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A Self-Consistent Model for Negative Glow
Discharge Lasers: The Hollow Cathode
Helium Mercury Laser

Gregory J. Fetzer, Member, IEEE, and Jorge J. Rocca, Member, IEEE

Abstract—A model for negative glow metal-vapor ion lasers
that self-consistently describes the dynamics of the negative
glow and the cathode sheath regions of the discharge has been
developed. The model computes the electron energy distribu-
tion and the population of relevant excited states in the negative
glow self-consistently with the charged particle fluxes and elec-
tric field distribution in the cathode sheath. Its application to
the study of the helium-mercury charge transfer ion laser is
reported. The model accurately depicts the operation of a hol-
low cathode in the laboratory, where for a defined cathode ge-
ometry and material, the discharge characteristics are deter-
mined by the selected discharge voltage and the gas pressure.
The laser output power calculated as a function of the dis-
charge parameters is in good agreement with experimental
measurements reported in the literature. The model can be
modified to simulate other negative glow discharge lasers, such
as electron-beam pumped CW ion lasers.

I. INTRODUCTION

HE negative glow region of a gas discharge, in which

ionization and excitation is dominantly produced by
energetic beam electrons, has been used successfully to
excite a large number of continuous wave (CW) metal va-
por ion lasers [1]-[18]. The spatial extent of the negative
glow region of a gas discharge is determined by the reach-
ing distance of the beam electrons exiting the cathode
sheath. Several types of discharge configurations have
been designed to provide negative glows with a suffi-
ciently long optical path for the generation of laser radia-
tion. Hollow cathode discharges (HCD) have been used
to generate a large variety of CW metal vapor ion lasers
with wavelengths extending from the midinfrared to as
short as 224 nm [1]-[16]. Extended negative glows gen-
erated by multikilovolt glow discharge electron beams
have been used to generate 1.2 W of CW laser radiation
in the visible from Zn II transitions [17] and more recently
to obtain CW laser action from metal vapor in the ultra-
violet region of the spectrum [19]. Recombination lasing
has also been demonstrated in negative glow plasmas [18].
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In negative glow discharges the characteristics of the
glow plasma and of the cathode sheath regions are closely
interrelated. Consequently, a complete model of these la-
sers requires a self-consistent treatment of these two dis-
charge regions. Despite extensive experimental work in
negative glow discharge lasers only individual aspects of
negative glow discharges and negative glow laser devices
have been studied theoretically [15], [20], [21] and until
now a complete quantitative analysis of the devices has
not been reported.

In this paper we discuss a self-consistent model of a
hollow cathode discharge helium mercury laser. Running
the model resembles operating a hollow cathode device in
the laboratory. The variables which can be controlled by
the experimentalist; the cathode geometry and material,
the discharge voltage, and the partial pressures of the
buffer gas and the metal vapor, are the same parameters
that must be specified to run the model. Using these in-
puts the model self consistently calculates the discharge
current, the electron energy distribution, the ion density
and the population of relevant excited states. The popu-
lation of the 7p*P; /2 and the 7528, /2 excited states in Hg
IT are calculated and subsequently used to determine the
optical gain of the discharge at 6150 A and the laser
power for a specified resonator geometry.

While the results presented here correspond to simula-
tions of a helium-mercury hollow cathode laser, the self-
consistent treatment of the cathode sheath and negative
glow that we describe can also be modified to model other
types of negative glow lasers, such as the electron-beam
excited CW jon lasers.

A. The Hollow Cathode Discharge

The HCD is primarily composed of two distinct re-
gions; the cathode sheath and the negative glow, which
feed each other to sustain the discharge. At pressures typ-
ical for HCD laser operation the cathode sheath size is
small in comparison to the negative glow region. How-
ever, the majority of the discharge voltage is dropped
across the cathode sheath and the negative glow region is
practically electric field free. The strong electrical field in
the sheath region accelerates ions toward the cathode and
electrons toward the negative glow region. Ions produced
by electron-neutral collisions in the glow diffuse into the
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sheath and are accelerated towards the cathode. Ion bom-
bardment of the cathode results in the emission of elec-
trons [22], [23]. These secondary electrons are acceler-
ated through the sheath and part of them arrive at the
sheath-glow boundary with an energy corresponding to
the full cathode fall voltage. As such, the electron energy
distribution in a hollow cathode is strongly non-Maxwel-
lian and has a significant beam component [24], [25]. The
negative glow also contains a large density of cold clec-
trons resulting mainly from thermalized secondary elec-
trons created during electron impact ionization of neutral
atoms.

Several rescarchers have made calculations regarding
various aspects of hollow cathode discharges and other
electron beam sustained glow discharges. For instance
Kagan et al. completed a four part series of papers on the
electron energy distribution in the negative glow region
of a helium hollow cathode discharge [21]. In their work,
equations for the electron energy distribution were devel-
oped and results were obtained using approximate analyt-
ical solutions of these equations. Warner modeled the
negative glow region of a hollow cathode discharge in he-
lium assuming the influx of electrons arriving with the full
cathode fall energy [20]. Based on this assumption he
computed the electron energy distribution in the negative
glow region. Warner examined the roles of the various
electron collision mechanisms on the structure of the elec-
tron energy distribution. Using the calculated distribution
he computed the excitation and ionization rates in the dis-
charge and made comparisons to experimental measure-
ments. Fetzer et al. used a technique similar to Warner’s
to model the negative glow regions of electron-beam sus-
tained discharges in argon for the purpose of examining
the feasibility of obtaining improved efficiencies by ex-
citing the well known Ar II blue-green laser transitions
via an electron beam [26].

In reference to the cathode sheath region, Davis and
Vanderslice have computed the flux spectra of ions arriv-
ing at the cathode of a negative glow discharge [27]. They
modeled the flow of ions in the cathode dark space assum-
ing a linearly decreasing electric field in the region from
the cathode to the negative glow boundary to obtain ion
energy distributions at the cathode. The agreement be-
tween their experimental and theoretical results was ex-
cellent. They did not however extend the computations to
include electron flow through the sheath region. McClure
et al. [28] developed a theoretical model of the cathode
sheath in high voltage deuterium discharges. Here the
continuity equations for charged particles and Poisson’s
equation were used to compute the electric field in the
sheath. Recently, Den Hartog et al. conducted both the-
oretical and experimental studies of the cathode region of
a helium glow discharge [29]. They used a null collision
Monte Carlo technique to model electron flow through the
cathode sheath to allow for the computation of ionization
and excitation rates. A linear electric field profile obtained
through optogalvanic spectroscopy experiments was used
in their calculations. They used a combination of experi-
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mental and theoretical results to infer the electron density
in the cathode fall region. Bayle ef al. have conducted in
depth theoretical studies of the cathode sheath and nega-
tive glow regions of glow discharges in which the dis-
charge gas was CO, [30]. They developed a spatiotem-
poral model of a glow discharge which was based on the
solution of continuity equations for ions and electrons and
Poisson’s equation. A Maxwellian electron energy distri-
bution was assumed to calculate ionization and excitation
rates. Specifically, they examined the roles of the electric
field and collisions in determining the electron energy and
momentum distributions in the sheath and negative glow
regions of the discharge.

