strongly cou-
pled by electron collisions. We assume that the escape of
trapped radiation is the dominant decay process for the
1s2 ('PI) level, which implies the level does not play an
important role in multistep ionization. Consequently, we
do not introduce a separate balance equation for this level.

The rate of change of the metastable density, dM/dt, is
the production rate per unit volume minus the destruction
rate per unit volume. We represent the derivative dM/dt
with H, which is a function of the spatially averaged elec-
tron density n, the spatially averaged metastable density
M, and the axial electric field in the column E. Produc-
tion is balanced by loss in a steady state, hence

=H (n, M, E)
dt

z SnM
4

The production rate constant I' represents both direct
electron-impact excitation of metastables and indirect pro-
cesses involving electron-impact excitation of higher levels
followed by radiative decay to the metastable level. The
rate constant I' is a strong function of E/X, where X is
the density of ground-state atoms. At low currents, wall

losses of the metastables at a rate 8' are dominant. The
rate W is a weighted average of the loss rate of 1s5 and
1$3 metastables due to diffusion, and of the loss rate of
1s4 "metastables" due to escape of trapped radiation. Fig-
ure 2 includes a plot of the diffusion loss rate of 1s5 and
1$3 metastables versus pressure which is calculated with
the use of the diffusion coefficient measured by Phelps. '"
Figure 2 also includes a calculated loss rate of 1s4 metast-
ables due to escape of trapped radiation. To determine
this loss rate the theory of Holstein for radiation trapping
is used. ' Calculations using this theory are complicated
by the line shape for the 1s4 level. In the region of 1 Torr
the line shape is dominated by Doppler broadening. How-
ever, at 10 Torr a pressure-broadened line shape prevails.
Since the theory yields two expressions for the trapped de-
cay rate (one for Doppler-broadened lines and one for
pressure-broadened lines), it is necessary to extrapolate be-
tween these two regions. The decay rate for the 1s4 level
is determined by summing the Doppler-broadened trapped
decay rate and the pressure-broadened trapped decay rate.
The curve labeled W in Fig. 2 represents the average wall
loss rate of metastables weighted according to the degen-
eracy of the 1s5, 1s4, and 1s3 levels. The much larger de-
cay rate of the 1s2 ('PI) level due to escape of trapped ra-
diation is also indicated in Fig. 2. The line shape for the
1s2 level in the entire pressure range is dominated by pres-
sure broadening, thus the decay rate is calculated without
complications.

The rate constant T represents collisions between pairs
of metastable atoms. Such collisions are extremely likely
to result in ionization because the pair of metastables con-
tains 32 eV of electronic energy. The cross section for

1s&
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FIG. 1. Level diagrams for Ne. 1s3 ('P2), 1s4 ('Pl), and 1s5
( Po) levels are lumped together as a single metastable 1s ( P) lev-
el. Illustrated processes are discussed in the text.

)0
Pressure (Torr)

FIG. 2. Decay rates for wall processes of the four levels in
the 2p '3s configuration as a function of pressure. Decay rates of
the 1s2 and 1s4 levels are determined with the use of radiation
trapping calculations. Decay rate of the 1s5 and 1s3 levels is
determined with a measured diffusion coefficient. 8' is the
average decay rate of the 1s &, 1s&, and 1s 3 levels weighted ac-
cording to the statistical weights of the levels,
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de =6(n, M, E)
dt

2
TM

=avdn +SnM +
2

D,
'

n =0. —(2)
2.4
R

Single-step ionization is represented by the product of the
first Townsend coefficient a and the electron drift velocity
vd, which are strong functions of E!1V. Both a and vd are
well known from drift-tube measurements, ' but some
care must be used in applying the results of drift-tube

metastable-metastable collision in Ne has been estimated,
it is approximately the same as the cross section for
metastable-metastable collisions in He. ' The rate con-
stant S represents electron-impact ionization of metastable
atoms. The cross section for electron-impact ionization of
1s5 metastables has been measured. ' The rate constant S
is computed with the use of the measured cross section
and a Maxwellian electron energy distribution at an elec-
tron temperature determined by Dote and Ichikawa. ' We
truncate the integral above 20 eV because the Maxwellian
distribution overestimates the number of high-energy elec-
trons. The energy threshold for electron-impact ionization
of metastables is low ( —5 eV), hence the rate constant S is
not very sensitive to the assumed electron distribution or
temperature.

