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Laser-induced fluorescence and absorption spectroscopy are used to study the mixing of popula-
tions of excited He atoms due to electron collisions in the negative glow of a dc He discharge.
These measurements yield the density (nf=5X10'! cm™3) and temperature (0.1 eV <k T<<0.2 eV)
of the low-energy (or “cold”) electrons in the negative glow. The cold electrons are trapped in a
potential-energy well. In a complementary investigation, Monte Carlo simulations are used to
determine the density (n/=10° cm™3) and temperature (k5 T =3 eV) of the high-energy (or “hot”)
electrons in the negative glow. Results from the experiments and Monte Carlo simulations are com-
bined to study the power balance of the cold trapped electrons. The cold-electron temperature is es-
tablished by a balance between cooling from recoil during elastic collisions with neutral atoms, and
heating due to Coulomb collisions with hot electrons. The linear variation of hot-electron density
with discharge current density causes a linear variation in cold-electron temperature with current
density. Hot electrons also excite metastable atoms to higher radiating levels to produce most of

the light from the negative glow.

I. INTRODUCTION

The cathode region of glow-discharge plasmas is of
fundamental and practical interest. The proximity of the
cathode and the large and rapidly varying electric fields
result in electron-energy distributions that are not deter-
mined by the local E /N (ratio of electric field to gas den-
sity). The failure of the widely used hydrodynamic equi-
librium (or local-field) approximation means that a realis-
tic model should be based on kinetic theory. Practical in-
terest arises from the many important uses of glow-
discharge plasmas.

The negative glow is the part of the cathode region im-
mediately next to the high-field cathode fall. Although it
has a very small electric field, it too is nonhydrodynamic
because of a low density of high-energy electrons injected
from the cathode fall region. Den Hartog, O’Brian, and
Lawler recently described laser experiments that demon-
strated the existence of a quite high density (nS=5X10!!
cm™?) of rather low-energy electrons (kz TS=0.12 eV) in
the negative glow of a He glow discharge at 0.846
mA/cm? and 3.50 Torr.! The electron density n¢ and
temperature T refer to the ‘“cold” negative-glow elec-
trons. The high-energy electrons injected from the
cathode fall result in a distribution that is only partly de-
scribed by a single Maxwellian. These laser experiments
detected mixing of populations between excited levels of
He caused by collisions between low-energy electrons and
excited He atoms. Data from one exothermic (superelas-
tic) and one endothermic (inelastic) reaction were com-
bined to yield a density and temperature of the low-
energy electrons.

Earlier measurements by Anderson on the negative
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glow of a comparable but not identical He discharge were
based on probe and microwave techniques.? Anderson
refers to the cold negative-glow electrons as “ultimate”
electrons. He found a cold electron density of 8X 10!
cm ™3 for a He discharge at 4.0 Torr and 0.22 mA/cm.?
Den Hartog, O’Brian, and Lawler observed 5X 10!! cm ™3
at 3.50 Torr and 0.846 mA/cm,> but with a somewhat
different geometry. The temperatures measured by An-
derson using a probe and microwave radiometry did not
agree very well, but he seems to favor an even lower tem-
perature (kp7:=0.034 eV) than that reported by Den
Hartog, O’Brian, and Lawler. Anderson also observed
using a probe a density of ~1X10° cm ™3 of energetic
electrons, which he called ‘“‘secondary” electrons with a
high temperature (ky T/~4.3 eV). Anderson, like some
earlier authors, distinguished between secondary elec-
trons and energetic “primary”’ electrons from the cathode
fall. We will not make this distinction, but instead will
refer to both secondary and primary electrons as high-
energy or “hot” electrons.

Much of the research on the cathode region before
Anderson’s work is summarized in a review article by
Francis.® These earlier studies on the negative glow,
which were based on probes, apparently missed the cold
electrons in the negative glow. More recent probe work
is summarized in a review article by Emeleus.*

The cold electrons are trapped in a potential-energy
well formed by a field reversal in the negative glow.
There has been much discussion in review articles on the
existence and location of a field reversal in the negative
glow.>”> Most authors seem comfortable with a field re-
versal in the negative glow under a variety of conditions.
A convincing theoretical treatment of the cathode-fall
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and negative-glow regions that predicts the existence and
location of the field reversal and other properties of the
negative glow has been an elusive goal. A convincing
theoretical treatment must avoid the many assumptions
and approximation of older models.

It is difficult to directly measure the very small fields in
the negative glow using either probe or spectroscopic
techniques. In an important early work Druyvesteyn
produced evidence for the field reversal by measuring the
discharge voltage at fixed current while moving the anode
into and through the negative glow.® Druyvesteyn’s mea-
surements, like more modern probe measurements, are
rather invasive and thus perturb the discharge. Den Har-
tog, Doughty, and Lawler presented evidence for a field
reversal in the negative glow of dc He discharges.” Their
evidence is based on a comparison of Monte Carlo simu-
lations of electron avalanches with an empirical current
balance at the cathode. The current balance is the ratio
of ion to electron current. Very few of the ions produced
in the negative glow contribute to the ion current at the
cathode in discharges studied by Den Hartog, Doughty,
and Lawler.” The ionization in the negative glow pro-
duced by energetic electrons injected from the cathode
fall must be balanced either by recombination or, if
recombination is negligible, then by a drift of ions in a re-
versed field toward the anode. This drift is analogous to
ambipolar diffusion. More recently Gottscho et al. have
observed a change in the sign of an optogalvanic effect on
molecular ion lines.® The sign change was correctly in-
terpreted as due to a field reversal in the negative glow.
The noninvasive optogalvanic technique for observing the
field reversal is attractive because probes can represent a
significant perturbation to the plasma, and because probe
characteristics are difficult to interpret for non-
Maxwellian, anisotropic electron-energy distributions.