Models have been developed to analyze individual as-
pects of HCD lasers. Warner provided a study of the pro-
duction of metal vapor by sputtering in a hollow cathode
noble gas-metal vapor laser [31]. Solanki calculated ex-
cited state densities in the negative glow region of a neon-
copper HCD by assuming that the electron energy distri-
bution in the glow was a delta function at the full dis-
charge voltage [15]. Neither of these modeling efforts
represent a self consistent treatment of the HCD laser.

In this paper the electron energy distribution in the neg-
ative glow region of a noble gas-metal vapor HCD is cal-
culated self-consistently with the energy spectrum of
charged particles in the cathode sheath. The model dis-
cussed here has been used to compute the dependence of
the laser output power of a hollow cathode helium-mer-
cury laser operating on the 6150 A transition of singly
ionized mercury on the discharge parameters. The results
are compared to the experimental measurements made by
Piper and Webb [6]. To the authors’ knowledge this is the
first self-consistent model of a negative glow discharge
laser.

B. The Helium-Mercury Laser

Laser emission from the 6150 A transition of singly
ionized mercury in a helium-mercury mixture was first re-
ported by Bell in 1964 in a pulsed positive column arc
discharge laser system [32]. Mercury vapor was diffused
through helium by cataphoresis. Bell extended his work
to obtain laser oscillation in a pulsed hollow cathode dis-
charge in 1965 {2]. CW oscillation on the 6150 A tran-
sitions was subsequently obtained in a slotted hollow
cathode by Schuebel in 1971 [3]. Measurements of laser
output power were not reported in that paper.

Ferrario obtained a CW output power of 10 mW from
the 6150 A HglI transition using a positive column dis-
charge [33]. The laser output power of Ferrario’s device
exhibited a rapid turnover with increasing current density.
This characteristic was claimed to be a result of depletion
of the ground state Hg atom concentration due to in-
creased ionization at high currents. However, the problem
was not remedied by increasing the vaporization rate in
the metal reservoir. This effect is reflected in the results
published by Ferrario in which he varied the mercury den-
sity while keeping the other operating parameters con-
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stant. A sharp turnover in laser output power was ob-
served with increasing mercury density. The decrease in
laser power occurs because the addition of mercury vapor
to a helium positive column discharge cools the average
electron temperature, thereby decreasing the helium ion-
ization rate. This is a consequence of the lower ionization
energy, larger ionization cross section and smaller diffu-
sivity of mercury compared to helium. Thus, the addition
of metal vapor to a positive column discharge cools the
electron energy distribution and thus limits the power of
noble gas-metal vapor ion lasers.

In contrast, the electron energy distribution in a HCD
is not severely affected by the introduction of metal vapor.
Piper and Webb constructed a helium-mercury laser ex-
cited by a hollow cathode discharge [6]. In their device
the 6150 A laser output power did not exhibit a turnover
with increasing current density up to dc currents of 3.5 A
or with pulsed current excitation up to 10 A. Detailed
modeling of the device was not reported and scaling is-
sues were not studied. A maximum laser power of ap-
proximately 70 mW was obtained at the maximum dis-
charge current of 10 A. More recently a CW laser power
of 250 mW was obtained from the same transition by
Rocca ef al. in a negative glow discharge excited by a
high voltage electron beam [17].

II. THE MoODEL

To allow a comparison with experimental results de-
scribed in [6] the device modeled in this work was se-
lected to be a 50 cm long stainless steel hollow cathode
with a 3 mm inside bore diameter. Fig. 1 illustrates the
location of the negative glow and the cathode sheath on a
cross section of the laser tube. Also shown in Fig. 1 is
the reference frame used in the model.

The model structure is segmented into four intercon-
nected blocks. Fig. 2 is a flow diagram of the numerical
implementation of the model. The first block describes
the negative glow region of the discharge. The second is
for the sheath-negative glow boundary and serves primar-
ily as a numerical interface between the computational as-
pects of the negative glow and the cathode sheath. The
third block describes the cathode sheath region. The op-
tical gain, laser output power, and laser efficiency are cal-
culated in the fourth block of the mode]l.

A. The Negative Glow Region

The negative glow, assumed to be spatially uniform in
this work, is described by a zero-dimensional model con-
sisting of the Boltzmann equation for electrons and a set
of coupled, steady-state, rate equations for the ion and
excited state population densities.

The technique used to solve for the electron energy dis-
tribution, denoted herein as N, (F), is based on the nu-
merical solution of the Boltzmann equation for electrons
and was originally developed by Peterson, [34] and sub-
sequently used by Warner [20] and Fetzer et al. [26]. The
technique exploits the fact that the negative glow region
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Fig. 1. (a) Geometry of negative glow and cathode sheath in the HCD
device described in [6] and modeled here. (b) Reference frame utilized in
one dimensional model for the cathode sheath. T'y,, I'y,, and T, represent
the flow of ions and electrons within the cathode sheath.
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Fig. 2. Flow chart illustrating the four blocks of the model and the flow
of variables among the blocks.

of the discharge is practically free of an electric field. As
such, electrons introduced into the negative glow are not
subject to an accelerating force but change energy through
collisions with atoms, ions, and other electrons. By dis-
cretizing the energy space into a set of bins, the flow of
electrons from one energy bin into others is calculated in
a top down fashion. That is, starting at an energy corre-
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Fig. 3. Partial energy level diagram for helium and mercury used in mod-
eling the helium mercury laser.

sponding to the discharge voltage, the energy degradation
of primary electrons due to collisions is tracked. The en-
ergy of secondary electrons created by ionization are
computed according to the differential cross section for
ionization. Knowledge of the flow of electrons into and
out of an energy bin allows the calculation of the density
of electrons in that bin. The details of this calculation pro-
cedure are given in [20] and [26]. Both inelastic electron—
atom and elastic electron-atom, electron-ion, and elec-
tron-electron collisions have been included in the electron
energy distribution calculations. In computing the elec-
tron energy distribution the width of the energy bins was
1 eV. No attempt was made to more highly resolve the
energy distribution of the large group of electrons below
1 eV. Rather a mean electron temperature of 7, = 1800
K was used to describe the thermalized group of low en-
ergy electrons. This temperature is in the range of that
measured in other electron-beam sustained discharges
[12], [24], [38] and it provides good agreement between
the discharge characteristics of the model and experiment.
Fig. 3 is a partial energy level diagram representing the
twelve states in helium and mercury considered in the
model. The inelastic electron-helium collisions included
were excitation of the 2'S, 238, 2'P, 2°P states in helium
and of a single pseudostate representing all helium levels
of principle quantum number greater than 2, as well as
single and two step ionization reactions (i.e., ionization
of metastable atoms). The inelastic electron-mercury col-
lisions considered include excitation of the 6'P, and
63P0‘1‘2 states, and of a pseudostate representing higher
energy levels, as well as ionization of the ground and ex-
cited state populations. Secondary electrons created by
ionization were included in the accounting procedure. The
effect of Penning type ionization reactions was also con-
sidered in calculating the electron energy distribution.