The rate constant S' represents electron-impact excita-
tion from the metastable level to the 2p„ levels of the
2p 3p configuration. The 2p„ levels decay primarily by
radiation to the ls„ levels (r-20 nsec). An atom excited
to the 2p 3p configuration has a probability of —,

' of re-

turning to our "lumped" metastable level, and a probabili-
ty of —, of radiating to the ls2 ('P~) level and hence to the
ground state. The rate constant S'/4 represents electron-
impact destruction of metastables with no production of
ions. The rate constant S' is estimated to be ten times the
rate constant S.' This estimate is supported by the well-
known cross section for excitation of Na from the 2p 3s
configuration to the 2p 3p configuration. Table I in-
cludes values for T, S, and S' for each pressure. The
values for T, S, and S' in Table I include an enhancement
factor of 1.43 to correct for the spatial distribution of elec-
trons and metastables. The factor is the ratio of the aver-
age of the square of the lowest diffusion mode over the
square of the average. All of the processes included in the
metastable balance equation are indicated in Fig. 1.

The rate of change of the electron density, dn/dt, is
represented with 6, which is also a function of n, M, and
E/X. Production of electrons is balanced by diffusion to
the wall in steady state, hence

measurements to discharges with substantial fractional
( & 10 ) excitation or ionization. The two-step ionization
processes involving metastables have already been intro-
duced as a loss mechanism for metastables. The ambipo-
lar diffusion loss rate for electrons given by D~(2.4/R),
where D, is the ambipolar diffusion coefficient and R is
the column radius, is also tabulated in Table I. Correc-
tions to the arnbipolar diffusion rate are discussed later.

The third equation necessary to model the discharge is
the direct current equation

i =F(n, E)=enu~vrR

The electrons in the positive column carry most of the axi-
al current because of their larger drift velocity. Equations
(1), (2), and (3) can, in principle, determine unique values
of the independent variables n, M, and E if the current i is
fixed by an external circuit.

The 594.5-nm optogalvanic effect studied in this work
corresponds to excitation of atoms from the ls~ ( Pz) level
to the 2@4 level. Atoms in the 2p4 level radiate with a 19-
nsec lifetime to the ls5, 1s4, and 1s2 levels. The branch-
ing ratio P for decay to the ls2 level is 0.44; it represents
the probability of destroying a metastable upon absorption
of a laser photon. The branching ratio is slightly less at
10 Torr due to transfer of excitation among 2p„ levels by
neutral-atom collisions.

We require that the optogalvanic effect be, at most, a
10/o perturbation to i in order to apply linear perturbation
theory. We further require that the optogalvanic effect be
observed in the steady state. Let Q be the number of pho-
tons absorbed per unit time per unit volume. The per-
turbed balance equation for metastables is

dH~ dH ~M BH~E
Bn BM BE

The perturbed balance equation for charged particles is

Bn BM BE
(5)

The external circuit is a voltage source in series with a bal-
last resistor Z. It provides a constraint

Zhi +lhE =0,
where I is the length of the column. The perturbed
current equation is

Br An+ AE =hi = —IAE/Z .
Bn BE

Equations (4), (5), and (7) are solved for hE yielding

TABLE I. Values for the metastable-metastable rate coefficient T, the electron-impact ionization
rate coefficient S, the electron-impact excitation rate coefficient S, and the ambipolar diffusion loss
rate D(2. 4/R) .