A convincing theoretical treatment of the ionization
balance, which would predict the field reversal and the
density of the cold electrons, requires a self-consistent ki-
netic calculation. The convective scheme shows great
promise of making such calculations possible for a
variety of discharges in the near future.”'® The research
described here focuses on identifying important physical
processes such as those in the power balance of the cold
negative-glow electrons. Section II is a detailed discus-
sion of the laser experiments by Den Hartog, O’Brian,
and Lawler which determined the density and tempera-
ture of the cold negative-glow electrons in a He
discharge.! Section III describes a complementary inves-
tigation in which Monte Carlo simulations of electron
avalanches in the same discharge are used to study the
hot electrons in the negative glow. The simulations are
quite realistic because they are based on empirical field
maps, gas density measurements, and an excellent set of
He cross sections. Section IV explores the power balance
of the cold electrons by combining experimental results
and Monte Carlo simulations. This work identifies the
dominant physical processes, which maintain k37 be-
tween 0.1 and 0.2 eV. We find that the dominant cooling
term in the power balance of the cold electrons is due to
energy lost during elastic collisions with neutral atoms.
We find that the dominant heating term in the power bal-
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ance of the cold electrons is due to energy gain in
Coulomb collisions with the hot negative-glow electrons.
Section V explores the role of multistep excitation caused
by hot electrons in producing light from the negative
glow. Finally, Sec. VI summarizes our conclusions and
outlines future work.

II. EXPERIMENTS

Figure 1 is a schematic of the experimental apparatus.
The discharge used in these studies is produced between
flat, circular aluminum electrodes 3.2 cm in diameter and
separated by 0.62 cm. The electrodes are water cooled to
minimize gas heating and are backed by insulating
ceramic annuli to prevent plasma from forming behind
them. The discharge tube is constructed of glass and
stainless steel. Most of the vacuum seals are made with
knife-edge flanges on copper gaskets. The only excep-
tions are the high-vacuum epoxy seals around the fused
silica Brewster windows and fluorescence port. A liquid-
nitrogen-trapped diffusion pump evacuates the system to
2X 107 % Torr. When no liquid nitrogen is in the trap the
diffusion pump is valved off to prevent back-diffusion of
oil into the system, and the vacuum is maintained with an
ion pump. The leak rate into the sealed system is
~3X107* Torr/day.

During discharge operation ultrahigh purity
(99.9999 %) helium is slowly flowed through the system
at a pressure of 3.50 Torr as measured with a capacitance
monometer. The helium first passes through a cata-
phoresis discharge to remove any residual contaminants
before entering the main discharge tube. Emission spec-
tra reveal only weak aluminum and hydrogen impurity
lines. The aluminum originates from the slow sputtering
erosion of the cathode due to He™ bombardment. This
may also be the source of the hydrogen contamination
since many metals absorb hydrogen. After being exposed
to air the aluminum cathode forms an oxide layer that is
subsequently removed by either operating an argon plas-
ma (argon is very effective at sputtering) or lengthy
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FIG. 1. Schematic of the apparatus. The fluorescence collec-
tion system based on an interference filter, rather than the 0.2-m
monochromator, is shown in this schematic.
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operation of a helium plasma. The removal of the oxide
layer is evidenced by the appearance of the weak alumi-
num emission lines and a stabilizing of the V-I charac-
teristics. A carefully prepared cathode results in V-I
characteristics which are reproducible within a few pre-
cent over a period of several months.

Discharges at 3.50-Torr helium pressure over a range
of current densities from 0.190 to 1.50 mA/cm? are stud-
ied. The low current density corresponds to a near-
normal cathode-fall voltage of 175 V and the high current
density corresponds to a highly abnormal cathode-fall
voltage of 600 V. The discharge current is spread uni-
formly across the electrode surface.” In this paper mea-
surements made at 0.846 mA/cm? current density and a
cathode-fall voltage of 261 V are emphasized and ana-
lyzed in detail. Results at other current densities are re-
ported only to illustrate trends.

The laser used is a N, laser pumped dye laser. The dye
laser has a bandwidth of 0.2 cm ™!, pulse length of ~3 ns,
and it is tunable over a wavelength range of 360—700 nm.
Frequency-doubling crystals are used to extend this range
down to 205 nm. The laser beam is focused between the
electrodes giving a spatial resolution of ~0.2 mm. Spa-
tial maps are made by translating the discharge tube on a
precision translation stage.

Two laser-based diagnostics are used, which together
yield n{ and Ty for the cold electrons in the negative
glow. Each diagnostic provides an independent deter-
mination of the product of n{ and a temperature-
dependent rate constant. The first diagnostic, based on
the endothermic electron collisional transfer between low
Rydberg levels, yields a relation in which n decreases
with increasing T. A preliminary report of this diagnos-
tic appears elsewhere;! a more complete discussion is in-
cluded here. The second diagnostic is based on the spin
conversion of helium metastable atoms,

He(2'S)+e ™ —He(23S)+e ™ +0.79 eV . (1)

This is an exothermic process and yields a relation in
which n; increases with T;. This diagnostic is described
in detail elsewhere,’ for completeness a brief description
will be given here. The intersection of these two relations
yields n¢ and T¢ for the cold electrons in the negative
glow.

In the Rydberg atom diagnostic a low Rydberg level is
selectively populated with the laser. The collision-
induced transfer rate from the level populated by the
laser to a higher-lying level is determined by measuring
the ratio of the laser-induced fluorescence (LIF) signals
from the two levels. Frequency doubling of the dye laser
beam is necessary for excitation of low Rydberg levels out
of the 23S metastable level. LIF is collected in a direc-
tion perpendicular to both the discharge axis and the
laser axis. A spherical lens is used to image the laser-
discharge interaction region onto the 0.25-mm entrance
slit of a 0.2-m monochromator, which is used as a spec-
tral filter. The ~ 1-nm bandpass is necessary to isolate
the triplet Rydberg level fluorescence from cascade
fluorescence from lower-lying singlet levels. A 1P28A
photomultiplier detects the filtered fluorescence. The
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base of the photomultiplier tube is wired for low induc-
tance to maintain the full bandwidth of the tube. The
photomultiplier signal is amplified by a factor of 100 and
then digitized with a Transiac 20018 digitizer with a 4100
averaging memory interfaced to an IBM PC. Typically
5000 LIF pulses are averaged. The temporal integral of
this average is the measured fluorescence F. The LIF sig-
nal from the upper Rydberg level is two to three orders of
magnitude weaker than the signal from the level popu-
lated by the laser.