The electron energy distribution was used to calculate
electron collisional excitation and ionization rates. A set
of coupled rate equations was used to solve for the pop-
ulation densities of 12 states in helium and mercury. The
densities of helium ions Ng and mercury ions Ny, are cou-
pled by the charge transfer reaction:

He™ + Hg — He + Hg* + AE n

and are calculated using,

4
— = Ri¢ + N
dr 5p e 1P1.1
— Ng(s¢ + Nokg + BN? + aN,) = 0. )
dN 1 2
7‘3 = NeN7ks + ;7 Riis + N ';1 Nipi;7

+ NioProo — Nis(siz + BNE + aN) = 0. (3)

Table I contains a collection of the notation used in the
model. The total charge transfer cross section used in the
model is that measured by Kano et al. {35] and is repre-
sented by ks. Radiative and collisional recombination ion
losses are represented by « and 3, respectively. The re-
sults of Hennon et al. {36] and Collins et al. [37] were
used for 8 and «, respectively. The Penning ionization
coefficient p, , is that given by Kolokeov and Pramaratov
(39]. The third term in (3) represents the ionization of
ground state mercury atoms by collisions with excited he-
lium neutrals and the fourth term accounts for a Penning
reaction between two 6°P, excited mercury neutrals. The
cross sections used for the Penning reactions in (3) were
those measured by Eliason and Hirshfelder [40].
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TABLE I
NOTATION USED IN MODEL. N; = density of ith state where the states are
defined as:
Specie State Index

Helium

Ground State 1s2's 0

Excited States 1572538 1
1522s'S 2
1s22s°P 3
1s22s'P 4

Lumped Excited State Isn > 2 5

Ion Ground State 1528 6

Mercury

Ground State 6s°'S 7

Excited States 6p°P, 8
6p°P, 9
6p°P, 10
6p'P, 11

Lumped Excited State 12

Ion Ground State 65°S, /> 13

Lower Laser Level 7528\ /2 14

Upper Laser Level p*Py /5 15

m; mass of specie i

R; rate of electron collisional excitation from state i to j

ki charge transfer rate constant for ionization from state i to

state j

Pij Penning ionization reaction between specie 7 and j

T diffusion time for state i

T diffusion time for state *

S; rate constant for outflow of species i from the negative glow

B three body recombination coefficient

o radiative recombination coefficient

Ay Einstein A coefficient from state i to j

A; L, A4

8 degeneracy of state i

8 radiation trapping coefficient for level i

d; electron collisional deexcitation rate constant

€ 0.5 v where v is the velocity of the particle under consid-

eration (referred to as reduced energy)
Ti(e, x) flux of particle i through the cathode sheath

€k reduced energy difference between state j and &

rijl€) rate constant of collisional creation of particle j, at reduced
energy ¢, by particle i, colliding with particle &

Li(e) rate constant of collisional loss of particle j, at reduced en-
ergy e, with particle &

0;(€) collision cross section for particle i with particle k

length of the discharge tube

x distance from the cathode

r radius of the negative glow region = radius of the discharge
tube

Pye helium pressure in the discharge

Py mercury vapor pressure in the discharge

Thele, x) helium ion flux in the sheath region of the discharge

Tyele, ) mercury ion flux in the sheath region of the discharge

YHe secondary electron emission coefficient for helium ions on
the cathode wall

Yhg secondary electron emission coefficient for mercury ions on
the cathode wall

T, electron temperature in the negative glow region

T, gas temperature of the discharge region.

By assuming charge neutrality and neglecting doubly
ionized species in the negative glow region the electron
density is computed as

N, = Ng + N3 G

In order to provide estimates of the effects of ionization
of the low lying excited states of helium and mercury, a
set of rate equations for these states was included in the
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model. In the case of the helium excited state system the
21s, 235, 2'P, 2°P levels have been lumped together to
form a single pseudostate whose density is denoted He*.
The population of this state is calculated using,

dHe*
dt

1
= —(He*)zp“ — He* {N7p E 4 od* + - + ryﬁ}
* T *

+ R, + Ny(BN? + aN) = 0. (5)

Here R.,, r4 ¢ and d* represent electron collisional exci-
tation, ionization, and deexcitation, respectively, and 7*
is the diffusion lifetime. Once the lumped excited state
density is calculated, three fourths of the population was
assumed to correspond to the triplet states, with half of
the population corresponding to the 2°S state. This as-
signment reflects experimental measurements that show
that the 235 is clearly more heavily populated in a nega-
tive glow discharge [12]. The approximation is further
justified by the results presented here which indicate that
the helium excited states play an insignificant role in de-
termining the laser characteristics of the device. The pri-
mary motivation for using this approximation was to re-
duce the computational complexity associated with
solving equations for individual populations; a process
which is complicated by collisional mixing between the
levels.

The equations used for computing the mercury excited
state densities are of the form,

v,

P R, — N; <di +rei t &id + -+ Z Nipi.j) =0.
j

1
Ti

(6)
Here, r, ; represents the rate constant for electron colli-
sional ionization of the excited state and g, is the radiation
trapping factor calculated using the method developed by
Holstein [41].

Electron collisional deexcitation of excited states is pri-
marily due to the coldest group of electrons in the nega-
tive glow. Due to the high frequency of elastic collisions,
the low energy end of the distribution can be approxi-
mated by a Maxwellian energy distribution f(E) with a
mean temperature 7,. The collisional deexcitation rate
constant is calculated by

2)1/2 . U
d == 2 Ef(E)Q,-j(E)E dE
J

m,

where Q,?}‘ is the deexcitation cross section from level i to
Jj.

B. Laser Level Population Densities

The helium ion ground state is resonant in energy with
the 7p*P, /2 state of Hg II which is the upper laser level
of the 6150 A transition. Consequently, the charge trans-
fer reaction (1) provides a selective mechanism for the
excitation of the upper level of this transition which ter-
minates on the 752§, /» lower level. The resulting popu-
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lations of these states are used to calculate laser gain and
optical output power. Fig. 3 also contains the mercury ion
radiative processes included in calculation of the popula-
tion densities of the laser levels.