Pressure
(Torr)

1

2
5

10

T
(10 cm /sec)

2.6
2.6
2.6
2.6

kTe
(eV)

4.7
3.9
2.8
2.2

S
(10 cm /sec)

6.7
5.4
2.9
1.6

S'
(10 cm /sec)

6.7
5.4
2.9
1.6

D, (2.4/R )2

(10 sec ')

9.5
3.9
1.1
0.44
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aI aG aF aH aG aG aa aI.
a a~ a a~ az aM az + aE + z

BH BG BG BH
0n dM Bn BM

dU dl

di dE
(9)

The total derivative di /dE is evaluated with the use of Eq.
(3) and equations of constraint (1) and (2). Equation (8) is
now simplified as

Ai =—lAE
Z
BF BG
i3n BM

dU1'Z
dl

BH BG BG BH
Bn BM Bn BM

The remaining partial derivatives are evaluated to yield

b,i = Pgi (sn+TM)

1+Z dU

dl

TM ~ S
S' n TMSnM + 8+ S——

2

The partial derivatives of the balance equations with
respect to E are especially difficult to evaluate with the
use of data from the literature. Fortunately these partials
can be eliminated from Eq. (8) by introducing an empiri-
cal dynamic resistance dU/di where

(which is proportional to Q) is measured using a calibrated
thermopile.

The metastable density is measured with the use of an
absorption technique. Transitions from 1s„ levels are op-
tically very thick along the axis of the tube, hence we pass
the laser beam across the diameter of the tube. With a
path length of only 0.2 cm a relatively thick sample is still
encountered as illustrated in Fig. 4. The laser power is re-
duced to the pW level to prevent saturation of the sample
and the detector. A photodiode detects the transmitted
beam as the laser is scanned across a 10-6Hz frequency
range. Data for the ls5 ( P2), ls4 ( P~), and ls2 ('P, ) are
plotted in Figs. 5{a)—8(a). It is assumed that the 1s3 ( Po)
density is 0.2 times the 1s5 density. The saturation of the
1s5 and 1s4 densities is not due to superelastic electron
collisions returning atoms to the ground state, but rather
to ionizing collisions as described earlier. Superelastic
electron collisions are unimportant because M/X, the
metastable density divided by the ground-state density, is
far less than the Boltzmann factor determined from the
electron temperature. The observed densities of atoms in
the 1s& and 1s4 levels support our approximation of treat-
ing these levels as a lumped metastable level. The densi-
ties of atoms in the 1s5 and 1s4 levels saturate in a similar
fashion, and are roughly proportional to the statistical
weight of the level. The figures indicate that at all pres-
sures the 1s2 density is significantly less than the sum of
the densities of the 1s3, 1s4, and 1s5 levels which comprise
the metastable level. Furthermore, there is much less evi-
dence of saturation of the 1sz density with increasing
current. These observations support the approximation
that atoms in the 1s2 level decay primarily through the es-
cape of resonant radiation.

Equation {11)represents the optogalvanic effect predicted
by the model in a form which is convenient for compar-
ison with measured optogalvanic effects.

III. EXPERIMENT

The experimental configuration we use to measure opto-
galvanic effects in the Ne positive column is indicated in
Fig. 3. An actively stabilized single-frequency dye laser,
tuned to the 594.5-nm transition, is mechanically chopped
at 90 Hz and passed through the discharge tube. The re-
gion of the discharge tube which serves as a positive
column has a length of 13.5 cm and a radius of 0.1 crn.
The discharge tube has a Ne sign cathode and a tungsten
pin anode which are offset from the column axis. The
tube is cleaned by an extended bakeout and by repeatedly
running a high-current Ne discharge followed by evacua-
tion of the tube. Ultrahigh-purity Ne is used for all mea-
surements. The discharge tube current is monitored
across a precision 100-Q resistor. The optogalvanic signal
that appears across this resistor is measured with the use
of a PAR model-124A lock-in amplifier. The ballast
resistance Z is fixed at 200 kQ. The absorbed laser power

Ar+ LASER

THER MOPILE

STABILIZED
DYE LASER

I

I
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BALLAST
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MICRO-
VOLT
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AMPL I F I ER CHOPPER
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FIG. 3. Experimental configuration for measuring optogal-
vanic effects in the positive-column discharge.
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FIG. 4. Sample absorption data used to determine the densi-
ties for the 1s5, 1s4, and 1s2 levels.