The Rydberg atom diagnostic works by populating a
low-lying Rydberg level with principle quantum number
n by tuning the laser to the 23S —n *P transition. This is
effectively populating the entire » manifold because the
different / levels are highly coupled by neutral collisions
at 3.50 Torr.!! The population of each [ level is propor-
tional to its degeneracy. The s level may be an exception
to this since for n =5 it lies ~ 3k T below the p level so
that it may not be fully coupled to the rest of the mani-
fold. Here T is the gas temperature. For the purposes of
this experiment the lack of coupling of the s level is unim-
portant because the s population is a small fraction of the
total n manifold population. The collisional transfer rate
between two Rydberg manifolds n and n' (n'>n) is
determined by measuring the ratio of the LIF signals
n'3D—23P and n3D-—23P(F,./F,) when the lower-
lying manifold is populated with the laser.

Three transfer rates are measured. When the laser is
tuned to the 235—53P transition at 294.5-nm spatial
maps of fluorescence are made from the 53D —23P(Fs)
and 63D —23P (F) transitions at 402.6 and 382.0 nm,
respectively. F¢/Fs yields the n =5 to 6 collision-
induced transfer rate. When the laser is tuned to the
238 —6 3P transition at 282.9 nm fluorescence is mapped
from the 6°D —23P, 73D —2°P, and 8°D —2*P transi-
tions at 382.0, 370.5, and 363.4 nm, respectively. F,/Fq
and Fg /F yield the n =6 to 7 and the n =6 to 8 transfer
rates, respectively. Figure 2 shows a plot of Fg/Fg¢
versus distance from the cathode. The left axis of the
plot is the cathode position and the right side is the anode
position. The position where the linearly decreasing
cathode-fall field extrapolates to zero is indicated by the
dashed vertical line on the plot.” This is the boundary be-
tween the cathode fall (CF) and negative glow (NG).

It will be shown in the discussion that follows that the
lifetimes of the Rydberg manifolds 7,. must be known in
order to analyze the LIF maps. 7, is the lifetime of the
manifold under discharge conditions (where the decay
arises from both radiative and collisional effects). 7, is
measured in situ by tuning the laser to the peak of the
23S —n' P transition and collecting n’ *D —2 3P fluores-
cence as described for the fluorescence mapping. The
photomultiplier fluorescence signal is time resolved and
analyzed with a Princeton Applied Research 162 and 165
boxcar averager with a 2-ns gate. The results of these
measurements are 7¢=29.1 ns, 7,=30.8 ns, and 73=33.9
ns. The uncertainty in the lifetime measurements is 10%.

The Rydberg atom diagnostic is analyzed with a
straightforward rate equation approach. The laser exci-
tation of the n manifold can be approximated as an in-
stantaneous population excess at t =0, N,,(0). The subse-
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FIG. 2. Ratio of LIF signal from » =8 that from n =6 as a
function of distance from the cathode.

quent decay of the manifold population is described by a
single exponential N,(¢)=N,(0)exp(—t/7,), where 7, is
the lifetime of the » manifold in the discharge environ-
ment. Under the same conditions, the population in the
n’ manifold can be described by the rate equation

dN,(t) —N,(2)
= +R,,N,(t), (2)
dt T

n

where 7, is the lifetime of the »n’ manifold and R, is the
rate for collision induced transfer from manifold » to n’,
including both neutral and electron collisions. The rates
due to ion collisions and due to hot-electron collisions are
easily shown to be insignificant (< 10%). The solution to
this equation is

Rnn‘Nn(O) —t/T —t/7,’
N ()= o e Ty (3)

The ratio of the time-integrated fluorescence from the
n' manifold to that from the » manifold is

F, byeyr ! [ N(0)dt

F,  be,r, ' [N, (i

4)

where b, is the branching ratio of the observed
n *D —2 3P transition and € is the collection efficiency of
the detection system at the frequency of the n 3D —23P
transition. It is safe to assume that €, =€, since the fre-
quencies of the observed transitions are nearly equal.
The ratio b,./b,, is given by

b

2
n' n An'd—2an'
2
b, (n") Apg—2pTn

(5)

where A is the radiative transition probability for the
transition indicated and n?2 is the total degeneracy of the
n manifold. After substitution and integration F,./F, is
given by
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2
Fn’ _ n An’d—ZpRnn'T

F, (0P Ay,

n'

(6)

From this relation the collision-induced transfer rate can
be calculated from the measured ratio of fluorescence.
The values for the transition probabilities are taken from
Wiese, Smith, and Glennon.!?

Figure 2 shows the strong spatial asymmetry of the
F,./F, ratio in the discharge. Throughout most of the
cathode fall, to the left of the CF-NG boundary, the col-
lisional transfer rate is low and does not vary as a func-
tion of position. The electron density is very low in the
cathode fall and collision-induced transfers are due to
neutral collisions. The neutral contribution to R, is
constant as a function of position. The large enhance-
ment of the collisional transfer rate to the right of the
CF-NG boundary is due to collisions with the cold elec-
trons trapped in the negative glow. The fact that this
enhancement extends across the CF-NG boundary into
the cathode fall may be due to population transfer caused
by collision between hot electrons and Rydberg atoms.
Table I lists the results of the R, determination for the
three collision processes studied. The table gives a value
for (R, )cp, which is the average over the flat portion of
the data in the cathode fall, and a value for
(R, )ng— (R, )cp, Which is the difference between the
peak in the negative glow and the cathode-fall value.
(R,,)cp is the neutral collision transfer rate and
(R, )ng — (R, )cr is the rate due only to the negative-
glow electrons. These values result from the average of
two sets of data taken several weeks apart. The two data
sets reproduced within 10%.