The rate equations describing the populations of the
laser upper and lower levels are given by:

dN

_dtlS = Ry 15 + NgNoiko s — Nis(Ays + dys) =0 (7)
and

dN

—dtM = Ry 14 + NeNoke 1o + Nis(Aj514 + dis.14)

= Ny + dyy) = 0. ®

Here kg 5 is the charge transfer rate constant from the
helium ground state ion to the mercury ion laser upper
level. Individual charge transfer branching ratios to the
mercury ion excited states were calculated using the work
of Johnsen et al. [42].

In the early stages of He-Hg laser development re-
searchers suggested that a Penning reaction between the
2°S helium excited state and the 6p°P, and 6p°P, mercury
excited states was a primary mechanism for excitation of
the laser upper level [3]. However, in afterglow experi-
ments Kano et al. [35] found no relation between the de-
struction rate of the helium excited state as a function of
mercury density and the 6150 A spontaneous emission
decay rate, thereby concluding that Penning reactions do
not play an important role in the excitation of the laser
upper level. As a result this reaction has been excluded
from the laser level equations.

The spontaneous emission coefficient for the laser lower
level has been measured by Semenova and Smirnov [43].
Experimentally measured radiative lifetimes of the laser
upper level are not available in the literature. Conse-
quently, estimates for this and other lifetimes in the mer-
cury ion were obtained from published results of Bates-
Damgaard calculations [44] as well as from an unpub-
lished work based on a model developed by researchers
at Oxford University [45].

Consideration was also given to the possibility that ra-
diation from the laser lower level might be trapped. To
compute a trapping factor for the 7s radiative lifetime re-
quired the 6p°P, /2.1/>» Hgll populations to be included in
the calculation. However, for all the discharge conditions
considered here population of the 6p*P; /, | /, levels is suf-
ficiently low such that trapping of the radiation from the
7Ts level is not significant.

C. The Negative Glow Cathode Sheath Interface

The drift of ions across the negative glow cathode
sheath boundary was determined by equating the outflow
of ions from the negative glow (e.g., for helium
1rr2lN6Sé) to the flux of ions entering the sheath
(Ngvg2mrl). Assuming that the ions entering the sheath
arrive at the boundary with a perpendicular velocity equal
to the Bohm velocity v and that losses from the ends of
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the plasma cylinder can be neglected, the outflow rate
constant for helium ions is given by [46]

S = — . (9)

Consequently the fluxes of helium and mercury ions at the
sheath glow boundary are given by

Te(es, x5) = Nevs (10)

Tis(eps x5) = Nizvys (11

where ¢, is the ion reduced energy corresponding to the
Bohm velocity and x, represents the boundary between
the sheath and the negative glow. The ion energy corre-
sponding to the Bohm velocity is small compared to the
energy imparted to the ions by the strong field in the sheath
and consequently is of little significance in calculations
regarding the sheath region.

On the other hand, electrons accelerated through the
sheath arrive at the negative glow boundary with substan-
tial energies. The flux of electrons into the negative glow
is converted to a source term in the Boltzmann equation
for electrons. For a discussion of the formalism used to
solve the Boltzmann equation see [26]. Using the notation
of [26] the source term is calculated using

E
zre <v9 xb>
m,

SE) = ————. (12)

D. The Cathode Sheath Region

The energy spectrum of fast neutral atoms and ions,
and the electric field distribution in the sheath, are cal-
culated by solving equations of continuity and by Pois-
son’s equation respectively. A one-dimensional model
structure similar to that developed by McClure [28] is used
to model the cathode sheath region. In this formalism the
sheath is divided into a discrete set of N cells, the bound-
aries of which make up equipotential surfaces. Based on
the charge density in a cell, the electric field strength and
the cell width were calculated using Poisson’s equation in
conjunction with the assumption that the entire discharge
voltage is dropped over the sheath. Because of the inter-
dependence of the cell width and the electric field strength,
the solution procedure is iterative.

Within each equipotential cell the energy distributions
of the ion and electron fluxes are calculated. Charged par-
ticles gain energy from the electric field as they move from
one cell to the next while energy is lost through various
types of collisions. Table II summarizes the collisional
processes included in the model of the sheath region.

The charge density in the sheath is calculated from the
continuity equations for ions. Because electron velocities
are much higher than that of ions, electron space charge
does not contribute much to the electric field and conse-
quently is neglected. The space charge distribution is cal-
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TABLE 11
COLLISION PROCESSES INCLUDED IN THE SHEATH MODEL

Reaction Process

He* + He - He + He*
He™ + Hg — Hg* + He
He* + He - He' + He
He* + He —» He' + He' + ¢
He + He > He* + He™ + ¢
Hg* + Hg — Hg + Hg"

e + He = He* + e(Ae)

e + Hg = Hg* + e(A¢)

e + He > He* + 2¢

e + Hg —» Hg" + 2e

Ion-neutral charge transfer
Ion-neutral charge transfer
Momentum transfer
Ionization by fast ions
Ionization by fast neutrals
Ion-neutral charge transfer
Electron impact excitation

Electron impact ionization
Electron impact ionization

culated by

_ ("1 he, x) 1 8T, %)
P =a So {06(5) e oo b }de

(13)

and the resulting electric field is given by Poisson’s equa-
tion,

dE(x) _ p(x)

o = e (14)
The variation of the flux of particle type j traveling
through the sheath is calculated using the continuity equa-
tion, [28]

oT'; (e, x) qE o (e, x)

ox m; b¢

+ E,: zk: Nkr,jk(e) - IVJ ; ljk(e)

(15)

where the creation of particle j, at reduced energy e, is
calculated as

ryde) = Tile + ex, X)oyle + €p). (16)
Here ¢ is the reduced threshold energy for an inelastic
collision. Likewise the destruction of particles j at a re-
duced energy of € is given as

li(e) = Tj(e, X)ay(e). 17
Ions and secondary electrons created by ionization are as-
sumed to be released at zero energy. This is justifiable
because the great majority of secondary electrons are cre-
ated with energies that are small compared with the en-
ergy imparted by the electric field in the cathode sheath.
The production of these particles is represented as a flux
with the minimum kinetic energy accounted in the model
€min- Thus

1
Iwmn=—&§§mwwawmm&

qE (18)

where r,; represents the creation of specie type j, by elec-
tron impact with particle %, e, is the maximum reduced
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energy, which is defined by the position and the electric
field in the cathode sheath. The flux of electrons through
the sheath is denoted as T',(¢, x). Electron emission from
the cathode is assumed to result only from secondary
emission caused by the impinging ion fluxes and is cal-
culated using,

o' 5(e, O
Yis 13(€ )de.