The dynamic resistance is determined by measuring the
power-supply ripple on the tube voltage and current with
the use of the lock-in amplifier. Figs. 5(b)—8(b) are plots
of the dynamic resistance versus current for each pressure.
The large negative dynamic resistance is due to the
positive-column region. The voltage drop in the cathode
region is relatively independent of current. Plasma probes
at the ends of the positive-column region are used to deter-
mine the voltage across the column. The voltage across
the 13.5-cm-long column at 6 mA of current is 350, 345,
325, and 330 V for pressures of 1.0, 2.0, 5.0, and 10.0
Torr, respectively. The total voltage across the discharge
tube is substantially larger due to the cathode fall. The
electron density is determined from the measured tube
current with the use of an electron drift velocity tabulated
for each value of E/X. ' The electron density as a func-
tion of current is plotted in Figs. 5(a)—8(a).

IV. COMPARISON OF EXPERIMENT AND MODEL

We characterize the strength of the optogalvanic effect
with a dimensionless ratio formed by diviging the change
in power delivered to the ballast resistance by the absorbed
laser power. In terms of the model parameters this ratio is
given by

P =Z2ihi/hvgmR i,

~f~
0 ~4 & g $ I I I I I I I I

0 5 10

Current (mA)

'Is

I

15
I, ~ « I . a I

0 5 10 15

Current (m A)

FIG. 6. (a) Measured excited-atom densities and electron den-

sity as a function of current for 2.0 Torr. (b) Dynamic resistance
measurements as a function of current at 2.0 Torr.

where hv is the energy of an absorbed photon. The ex-
pression is independent of Z for large Z, and is indepen-
dent of nonessential geometrical factors such as I. Thus,
we can compare optogalvanic effects in different
discharges.

Experimental measurements and model calculations of
the optogalvanic effect as a function of current are
presented in Fig. 9 for the various pressures studied. The
model calculations were performed with the use of the
data in Table I, the computed values of 8' in Fig. 2, and
empirical values for n, M, and dv/di. The model is not
particularly sensitive to any one of the parameters in
Table I. The model results are quite insensitive to S' ex-
cept at high current and high pressure. Variations in the
values of S, T, and W of at least 40% are required to pro-
duce a 20% variation in the model results. The uncertain-
ties in the model results are between 20% and 24% due to
scatter in the measured parameters M and dv /di. The un-
certainties in the measured values of the optogalvanic ef-
fect are between 9%%uo and 15/o. Figure 9 indicates that the
experimentally measured values of the optogalvanic effect
generally agree with those calculated with the use of the
model. The model begins to fail at high current and 10.0
Torr. Mechanisms, such as recombination, which have
not been incorporated in the model are probably respon-
sible for the failure of the model at high current and 10.0
Torr.

Additional insight on the importance of single-step ioni-
zation versus two-step ionization can be gained by a close

~ I
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FIG. 5. (a) Plot of spatially averaged Ne excited-atom densi-

ties and the spatially averaged electron density as a function of
current at 1.0 Torr. Circles indicate the measured excited-state
densities for the 1s&, 1s4, and 1s2 levels. Crosses represent the
electron density. (b) Measured dynamic resistance of the Ne
discharge as a function of current at 1.0 Torr.
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FIG. 7. (a) Measured excited-atom densities and electron den-

sity as a function of current for 5.0 Torr. (b) Dynamic resistance
measurements as a function of current at 5.0 Torr.
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FIG. 8. (a) Measured excited-atoms densities and electron
density as a function of current at 10.0 Torr. (b) Dynamic resis-
tance measurements as a function of current at 10.0 Torr.
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examination of Eq. (2). Figure 10 consists of plots of the
ratio (avon)/[D, (2.4/R) n] versus current and the ratio
(SnM+TM /2)/[D, (2.4/R) n] versus current for 1.0,
2.0, 5.0, and 10.0 Torr. The ratio of single-step ionization
to total electron loss is represented by the dotted line. The
ratio of two-step ionization to total electron loss is
represented by the height of the cross-hatched region. If
we have accurately described the dominant ionization pro-
cesses, and if electron loss is accurately described by ambi-
polar diffusion, then the sum of the two ratios should be
slightly less than 1.0. The sum of the ratios should be
slightly less than 1.0 because we have not included mul-
tistep ionization processes involving a higher excited level.