The measured electron-collision-induced transfer rate
can be expressed as the product of a temperature-
dependent rate constant k,,.(T;) and the electron density
n;. The rate constants are taken from the analytical for-
mula given by Vriens and Smeets.!* In evaluating this
formula for manifold-to-manifold collision-induced
transfer, weighted averages are calculated for the energies
of the manifolds and absorption oscillator strengths. The
energies of individual levels are taken from Martin.!*
Level-to-level absorption oscillator strengths are taken
from Kono and Hattori for ! <2, and hydrogenic
values from Wiese, Smith, and Glennon are used for
higher .'> The hydrogenic approximation is estimated to
be within a few percent of helium oscillator strengths for
[ 22. The resulting relations n=k,,(Tf)/R,, are plot-
ted as the thin lines in Fig. 3 for the three different col-

TABLE 1. Collision-induced transfer rate R,,  in the 0.846-
mA/cm? discharge for the three collision processes studied.
(R, )cr is interpreted as the rate due to collisions with neutral
atoms. (R, )ng — (R, )cr is interpreted as the rate due to col-
lisions with the low-energy electrons in the negative glow.

(Rnn')CF (Rnn')NG——(Rim')CF
n—n' (10° sec™!) (10° sec™ ')
5—6 2.0 3.5
6—7 6.0 11.1
6—8 1.2 4.6
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4 Y T The transport and kinetics of 2'S and 23S metastable
6"7< .s~5-6 atoms in the discharge are modeled using a pair of bal-
&3 6-8 ] ance equations,
£ 2
5 0°M, 5
~ ol | D, 5,2 —BM;—BMM,—yMN —«knM,+P,=0, (7)
©
:.: az t 2
oo 1| | D,—— —BM;—BMM,+kn M, +P,=0, (8)
c oz
where M is the metastable-atom density, NV is the density
00 o 01 ] 0' > of the ground-state atoms, D is the diffusion coefficient, P
: : o . 0.3 is the production rate per unit volume, ¥ is the rate con-
kgTe (eV) stant for singlet metastable-atom destruction due to col-

FIG. 3. Electron density vs electron temperature for the
low-energy electrons in the negative glow of the 0.846-mA/cm?
discharge at 3.50 Torr. The three light lines arise from the
Rydberg-atom diagnostic. The bold line arises from the
metastable-atom analysis.

lisional transfers studied.

The metastable-atom diagnostic is carried out under
the same discharge conditions as the Rydberg-atom diag-
nostic. This diagnostic also involves the study of a
collision-induced transfer, but in this case the reaction is
the exothermic metastable spin conversion reaction of
Eq. (1). The transfer rate is determined by mapping the
steady-state densities of helium 2 'S and 23S metastable
atoms, and then calculating a fit to the density maps
based on an analysis of the metastable transport and ki-
netics.

The metastable densities are measured by first mapping
the relative densities using LIF, and then an absorption
measurement is made to put an absolute scale on the
maps. The 2 LS metastable atoms are mapped by driving
the 2 'S — 3 'P transition at 501.6 nm with the laser and
observing 3 'D —2 !P fluorescence at 667.8 nm. The 23S
metastable atoms are mapped by driving the 23§ —33P
transition at 388.9 nm with the laser and observing
335 —23P fluorescence at 706.5 nm. Populations of 3p
and 3d levels are coupled by neutral collisions.!®!
Fluorescence collection and signal processing is the same
as for the Rydberg-atom diagnostic except for the substi-
tution of interference filters for the monochromator as a
spectral filter.

An absorption measurement is made at the peak of the
spatial profile to put an absolute scale on the density
maps. The laser is scanned through the same transition
used for the LIF while the transmitted laser power is
monitored with a photodiode detector. The signal is pro-
cessed with a boxcar averager and plotted on a stripchart
recorder. To simplify the analysis of the absorption line
shape the laser power is nonsaturating and the bandwidth
is reduced to 500 MHz by the introduction of an extra-
cavity plane parallel étalon. Metastable-atom densities
are determined from the integral over frequency of the
natural logarithm of the transmittance. Ten absorption
measurements are averaged to determine each density.
The results of the metastable density measurements are
shown as points in Fig. 4.

The net rate for the metastable spin conversion reac-
tion is determined from an analysis of the density maps.

lisions with ground state atoms, /3 is the rate constant for

destruction of metastable atoms due to metastable-

atom-—metastable-atom collisions, « is the rate constant
for net destruction of singlet metastable atoms due to
low-energy electron collisions, and the s and ¢ subscripts
indicate singlet and triplet metastable atoms, respective-
ly. The first three loss terms in each equation are loss
terms arising from diffusion and collisions between meta-
stable atoms. There is an additional loss term in the sing-
let equation arising from collisions with ground-state
atoms. The fifth loss term in the singlet equation, and a
corresponding gain term in the triplet equation, is due to
the spin conversion of metastable atoms. Values of DN,
v, and B are taken from Phelps.!® The temperature
dependence of D was taken from Buckingham and Dal-
garno'® and that of ¥ from Allison, Browne, and Dalgar-
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0.0 0.1 0.2 0.3 0.4
Distance from Cathode (cm)

2% Density (10" cm™)

] 1]

N P R P P
0.2 0.3 0.4 0.5 0.6

O i i i1
0.0 0.1
Distance from Cathode (cm)

FIG. 4. 2'S and 23S metastable-atom densities as a function
of distance from the cathode in the 0.846-mA/cm? discharge.
The points are experimental measurements. The dashed curves
are calculated densities using the fitting process described in the
text.
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n0.2° In the original reporting of this diagnostic, there
was a small error in the temperature dependence of D.
The error was ~15% for this discharge, and has been
corrected here. The correction did not affect the values
of kn! reported in Ref. 7, but did improve agreement be-
tween metastable-atom production deduced from the ex-
periment and from Monte Carlo simulations (Fig. 13,
Ref. 7).