To(€qrs 0) = ™

qvy

S R R (19)
0 O

Here ¢,, represents the reduced energy at which electrons
are emitted from the cathode and ¢ and ;3 represent the
secondary electron emission coefficients for helium and
mercury ion bombardment. V; is the discharge voltage.
Actually secondary electron emission also results from
photons and neutral species impinging on the surface.
However, for the discharge conditions considered here
photoemission is much smaller than emission due to ex-
cited neutrals and ions [47] and consequently is ne-
glected. Emission of electrons due to bombardment of the
cathode by fast ground state neutral fluxes is also not sig-
nificant at the low impact energies characteristic of this
type of discharge [22]. Secondary emission coefficients
for excited species and ions are comparable. However ex-
perimental measurements of these types of discharges
have shown that excited state densities are typically 1 to
3 orders of magnitude smaller than the ion densities [12],
justifying the approximation of neglecting the contribu-
tion due to excited species.

Secondary emission coefficients of low energy helium
ions v, for a variety of cathode materials have been re-
ported in the literature and ranges from 0.2 to 0.4 [23],
[48], [49]. The emission coefficient for mercury ions on
various materials has been measured at high energies by
Ismail [50] and Schwartz and Copeland [51]. Unfortu-
nately, the secondary emission coefficients of helium and
mercury on stainless steel have not been measured at the
low ion energies considered here.

Zalm and Becker [52] offer an approximate formula for
the secondary emission coefficient based on the ionization
potential of the impinging ion, and the work function and
Fermi energy of the cathode material:

_ 0.20.8E, - 2¢)

€F

Vi (20)
where €z, ¢, and E; are the Fermi energy, work function
of the cathode material, and the ionization energy of the
impinging ion, respectively. Karashaev et al. [53] have
measured the work function of steel to be 4.85 eV. How-
ever, work by Surplice and D’Arcy [54] indicates that in
the presence of an electric field, such as the strong field
in the cathode sheath, the effective work function of steel
may be reduced by as much as 1.6 eV.

Taking the ratio of the secondary emission coefficients,
due to helium and mercury ion bombardment, to eliminate
the Fermi energy, using the reduced work function, and
choosing a value of 0.3 for the helium coefficient (20)
yields a value of 0.044 for the mercury coefficient. These



1948 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 28, NO. 9, SEPTEMBER 1992

values were used to obtain the results presented in this
paper. The sensitivity of the model to ratio of the emis-
sion coefficients was also studied and is summarized in a
later section.

In the model, secondary electrons emitted at the cath-
ode surface, are tracked in a fashion similar to ion flow
towards the cathode. Inelastic collisions with helium and
mercury atoms are responsible for electron energy loss
while traveling through the sheath. The same inelastic
collision mechanisms used in the calculation of the elec-
tron energy distribution in the negative glow region are
considered in the sheath. Here, the excited states of atomic
helium and mercury are lumped together to form a single
pseudostate for each species. Since the density of excited
atoms in the sheath region is not of interest in these cal-
culations, but rather the effect of inelastic energy transfer
on the electron energy distribution, this approximation is
reasonable and simplifies computational aspects signifi-
cantly.

The accuracy of this cathode sheath modeling scheme
has been verified by experimental measurements. The
electric field distribution in the cathode sheath region of
a high voltage electron-beam sustained discharge was cal-
culated and compared to measurements obtained by Stark
laser spectroscopy. In most cases the agreement between
the calculated and measured electric field values was bet-
ter than 10% [55].

E. Gas Temperature

To estimate the densities of the neutral atomic species
in the discharge volume it is necessary to include the ef-
fects of collisional gas heating. To accomplish this the
heat equation, [56]

V- AVT, = H Q1)

was solved, for the gas temperature using finite difference
techniques. The thermal conductivity of the gas is de-
noted as A, and H represents gas heating terms due to
elastic collisions of neutral gas atoms with electrons in the
negative glow and with ions in the cathode sheath. For
the results presented here the cathode was assumed to be
maintained at 700 K. Calculated temperature profiles are
relatively flat across the radius of the discharge tube with
a 50% temperature difference between the center of the
discharge and the cathode being typical. To simplify the
computational burden of a spatially varying gas density
we have assumed a uniform average temperature in the
discharge based on the value obtained from the solution
of (21).

F. Optical Gain and Laser Power

At the discharge conditions of interest both Doppler and
collisional broadening make significant contributions to
the gain profile of the lasing transitions. Consequently, it
was necessary to account for the gain saturation process
by using a convolution of Gaussian and Lorentzian line
shape functions. The saturated gain for the laser transition

is given as, [57]

Ajs 1N < 815 Ay Sm
Ly = SRy By ) 2
Y, 1,) . 157 g e N p(f)

AVH
AVH
. d 22
27 — 7 + G2 ¥ 2
where
41m2)'"? 1 =\
- —_ 412 (—2) ¢,
o) = (FE2 L a2 (I22)
(23)
The convolved lineshape has a width given by
1
Avy = Av;, <1 + 7) 24

and Ay, is the Lorentzian full width half maximum line-
width. The saturation intensity /; can be expressed as

I, = Ey/g(vo) (25)

817]’“10/1]5/‘]4

E =
T (A + Ays — Ajs19)Ais 1N

(26)

and g(»y) is a Lorentzian line shape function evaluated at
the laser line center.

The laser output intensity is related to the intracavity
intensity by the transmission T, of the output coupler.

Pout = Iv Ta 7“")'271 (27)

where w,, is the assumed Gaussian beam radius. The laser
output power is calculated using a numerical bisection
routine which converges to the laser cavity intensity which
makes the round-trip optical gain equal to cavity losses.
The cavity losses were estimated by taking into account
both mirror transmission and diffraction. TEM;; modes
corresponding to values of j = 7 were found to have suf-
ficient gain to oscillate for the conditions considered here.
The optical power contained in these modes was included
in the calculation of laser output power. An output cou-
pler with 1% transmissivity and a totally reflective rear
mirror, both of 1 m curvature, were selected to allow a
comparison between the model results and the experimen-
tal results of Piper and Webb [6].

G. Electron Collision Cross Sections

Table III contains a list of references compiled to pro-
vide the necessary electron collision cross sections used
in the model.

III. RESULTS

In the preceding section, the hollow cathode discharge
helium-mercury laser model was divided into four phys-
ical/computational sections. Hereafter, results obtained
through modeling of the hollow cathode discharge laser
are presented in the same fashion. First, the discharge
current-voltage characteristics are discussed. Character-
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TABLE III
REFERENCES FOR ELECTRON COLLISIONAL CROSS
SECTION INFORMATION

Ionization

Helium [58]-[63]
Mercury [64]-[68]
Excitation

Helium [69]1-[75]
Mercury [76]
Momentum Transfer [773-[79]1
Laser Level Excitation [80]

istics of the cathode sheath region are then examined fol-
lowed by a discussion of the negative glow region. Fi-
nally, the dependence of laser power of the 6150 A Hg
II transition on the discharge current, buffer gas pressure,
and metal vapor density are discussed.