Such processes can be important at high current densities
and high pressure. Although the sum of the ratios in
Fig. 10 is always close to 1.0, there are som. e discrepancies.
The sources of the discrepancies are discussed in the fol-
lowing paragraphs.

The first assumption which we need examine is that
Townsend coefficients from drift-tube experiments can ac-
curately describe single-step ionization in our discharge.
The electron energy distribution function in a drift tube
can differ from the distribution function in a discharge at
the same E/N because of electron-electron collisions and
electron —excited-atom collisions. Electron-electron col-
lisions tend to alter the distribution function so that it ap-
proaches a Maxwellian. Electron-electron collisions do
not substantially alter the distribution function in this ex-
periment because the fractional ionization does not exceed
10 . Judd investigated the effect of electron collisions
with excited atoms on the electron energy distribution
function in Ar. Fractional excitations of 10 are re-
ported to affect the distribution function and electron ex-
citation rates from the ground state. The largest change in
electron excitation rates occurs at low E/N near threshold
for the process. Ionization rates from the ground state
should behave in a fashion similar to excitation rates from
the ground state because both processes sample the tail of
the electron distribution function. We observe fractional
excitations of 3X10 at 1.0 Torr and 16 mA current
with an E/N of 7.1~10 ' . Vcm . Judd's calculations
suggest that this fractional excitation will not alter the dis-
tribution function at such a high E/N. We observe lower
fractional excitations at higher pressures. Judd's calcula-
tions indicate that we can describe single-step ionization
with a Townsend coefficient. We also note that single-
step ionization is not very important at 5.0 and 10.0 Torr;
thus errors introduced by the use of a Townsend coeffi-
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FIG. 9. 594.5-nm optogalvanic effect in Ne as a function of
current for 1.0, 2.0, 5.0, and 10.0 Torr. Optogalvanic effect is
the change in power delivered to the ballast resistance divided by
the absorbed laser power. Solid line represents the calculated
values of the optogalvanic effect using the model described in
the text. Crosses indicate the measured values of the optogal-
vanic effect.
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FIG. 10. Ratio of electron production to electron loss in the
Ne discharge as a function of current for 1.0, 2.0, 5.0, and 10.0
Torr. Electron loss is calculated with the use of the simple ex-
pression for ambipolar diffusion.
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cient are not large at 5.0 and 10.0 Torr.
The use of an ambipolar diffusion rate to describe the

electron loss is not entirely satisfactory because there are
two corrections to ambipolar diffusion. At low currents
the expression for ambipolar diffusion underestimates the
electron loss rate due to the Debye length becoming signi-
ficant in comparison to the column radius. This effect,
which is often described as a transition to free diffusion,
has been studied theoretically by Allis and Rose, among
others. At low pressures the expression for ambipolar dif-
fusion overestimates the electron loss rate due to ion iner-
tia; the discharge is said to approach the Tonks-Langmuir
free-fall regime. The hydrodynamic calculations of In-
gold include both effects, ion inertia and a non-negligible
Debye length. We use Ingold's hydrodynamic approach
to calculate a correction factor f for ambipolar diffusion.
Figure 11 is a plot of the data of Fig. 10 with the correc-
tion factor included. We find better agreement at 1.0 and
2.0 Torr between ion production and ion loss with the
correction factor for ambipolar diffusion included. The
correction factor is close to unity, even at 1.0 Torr, be-
cause the correction for ion inertia tends to cancel the
correction for a nonnegligible Debye length. The latter
correction is, of course, current dependent, so the cancella-
tion is not perfect. The remaining discrepancies in Fig. 11
between ion production and ion loss are at 5.0 and 10.0
Torr. These discrepancies may be due to inaccurate values
of S and T, the two-step ionization rates.