The coupled equations are solved numerically for
M (z) and M,(z) and compared with the experimental re-
sults. For the purposes of this model, the spatial depen-
dence of the production terms is assumed to be a funda-
mental diffusion mode and that of n; a step function:
zero in the cathode fall and constant in the negative glow.
The assumption about the spatial dependence of the pro-
duction term is justified by Monte Carlo simulations.’
Diffusion modes up to tenth order are included in the cal-
culation to describe the spatial asymmetry of the 2'S
metastable atoms. The values of P, P,, and «knl are
varied until good agreement with the experimental
metastable-atom maps is obtained. The experimental
maps are more accurate in the center than near the elec-
trodes because of vignetting in the fluorescence collection
system and because of fringing of the discharge around
the electrode edges. Thus it is most important to repro-
duce the peak density of the 2'S and 23S metastable
atoms and the depleted 2 'S metastable-atom density in
the negative glow. The dashed curves in Fig. 4 are the
calculated metastable-atom maps. By the method out-
lined above, kn¢ is found to be 7 X 10* sec ™.

The rate constant for metastable spin conversion k,,
was measured by Phelps for room-temperature elec-
trons.'® The temperature dependence of the rate constant
is (T°)~!/? because the cross section scales as the inverse
of the electron energy.?! The value of xkn¢ determined
from the metastable analysis must be considered an
effective rate for metastable spin conversion since it ac-
counts for both the forward and reverse contributions of
reaction (1). Setting «n; equal to the expression for the
forward rate minus the reverse rate we obtain

o . 0.025 ev |'”?
Kn,=n, m ko TC
Bie
_ [ M| [0.025ev |
3M; || kpTE

Xexp(—0.79 eV /kzTY) | . 9)

This expression yields a second relation between nS and
T¢ which is plotted as the bold line in Fig. 3. A natural
upper bound on 77 arises from the above analysis due to
the equilibration of reaction (1). The singlets will only be
depopulated under the conditions that the forward rate is
greater than or nearly equal to the reverse rate.

The two diagnostics discussed above each yield in-
dependent relations between n; and Ty for the cold elec-
trons in the negative glow. The intersection of these rela-
tions, plotted in Fig. 3, yields nf=5X10'" cm™> and
kgT{=0.12 eV of the electrons in the negative glow of a
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261 V, 0.846 mA/cm? discharge in 3.50-Torr helium.
The uncertainty in the Rydberg-atom diagnostic is pri-
marily due to the uncertainty in the rate coefficient at
electron temperatures near the reaction threshold. We
estimate this uncertainty to be —50%, +100%. This
conservative estimate is based on a comparison by Vriens
and Smeets of their rate coefficients with experimental
measurements for n =13 to 14 and 15 collision-induced
transfer rates for 7, near threshold.!* The uncertainty in
the metastable-atom diagnostic is due mainly to the as-
sumption of a simple two-level system. The collisional
and radiative coupling of the 2 1S with the 2 'P is not en-
tirely negligible. Particularly the 2'P—2'S radiation
will be trapped in the cathode fall, but not in the negative
glow. The result will be a spatially asymmetric feeding of
the 2 'S population in the negative glow. The effect will
be to push the metastable-atom analysis curve to higher
ns by as much as a factor of 3.22 With these uncertainties
in mind, the ranges of electron density and temperature
consistent with the results of the two diagnostics
are  2.5X10" ecm 3 <nf<8X10" cm™ and 0.08
eV<kpTS<0.2¢€V.

Figure 5 shows the empirical values of n¢ and k5 T¢ as
functions of current density for all discharges studied.
Section IV explains why kz7¢ depends linearly on
current density and why k5 T is in the 0.1-0.2 eV range.

III. MONTE CARLO SIMULATIONS

Monte Carlo simulations are used in this work to study
the density and energy distribution of hot electrons in the
negative glow. This is accomplished by tracking electron
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FIG. 5. (a) Density and (b) temperature of the cold negative-
glow electrons as functions of discharge current density. The
data points are simply connected in (a) and are least-squares
fitted to a straight line in (b).
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avalanches. Many features of the Monte Carlo simula-
tions are described in Ref. 7, thus only a summary of the
method will be presented here, along with additional re-
sults used to study the power balance of the negative-
glow electrons.

The Monte Carlo simulations are based on empirical
gas densities and field distributions measured using opto-
galvanic detection of Rydberg atoms.” The field at the
cathode surface is 1870 V/cm in the 0.846-mA/cm?’
discharge. The field decreases linearly with distance from
the cathode and extrapolates to zero at a distance of
0.282 cm from the cathode. A uniform (nonreversed)
field of 1.0 V/cm is assumed for the negative glow where
the actual field is too small to measure. A second simula-
tion is run with a uniform field of 10.0 V/cm in the nega-
tive glow to investigate the dependence of the hot-
electron density and average energy on the negative-glow
field. As expected, the hot electrons are insensitive to the
weak negative-glow field. The avalanches start with the
emission of an electron from the cathode and end when
all of the electrons in the avalanche reach the anode.
This approach is not suited for studying the cold trapped
electrons in the negative glow because (i) the end of an
avalanche could not be defined in terms of all electrons
reaching the anode if some electrons became trapped, and
(i1) a field reversal or zero is incompatible with the null
collision algorithm used in this investigation.”* (One
could conceivably define the end of an avalanche in terms
of all hot electrons reaching the anode and all cold
trapped electrons fully thermalizing. Such a simulation
would be very lengthy.)

The Monte Carlo simulations are three dimensional in
the sense that they include angular scattering, but they
do not include edge effects due to fringing of the
discharge. One-dimensional infinite plane parallel
geometry is assumed. Null-collision techniques eliminate
most of the time-consuming numerical integration in
Monte Carlo simulations. The null-collision technique
used in this investigation was developed by Boeuf and
Marode for nonuniform fields.?’