A. The Self-Sustained Discharge

In laboratory hollow cathode discharges it is observed
that a threshold voltage exists below which the discharge
is not self-sustained. That is, as the voltage applied across
the device is lowered the number of ions produced by each
electron that is emitted from the cathode decreases until
the discharge quits. When the number of electrons emitted
from the cathode cannot create a sufficient density of ions
to in turn maintain the same secondary electron cathode
emission the discharge current will decay and eventually
cease. The threshold voltage value is dependent on total
gas pressure and partial pressures of the fill gases, and the
cathode material and geometry. Above this threshold the
discharge current increases rapidly with increasing volt-
age.

These characteristics of a self-sustained discharge are
well described by the model. Fig. 4 is a plot of the cur-
rent-voltage characteristics of the HCD as predicted by
the model. If the selected voltage is too low to sustain a
discharge, the current calculated by the model steadily de-
creases until the computer job times out. The model
threshold voltage values are similar to those observed in
laboratory devices. For the cathode material considered
here, stainless steel, the secondary electron emission coef-
ficient due to mercury is much lower than that of helium.
Consequently as the ratio of the mercury density to the
helium density is increased a higher threshold voltage is
observed. However, the ratio of the two gas densities does
not entirely determine the effect. As can be seen in Fig.
4, increasing the mixing ratio by lowering the buffer gas
pressure has much less effect on the voltage threshold
value than increasing the metal vapor density.

To determine the sensitivity of the model to the elec-
tron emission coefficient of the cathode runs were also
made using a Hg emission coefficient of 0.088. The curve
with the open diamond data symbol in Fig. 4 is the cur-
rent-voltage curve computed using an assumed v, of
0.088. As can be seen here, increasing the emission coef-
ficient by a factor of two reduces the discharge voltage
necessary to obtain a certain current by approximately
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Fig. 4. Current-voltage characteristics for the hollow cathode discharge
as predicted by the model. The helium pressure and mercury vapor pressure
as well as the secondary electron emission coefficient used to produce the
results are listed above the respective curve.

25%, yielding a discharge voltage threshold of less than
230 V. Piper and Webb noted that the threshold voltage
necessary to sustain a discharge for their device was ap-
proximately 300 V in pure helium and rose to a value in
excess of 320 V upon introduction of the metal vapor [81].
The value of the secondary electron emission coefficient
of mercury on stainless steel of 0.044, estimated as dis-
cussed in Section II-D yields results which are consistent
with experiment.

B. The Cathode Sheath

1) Ion Fluxes: Fig. 5(a) illustrates the net ion flux to
the cathode as a function of the buffer gas pressure for a
constant discharge power density of 150 W - ¢cm™>. Note
that a fourfold increase of the buffer gas pressure results
in slightly less than a factor of two increase in the helium
ion and mercury ion fluxes at the cathode. On the other
hand in Fig. 5(b) it can be seen that an increase in the
mercury vapor density results in a decrease in the helium
ion flux to the cathode and a slight decrease in the mer-
cury ion flux. These characteristics are a result of the
charge transfer reaction between helium ions and mercury
ground state atoms. Increasing the mixing ratio by in-
creasing the metal vapor density has the effect of provid-
ing more ground state mercury atoms for charge transfer
reactions, effectively reducing the helium ion flux to the
cathode. Decreasing the mixing ratio by increasing the
buffer gas pressure has a smaller effect because a large
portion of any additional helium ions produced as a result
rapidly undergo a charge transfer reaction.

Fig. 6 shows the evolution of energy spectra of the ion
fluxes as they propagate through the sheath from the neg-
ative glow towards the cathode. The sheath-glow inter-
face is at the forward portion of the figure and the cathode
is located at the origin. The spike at the high energy end
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of the flux spectrum is made up of ions which have not
collided during their flight through the cathode sheath.
Typically, this beam component of the ion fluxes makes
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up a few percent of the total ion flux to the cathode. The
beam component of helium ion flux decreases as it prop-
agates through the sheath while the mercury flux does not.
This is again a consequence of the charge transfer reaction
between helium ions and ground state mercury.

2) Electric Field Distribution: The electric field in the
cathode sheath region of a glow discharge has been the
subject of much research in the last five years [28], [29],
[55]. Fig. 7(a) is a plot of the calculated sheath electric
field of the HCD for three buffer gas pressures at a con-
stant voltage and metal vapor density. At low pressures
the field can be characterized by a nearly linear decrease
across most of the sheath with a sharp nonlinear drop at
the glow-sheath boundary. This result is in good agree-
ment with the cathode sheath electric field measurements
made using laser Stark spectroscopy by Lee et al. [55]
and those made with electron beam probing by Warren
[82]. In addition the shape of our electric field profile
agrees with the computed profiles of Bayle ez al. [30].

At high buffer gas pressures the field is not as linear in
the sheath region. The total device current increases sig-
nificantly when the buffer gas pressure is increased be-
tween 8 and 25 torr at the voltage used to generate the
results in Fig. 7(a). Consequently the space charge in the
sheath for the high pressure discharge condition is much
larger than that of the low pressure discharge causing the
nonlinear portion of the field to extend over the majority
of the cathode fall region. The increasing nonlinearity of
the electric field as the pressure is raised has been ob-
served experimentally in lower pressure, high voltage (1-
3 torr) glow discharges, where the cathode sheath dimen-
sion is on the order of 1 cm [55]. Measurement of the
electric field in the cathode fall for the higher pressure
conditions studied here is complicated by the rather small
sheath dimensions. For the range of conditions used to
generate Fig. 7(b), the cathode sheath thicknesses are only
100 to 400 pm, making optical probing difficult.

An increase in buffer gas pressure decreases the cath-
ode sheath width. As the gas pressure is increased at a
fixed voltage, the discharge current increases significantly
resulting in a higher space charge density in the cathode
sheath and consequently in a narrower sheath. A similar
effect is also evident in the results shown in Fig. 7(b)
which is a plot of the cathode sheath width as a function
of the discharge voltage for three buffer gas pressures. As
the discharge voltage is increased, at a fixed buffer gas
pressure, the ion current through the sheath increases re-
sulting in a larger space charge concentration and a smaller
cathode sheath.