The essential point we wish to make with Figs. 10 and
11 concerns the relative importance of single-step versus
two-step ionization. At 1.0 Torr single-step ionization is
dominant, it is much more important than two-step ioni-
zation through the metastable level. The relative impor-

tance changes at higher pressures. Two-step ionization
through the metastable level is much more important than
single-step ionization at 10.0 Torr.

Further insight on the importance of the 1s„ levels in
the discharge can be gained by an examination of the glo-
bal power balance of the discharge. It is trivial to deter-
mine Ei, the total electrical input power per unit length.
This power is delivered to the column wall by several
mechanisms: (1) ambipolar diffusion of ion-electron pairs
to the wall followed by recombination at the wall, (2) dif-
fusion of metastable atoms to the wall followed by deexci-
tation at the wall, (3) leakage of trapped vacuum-
ultraviolet (vuv) resonance radiation to the wall followed
by absorption of the radiation in the wall, (4) emission of
visible radiation followed by transmission through the
wall, and (5) conduction of heat to the wall by ground-
state Ne atoms. The fraction of the total input power
delivered to the wall by ambipolar diffusion of ion-
electron pairs is represented by the lower dotted lines of
Fig. 12. The fraction of the total input power delivered to
the wall by metastable ls~, is4, and is3 ( P) atoms is
represented by the height of the central cross-hatched re-
gion between the dotted lines. The fraction of the total in-

put power delivered to the wall as vuv radiation from the
resonant ls2 ('PI) level is represented by the height of the
upper cross-hatched region. It is apparent from Fig. 12
that mechanisms (2) and (3), involving the ls„ levels, are
responsible for most of the power delivered to the wall at
all pressures and currents studied.

The emission of visible light represents a small fraction
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FIG. 11. Ratio of electron production to electron loss in the
Ne discharge as a function of current for 1.0, 2.0, 5.0, and 10.0
Torr. Electron loss is calculated with the use of a hydrodynamic
approach which includes corrections due to ion inertia and a
non-negligible Debye length.
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FIG. 12. Ratio of wall power output by various mechanisms
to total electrical input power as a function of current for 1.0,
2.0, 5.0, and 10.0 Torr. Spatially average 1s2 ('P&) density r is
given in Figs. 5(a)—8(a). Trapped decay rate AT of the 1s2 ( P])
level is given in Fig. 2.
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FIG. 13. Ratio of the visible-light output power to electrical
input power as a function of current for 1.0, 2.0, 5.0, and 10.0
Torr. Solid lines represent measurements. Dotted lines
represent our estimate of radiation due to atoms excited to the
2p 3p configuration from the metastable level.

power output using a large-area silicon photodiode. The
photodiode is calibrated against a Scientech thermopile
with the use of a HeNe laser. The solid lines of Fig. 13
represent the visible light output power expressed as a
fraction of the electrical input power. The dotted lines in
Fig. 13 are plots of the ratio sr' 5'nM(2 eV)/(Ei) It.
represents our estimate of radiation from atoms excited to
the 2p 3p configuration from the metastable level.

V. CONCLUSION

We present a model of the negative optogalvanic effect
at 594.5 nm in the Ne positive column. This model is an
application of linear, steady-state perturbation theory to
the key rate equations which describe the discharge. The
model enables us to compute, using independently deter-
mined rate coefficients, the absolute magnitude of the op-
togalvanic effect in good agreement with experimental
measurements. The model is tested with the use of a
column radius of 0.1 cm, pressures of 1.0—10.0 Torr, and
sustaining direct currents of 1—16 rnA. The regime stud-
ied covers the transition from a discharge sustained pri-
marily by single-step electron-impact ionization to a
discharge sustained primarily by two-step ionization pro-
cesses involving metastable atoms. Wall losses of atoms
excited to the 2p 3s levels dominate the global power bal-
ance of the discharge at all pressures and currents studied.

of the input power. It is not included in Fig. 12. Most of
the visible light is emitted in transitions from the 2p 3p
configuration to the 2p 3s configuration. These transi-
tions are responsible for the characteristic red color of the
Ne discharge. We measure the absolute visible-light
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