The simulations include anisotropic elastic scattering,
excitation to 22 levels, direct ionization, and associative
ionization. Total and differential elastic-scattering cross
sections are taken from LaBahn and Callaway.?*
Electron-energy loss from elastic recoil is included. The
analytic expressions given by Alkhazov for excitation
cross sections are used in these simulations.?> Excitation
of singlet and triplet ns and np levels having n from 2 to 5
is included in the simulations. Excitation of singlet and
triplet nd levels from n =3 to 5 is also included. Al-
though some experimental and theoretical information on
differential excitation cross sections for electrons on He is
available, it is rather limited. Thus we use an isotropic
scattering approximation for excitation.

A fraction of the atoms excited to the 3p levels and
above are associatively ionized. An accurate determina-
tion of the fraction requires accurate associative ioniza-
tion cross sections, cross sections for excitation transfer
due to atom and electron collisions, and radiative decay
rates. On the basis of what information is available, we
estimate that 25% of the atoms excited to the 3p levels
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and above are associatively ionized at 3.5 Torr.!>'®!

The electrons released in associative ionization contribute
to the avalanche; they are assumed to have an initial ki-
netic energy of 1.0 eV and an isotropic angular distribu-
tion. Associative ionization contributes 5-10 % of the
total ionization. Ionization of metastable atoms due to
collisions between pairs of metastable atoms or to elec-
tron collisions is not included, but the resulting error is
not serious.’

The analytic expression given by Alkazov for the total
ionization cross section is used in the simulations.?’ His
analytic expression for the differential cross section with
respect to energy is also used. The angular scattering
during ionization is assumed to be such that (i) the in-
cident, scattered, and ejected electrons are coplanar; and
(ii) the scattered and ejected-electron velocities are per-
pendicular with zero net transverse momentum.?® This
approximation for anisotropic scattering in ionizing col-
lisions should be fairly accurate at high energy, and it
represents a reasonable attempt to introduce anisotropy
in ionizing collisions.

The details of the electron interactions with the
cathode and anode must be specified. The kinetic energy
of the electrons emitted from the cathode is assumed to
be 5.0 eV and they are assumed to have a random angular
distribution in the forward direction. The Monte Carlo
results are insensitive to the electron distribution at the
cathode. It is assumed that all electrons are absorbed im-
mediately on reaching the anode. The neglect of all elec-
tron reflection at the anode lowers the hot-electron densi-
ty in the negative glow near the anode, but the effect on
the simuiilation is visible in the spatial maps and is not too
serious.

Some estimate of the accuracy of the simulations is
necessary. The empirical map of the cathode fall field is
accurate to ~1%. Alkhazov’s analytic expressions for
the electron-He cross sections were based on theoretical
and experimental work by many groups.”® He estimates
that the uncertainty is £25% at low energy and £5% at
high energy where a Born approximation is reliable. We
believe his uncertainties are reasonable. Statistical uncer-
tainty is negligible because more than a thousand
avalanches are tracked for each complete Monte Carlo
simulation. We estimate the total uncertainty of the
Monte Carlo results to be +25%.

Figure 6 is the electron density as a function of dis-
tance from the cathode as determined from the Monte
Carlo simulation. The high density of cold trapped elec-
trons is not included on this plot because the cold
trapped electrons are not included in the Monte Carlo
simulation. The electrons in the simulation have an aver-
age energy substantially greater than 1 eV. Anderson de-
scribes such electrons as secondaries and primaries;> we
identify these electrons as hot electrons. As expected, the
density of hot electrons is rather insensitive to the
negative-glow field. This field is expected to be in the
~1-V/cm range or less. An order of magnitude increase
in the negative-glow field lowered the negative-glow hot-
electron density by ~30%. The absolute scale on the
density is based on the empirical current balance of 3.13
at the cathode of this 0.846-mA/cm? discharge.” The
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FIG. 6. Density of the hot electrons as a function of distance
from the cathode as determined in Monte Carlo simulations.
The cold trapped electrons are not included here. The solid
curve is from a simulation with a 1.0-V/cm field in the negative
glow. The dotted curve is for a 10.0-V/cm field in the negative
glow. Both simulations used the same cathode-fall field which is
1870 V/cm at the cathode, decreases linearly with distance from
the cathode, and extrapolates to zero at a distance of 0.282 cm
from the cathode. This field is measured in the 0.846-mA/cm’
discharge.

current balance, which is the ratio of ion to electron
current, has an uncertainty of 20%. The peak hot-
electron density in the negative glow of 2.4 X 10° cm ™3 is
in rather good agreement with Anderson’s probe mea-
surements if one keeps in mind that his discharge condi-
tions are not identical to ours.?

Figure 7 is the average kinetic energy (m,v2/2), of
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FIG. 7. Average kinetic energy of the hot electrons as a func-
tion of distance from the cathode determined in Monte Carlo
simulations for the 0.846-mA/cm? discharge. Note that an or-
der of magnitude increase in the negative glow field from 1.0
V/cm (solid curve) to 10.0 V/cm (dotted curve) only increased
the average energy in the negative glow by ~33%.
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the hot electrons as a function of distance from the
cathode. These results are independent of the current
balance at the cathode, and only weakly dependent on the
assumed field in the negative glow. These results are also
in rather good agreement with Anderson’s probe mea-
surements.” The energy-loss rates by hot electrons due to
elastic collisions with neutral atoms and due to Coulomb
collisions with cold electrons are comparable, but both
are unimportant in the power balance of the hot elec-
trons. The average energy of the hot electrons increases
only 6% when energy loss due to elastic collisions is re-
moved from the Monte Carlo code. (We show in Sec. IV
that energy transfer from the hot electrons to the cold
electrons due to Coulomb collisions is important in the
power balance of the cold electrons.)