3) Electron Flux: Fig. 8 illustrates the energy distri-
bution of the electron flux as it propagates through the
cathode sheath. The comb like structure in the high en-
ergy region of the electron flux is due to the existence of
beam electrons which have undergone inelastic collisions
with either a helium or a mercury atom. The various spikes
in the flux spectrum occur at the energy difference be-
tween the beam energy and the threshold energies for ex-
citation and ionization of the atoms present. This distinct
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structure results from assuming that electrons emitted from
the cathode have a monoenergetic distribution with a re-
duced energy of €,. If instead a distribution with a spread
in energy of a few eV, such as that measured by Hagstrum
[48] were used the distinct features in the flux spectrum
would be smoother as seen in the results computed by
Carman for the cathode sheath in an argon glow discharge
{83]. Moreover if the energy of secondary electrons cre-
ated by ionization in the sheath was not assumed to be
zero but rather with a distribution defined by the differ-
ential cross section the distinct features in the high energy
region of the spectrum would be further smoothed.

A parameter of interest in the study of hollow cathode
discharges is the electron-beam generation efficiency. The
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TABLE IV
ELECTRON-BEAM GENERATION EFFICIENCY.
THE DISCHARGE VOLTAGE WAS 340 V AND

THE MERCURY VAPOR PRESSURE
WAS 0.2 TORR

Current (A) Helium Pressure (torr) 1. (%)
0.67 8.0 8.25
3.06 16.0 9.45
7.62 25.0 11.01

flux of energetic electrons into the negative glow region
plays an important role in the level of ionization of the
discharge. Also, in charge transfer laser schemes the ion-
ization rate of the buffer gas determines, to a large extent,
the excitation rate of the laser upper level. The electron-
beam generation efficiency can be defined as:

qvr

8T (e,

A,,,PS e )
0 be

Ne = (28)

Vil

where 4 is the cathode area, [ is the discharge current, V;
the discharge voltage, and x, is the sheath-glow bound-
ary. Table IV contains the computed electron beam gen-
eration efficiency for three discharge conditions. The ef-
ficiencies are all in the vicinity of 10%. This relatively
low efficiency is primarily a result of the low secondary
emission coefficient of the cathode material and of the en-
ergy with which the ions bombard the cathode. At these
ion energies electron emission from the cathode is pri-
marily due to potential emission. The beam generation
efficiency is much higher in multikilovolt glow discharges
[84]. Operation at higher voltages results in higher energy
ions bombarding the cathode causing kinetic emission of
electrons. The use of high secondary electron yield cath-
ode materials in multikilovolt glow discharges has been
shown to produce dc electron beams with efficiencies up
to 80% [84]. As a result, some charge transfer metal va-
por lasers excited by high voltage electron-beam glow
discharges are almost an order of magnitude more effi-
cient than the hollow cathode laser operating on the same
transition [17].

C. The Negative Glow Region

The energy distribution of the input electron flux into
the negative glow and the collisional term in the Boltz-
mann equation determine the electron energy distribution
in this region of the discharge. Fig. 9(a) is a plot of the
calculated electron energy distribution averaged over the
volume of the negative glow region of the HCD. The dis-
tribution has features which resemble those of the electron
flux energy spectrum in the sheath. The large beam com-
ponent of the discharge, apparent at the high energy end
of the distribution, is due to an input flux of electrons at
the full cathode fall energy.

Immediately below the beam component is a relatively
low density region which is primarily comprised of elec-
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trons which traveled through the sheath without colliding,
but have undergone ionizing collisions with excited state
atoms in the negative glow region. Below this low density
region there is some additional structure in the distribu-
tion, corresponding to electrons having undergone an in-
elastic collision with a ground state buffer gas or metal
vapor atom resulting in an excited atom or an ion. In each
of these events the electron loses a discrete amount of
energy. The various peaks in the distribution in this re-
gion occur at an energy equal to the difference between
the electron beam energy and the excitation and ionization
threshold energies for helium and mercury. The produc-
tion of secondary electrons during ionizing collisions
smooths out the central part of the electron energy distri-
bution and is the primary cause for the large electron den-
sity component at low energies [26].

Fig. 9(b) is a plot of the relative fraction of the elec-
tron-beam energy deposited in the various collision pro-
cesses in the negative glow. As seen here, the hollow
cathode discharge is attractive for exciting charge transfer
metal vapor laser transitions because of the relatively large
portion of electron energy deposited in ionization of the
buffer gas even in the presence of metal vapor concentra-
tions. For the discharge conditions considered here ap-
proximately 50% of the electron-beam energy is depos-
ited in ionization of the buffer gas. A significant portion
of this energy is subsequently deposited in the laser upper
levels of metal ions by charge transfer reactions. The ma-
jority of the remainder of the electron beam energy goes

into collisional excitation of ground state helium and mer-
cury atoms, with a rather small amount, 7%, deposited in
collisional ionization of mercury atoms.

Another interesting feature is the uniformity of the en-
ergy deposition associated with each collision mechanism
over a wide range of currents. As previously men-
tioned, once the discharge has been established a relatively
small increase in voltage results in a large change in cur-
rent. As a result the variation of voltage required to gen-
erate the range of currents in Fig. 9(b) is fairly small. The
electron collisional cross sections for the various energy
deposition channels change little over the energies corre-
sponding to this voltage variation, and as a result the rel-
ative deposition percentages do not change appreciably.

1) Ion Densities: In the HCD modeled in this work the
mercury ion density is typically an order of magnitude
higher than the helium ion density because the charge
transfer reaction rapidly depletes the ground state helium
ion density in the negative glow region. Fig. 10 is a plot
of the ion densities as a function of discharge current. For
all the discharge conditions considered in this work single
step electron collisional ionization of the ground state is
the dominant helium ionization mechanism. Electron im-
pact ionization of the helium metastable states accounts
for only a fraction of a percent of the total ionization rate.
Penning ionization by collisions of two 23S helium atoms
is also negligible for the conditions considered here. The
creation of mercury ions is dominated by the helium mer-
cury charge transfer reaction which simultaneously ex-
cites several states in Hg I1. Approximately 14.5% of the
total charge transfer rate goes into excitation of the upper
level of the 6150 A transition in singly ionized mercury
[36], [42]. The remainder of the charge transfer rate pop-
ulates other excited states such as the 7pr1 /2 state which
constitutes the upper level of the 7945 A laser transition
of Hg I

D. Laser Output Characteristics

Fig. 11 is a plot of the calculated laser output power of
the 6150 A mercury ion transition as a function of the
discharge current. The experimental measurements of
Piper and Webb are included for comparison. The laser
power calculated by the model and the experimental re-
sults are in good agreement, except at high currents where
model results show power saturation. Electron deexcita-
tion of the laser upper level is responsible for the satura-
tion exhibited in the model results. In experiments carried
out by Piper and Webb [6] the hollow cathode was oper-
ated in a direct current fashion up to currents of only 3.5
A while the model results were obtained assuming CW
operation at all currents. As a result the discharge condi-
tions between the model and the experiment are expected
to be somewhat different above 3.5 A.