Figure 8 is a histogram in the negative glow (0.418 cm
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FIG. 8. Histogram of the speed distribution of the hot elec-
trons in the negative glow of the 0.846-mA /cm? discharge. The
solid line is from the Monte Carlo simulation with a 1.0-V/cm
field in the negative glow. The dotted line is a Maxwellian
speed distribution for the same density and average energy. The
cutoff of the Monte Carlo histogram corresponds to the max-
imum electron energy, which is determined by the discharge
voltage. (a) Semilogarithmic plot. (b) Linear plot.
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from the cathode) of the speed distribution f f.2mvdp,

where f, is the full phase-space electron distribution, v is
the speed, and pu is the cosine of the angle between the
electron velocity and discharge axis. This histogram is
from a simulation with a 1.0-V/cm field in the negative
glow. A Maxwellian speed distribution normalized to the
same density and for a corresponding electron tempera-
ture (kpT!=2(m,v?/2),=3.05 eV) is included on the
plot. The Monte Carlo distribution peaks at lower speed
and has an excess of high-speed electrons in comparison
to the Maxwellian. The energy transfer rate due to
Coulomb collisions has a rather weak energy dependence,
which justifies an approximation in Sec. IV. These hot
electrons are approximated as Maxwellian in a calcula-
tion of energy transfer to the cold electrons during
Coulomb collisions.

IV. POWER BALANCE

In this section different terms in the power balance of
the cold negative-glow electrons are explored. Power loss
or the cooling rate is calculated for two processes: elastic
collisions with neutral atoms and Coulomb collisions
with ions. Power gain or the heating rate is also calculat-
ed for two processes: Coulomb collisions with hot elec-
trons and superelastic collisions with metastable atoms.
All cooling and heating rates will be calculated per cold
electron and expressed in units of eV/sec. Where neces-
sary experimental results such as the density
(nf=5%10" cm™?) and the temperature (kzT<=0.12
eV) of the cold negative-glow electrons in the 0.846-
mA/cm? discharge are used. Monte Carlo simulations
are used to determine the density and average energy of
the hot negative-glow electrons.

The fraction of the electron kinetic energy transferred
due to recoil in an elastic collision with a neutral atom at
rest is 2(1-cos@)m, /mg, where m, is the electron mass,
m is the atom mass, and 0 is the scattering angle. Thus
the elastic-energy-transfer cross section is proportional to
the momentum-transfer cross section oy, which is al-
most independent of energy for low-energy electrons on
He atoms. The momentum-transfer cross section is
6.6X107!6 cm? for 1-eV and 6.5X107 ' cm? for 4-eV
electrons on He.** Precision swarm experiments by
Crompton, Elford, and Robertson indicate that oy de-
creases slightly for electron energies below 1 eV; a value
of 6X1071 cm? is used.?® Assuming a Maxwellian
electron-energy distribution and neglecting the thermal
motion of the atoms, the cooling rate per electron is

80 pN (kg TV 2m, /(moV'mr)
where N is the neutral-atom density of 1.03X 10! cm™3.
This expression yields a cooling rate of 9.4 X 10* eV /sec.

If the effect of a nonzero gas temperature (kz T=0.028

eV) is included, then the cooling rate is

80mrN (kg TE—kpT)2kg TS /m, +2ky T /m o)/

Xmomy/[(m,+my)*Vr] .
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The derivation of this formula is straightforward but
somewhat tedious. It yields a cooling rate per electron of
7.2X10* eV /sec.

The cooling rate for Coulomb collisions of electrons
with ions

AV 2rnletkyTE—ky T moky TE+m kg T;) "3
XV m,myln(2/6,,)

is derived by Longmire.?’” Here In(2/6,,) is taken to be
10, the ion temperature 7, is the same as the gas temper-
ature, and e is the unit charge. A cold electron in the
negative glow loses 1.3X10* eV/sec in Coulomb col-
lisions with ions.

The heating rate due to Coulomb collisions between
hot electrons and cold electrons is

NV 2mntetky Th—ky Tk T+ kpTE) ™37

X1n(2/6,,)/V m,
as derived by Longmire.?’” The hot-electron density
(nh=1.56x10° cm~?) and temperature (kz T!=3.05 eV)
are spatial averages over the negative glow of the Monte
Carlo results from Sec. III. The hot electrons, which are
somewhat non-Maxwellian, are here approximated as
Maxwellian with kT equal to 2 of their average kinetic
energy. The heating rate per cold electron is 7.1X10*
eV/sec.

Superelastic collisions of cold electrons with metastable
atoms provide some heating of the cold electrons. Col-
lisions in which metastable atoms are de-excited to the
ground state are not important. The rate constants of a
few 107 cm3/sec to 1078 cm?®/sec are small in compar-
ison with other rate constants; furthermore, the outgoing
electron has ~20 eV of kinetic energy.?® This energetic
electron will escape from the negative glow before it
shares a significant fraction of its kinetic energy with the
cold electrons through Coulomb collisions. The
metastable-atom spin conversion reaction of Eq. (1) is a
more effective, but not dominant, heating mechanism for
the cold electrons. For electrons at ambient temperature
(kgT,=0.026 eV), the rate constant of this reaction is
3.2X1077 cm’/sec.!® This reaction does severely
suppress the singlet metastable-atom density in the nega-
tive glow. The empirical singlet metastable-atom density
M and effective reaction rate «r;, which includes the re-
verse reaction, are used to estimate the heating rate per
cold electron 0.79 eV M kn;/n;. This expression yields
0.13 X 10* eV /sec.

The power balance of the cold negative-glow electrons
is dominated by cooling due to energy loss in elastic col-
lisions with neutral atoms and by heating due to energy
gain in Coulomb collisions with hot electrons in the nega-
tive glow. Monte Carlo simulations for other current
densities indicate that the hot-electron density increases
linearly with discharge current density. This explains
why kT increases linearly with current density and ex-
trapolates to kT (gas temperature) at low current densi-
ties as shown in Fig. 5.
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V. LIGHT FROM THE NEGATIVE GLOW

The negative-glow region is typically an order of mag-
nitude or more brighter than the cathode-fall region
(Crookes dark space) in a cold cathode glow discharge.
The combination of (i) a detailed distribution function for
hot negative-glow electrons, (ii) the spatial maps of the
absolute metastable-atom densities from the experiment,7
and (iii) recently measured electron-impact cross sections
for excitation from the 2 3S metastable level to higher lev-
els,? is used in this section to assess the role of multistep
excitation in producing light from the negative glow.
Multistep excitation is important in the negative glow.
Electron-ion recombination is not required to explain the
brightness of the negative glow.

One of the strongest visible lines in the He I spectrum
is the line at 587.6 nm from the 33D level. This level de-
cays only by the 587.6-nm transition to the 2 3P level. In
this discussion excitation transfer to and from the 33D
level from and to other nearby levels will be neglected.
The calculated single-step and single-step plus two-step
excitation rates per unit volume are shown in Fig. 9. The
only important two-step excitation process is from the
23S metastable level, because the density of 2 'S metasta-
ble atoms in the negative glow is far lower.

The single-step excitation rate per unit volume is only
slightly asymmetric about the cathode-fall-negative-glow
boundary. This slight asymmetry is due to the sharp
peak in the energy dependence of the cross section just
above threshold. The energy dependence is typical of
cross sections for spin changing collisions, such as this
33D excitation from the 1 'S level. The single-step excita-
tion rates per unit volume of the singlet He levels and the
ionization rate per unit volume are even more symmetric
about the cathode-fall-negative-glow boundary. Thus
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FIG. 9. Excitation rate per unit volume of He atoms to the
3°D level as a function of distance from the cathode in the
0.846-mA/cm?® discharge. The lower curve includes only
(single-step) excitation from the ground-state level. The upper
curve includes excitation from the ground-state level and (two-
step) excitation from the 2 3S metastable level.
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single-step excitation cannot explain the fact that the
negative-glow region is much brighter than the cathode-
fall region.

The inclusion of two-step excitation from the 23S
metastable level produces an excitation rate per unit
volume that is very asymmetric about the cathode-
fall-negative-glow boundary. The calculated excitation
rate per unit volume in the negative glow peaks at a value
20 times greater than the minimum in the cathode-fall re-
gion.

These results indicate that electron-ion recombination
in the negative glow is not required to explain the greater
brightness of the negative glow in comparison with the
cathode-fall region. We have argued in the past that if
the electron temperature is significantly above gas tem-
perature, then recombination is not an important term in
the ionization (particle) balance of the negative glow.’
The rate per unit volume of electron -collisionally
stabilized electron-ion recombination scales as
(nSXT)~+5.3° The strong temperature dependence
reduces the importance of electron-stabilized recombina-
tion. Nevertheless, at least some electron-ion recombina-
tion does occur in the negative glow. The observation of
He, emission bands is convincing evidence for electron-
ion recombinations.” Electron-ion recombination in He,
especially dissociative recombination of He; ™ and He, ™,
has been the subject of controversy in the past; some
lingering concern remains that mechanisms may not be
completely understood.3! Our experiments and simula-
tions indicate that electron-ion recombination is not im-
portant in the ionization balance of the negative glow and
is not needed to explain the greater brightness of the neg-
ative glow in comparison with the cathode-fall region.

VI. SUMMARY, CONCLUSION,
AND FUTURE WORK

The density (nf=5X 10" cm™3) and temperature (0.1
eV=kpT;=0.2 eV) of the cold electrons in the negative
glow of a clean He glow discharge are determined using
laser spectroscopy. Rates for both inelastic and supere-
lastic collision of cold electrons with excited atoms are
measured using laser-induced fluorescence and absorp-
tion spectroscopy. The density and temperature of the
cold electrons are determined from these rates. These
cold electrons are trapped in a potential-energy well in
the negative glow.

In a complementary investigation, the hot-electron
density (n)=10° cm %) and temperature (kzT!~3 eV)
are determined from Monte Carlo simulations and the
measured cathode-fall electric field. The hot electron
density, the hot-electron temperature, and the cold-
electron density are essentially in agreement with probe
and microwave measurements by Anderson.

The power balance of the cold electrons is analyzed by
combining results from the experiments and Monte Carlo
simulations. The power balance of the cold electrons is
dominated by cooling due to recoil during elastic col-
lisions with neutral atoms and by heating due to
Coulomb collisions with hot electrons injected into the
negative glow from the cathode-fall region. The cold-
electron temperature is found to be in the 0.1- to 0.2-eV
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range and to vary linearly with discharge current density
because of a linear variation of hot-electron density with
discharge current density. Although the extremely good
agreement between heating and cooling found in our
analysis of the power balance of the cold electrons may
be somewhat fortuitous, there is no doubt that Coulomb
scattering will maintain the cold-electron temperature
well above gas temperature in the discharge studied here.

Two-step excitation of radiating levels (via the 23S
metastable level) causes the greater brightness of the neg-
ative glow in comparison with the cathode-fall region.
Electron-ion recombination is not needed to explain the
enhanced atomic He emission from the negative glow,
but is needed to explain the molecular He, emission from
the negative glow. Published electron-ion recombination
rate constants, when combined with the measured cold-
electron densities and temperatures, indicate that
electron-ion recombination is not an important term in
the ionization balance of the negative glow.
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The goal of this investigation is to identify the most
important physical processes in a typical negative glow.
These processes must be included in plasma simulations
such as those based on the convective scheme. A fully
self-consistent kinetic model of the cathode-fall region
based on the convective scheme has been reported.” This
cathode-fall model is based on the assumption of negligi-
ble ion current at the cathode-fall-negative-glow bound-
ary. It is very desirable to relax this assumption and to
use the convective scheme through the negative glow to
the anode surface. Such calculations are already showing
the expected field reversal. Electrode-to-electrode models
of discharge plasmas which are fully self-consistent and
kinetic will provide genuine predictive capability.
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