Also shown in Fig. 11 is the calculated laser efficiency.
Here the efficiency has been defined as the ratio of laser
output power on the 6149.5 A transition to the product
of the discharge current and voltage. The turnover in ef-
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ficiency at high currents is due to the saturation of the
laser output power. These results were obtained assuming
the resonator configuration described previously.

The data plotted with open diamond symbols in Fig. 11
represent the laser power predicted by the model using a
secondary electron emission coefficient of 0.088. In terms
of laser power, raising the secondary electron emission
coefficient has little effect. However, this does not mean
that the secondary emission coefficient is not an important
parameter in determining the laser characteristics. The ef-
fect of an increase in the secondary emission coefficient
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is to lower the voltage at which a given value of the laser
output is obtained, thereby resulting in an increased laser
efficiency.

Fig. 12(a) is a plot of the laser output power depen-
dence on helium gas pressure at a mercury pressure of 0.2
torr and a discharge current of 1 A. The experimental re-
sults of Piper and Webb in the figure were obtained at a
reservoir temperature of 115°C, corresponding to a mer-
cury vapor pressure of approximately 0.4 torr. Both the
experimental and model results show that the laser power
peaks at a buffer gas pressure near 16 torr. The rise of the
laser output power to the maximum is due to increased
excitation of the laser upper level through the charge
transfer reaction between the helium ion ground state and
neutral mercury atoms. As the pressure is increased, the
proportion of discharge energy being deposited in ioni-
zation of helium increases and results in greater charge
transfer excitation of the laser upper level. Raising the
buffer gas pressure beyond the maximum results in sig-
nificant pressure broadening of the gain profile, resulting
in a drop in the laser output power.

The model described herein assumes a spatially uni-
form negative glow, and consequently does not take into
account the reduced reaching distance of the beam elec-
trons with increasing pressure. This effect can cause a de-
pletion of laser upper level excitation in the center of the
discharge and consequently a drop in output power. How-
ever, a simple calculation done assuming an unperturbed
electron trajectory after a collision, shows that the beam
electrons should have a reaching distance of approxi-
mately 5 times the radius of the discharge tube at a buffer
gas pressure of 40 torr. Nonetheless, at discharge pres-
sures above 20 torr nonuniform ionization due to the
reaching distance effect may explain the somewhat lower
laser powers observed in the experiment.

The dependence of laser output power on the metal va-
por density is illustrated in Fig. 12(b). To allow a com-
parison, the experimental results of Piper and Webb have
been included by using the vapor pressure for mercury
calculated from the mercury side arm temperatures given
in [6]. However, in making this comparison it should be
considered that in the experiments described in [6] a slow
helium flow through the discharge was maintained to as-
sure an even distribution of metal vapor in the active re-
gion, consequently it is likely that the mercury vapor
pressure in the discharge was not completely determined
by the sidearm temperature. The vapor pressure given by
the sidearm temperature could be higher than that in the
actual discharge.

At a discharge current of 1 A and a helium pressure of
16 torr the model predicts an optimum mercury partial
pressure of 0.2 torr. The rise of the laser power with in-
creasing mercury density is a result of an increased pop-
ulation inversion as more metal atoms become available.
The peak power is obtained at a point where the charge
transfer from helium ions is a maximum. The decrease in
laser power beyond this point is a result of the decreased
proportion of discharge energy being deposited in the ion-
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Fig. 12. 6150 A laser power dependence on buffer gas pressure and metal
vapor density. (a) Here the discharge conditions were I = 1 A, Py, =02
torr. (b) Here the discharge conditions were I = 1 A, Py, = 16 torr.

ization of helium. As the metal vapor density is increased,
the proportion of energy deposited in collisional excita-
tion and ionization of mercury increases. Since charge
transfer is the primary upper laser level excitation mech-
anism a reduction in the energy deposited into ionization
of helium results in a reduced excitation rate of the upper
laser level and consequently a reduced laser output power.

IV. SuMMARY

A model of a negative glow discharge laser has been
developed based on a self-consistent treatment of the
cathode sheath and the negative glow regions of the dis-
charge. The electron energy distribution and population
densities in the negative glow are calculated self-consis-
tently with the electric field distribution and the energy
spectra of the charged particle fluxes in the cathode. The
model has been applied to the helium-mercury HCD laser
operating on the 6149.5 A transition of Hg II.

The model simulates well the general dependence of
the discharge current on applied voltage and the minimum
voltage required to maintain a self-sustained discharge.
As expected, the characteristics of the helium-mercury
HCD are shown to be heavily influenced by the charge
transfer reaction which depletes the helium ion concentra-
tion and increases the mercury ion density. Consequently,
the flux of mercury ions to the cathode is typically an or-
der of magnitude higher than that of the helium ions.
However, the much larger secondary electron emission
coefficient of helium ions compared to that of mercury
ions results in both ion species playing an important role
in cathode electron emission. The efficiency of generation
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of beam electrons in the HCD is calculated to be in the
vicinity of 10%. This relatively low value is one of the
primary factors limiting the laser efficiency. The relative
concentration of mercury and helium not only influences
electron emission but also determines the channels through
which the electron energy is deposited in the discharge.
At optimum conditions for laser oscillation slightly more
than 50% of the electron energy is deposited in the ioni-
zation of helium and approximately 14% of it is selec-
tively transferred to the 7p°P;/, laser upper level. The
calculated variation of the laser output power as a func-
tion of discharge current, helium pressure and mercury
vapor density is in good agreement with experimental
measurements reported in the literature.

The treatment of the cathode sheath discussed here, by
including the consideration of kinetic electron emission
which is dominant in glow discharges having kilovolt
sheath voltage drops, can also accurately describe the
generation of dc electron beams in glow discharges. Con-
sequently, the model described herein can be modified to
study other types of cw negative glow lasers, such as those
pumped by multikilovolt electron beams. In these lasers
the glow discharge electron guns are placed on the optical
axis at the ends of a plasma tube which contains the neg-
ative glow. The plasma tube is held at anode potential and
the negative glow is immersed in an axial magnetic field.
Extending the model discussed here to describe high volt-
age negative glow cw electron beam lasers requires rela-
tively minor modification if the plasma can be assumed to
be axially uniform. This is a good assumption in the case
in which the plasma tube is short in comparison with the
reaching distance of two counter-propagating electron
beams. The interface between the cathode sheath and the
negative glow regions needs to be modified to take into
account the different geometry of the device. In addition,
the influence of the magnetic field on charged particle dif-
fusion needs to be included in modeling the negative glow.
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