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We investigate optical emission from low-current discharges in He at very high electric field to gas density
ratios E/N between parallel plate electrodes. We also determine the electrical breakdown and the voltage-
current behavior at low currents. TheE/N are 300 Td to 9 kTds1 Td=10−21 V m2d at pressures times elec-
trode separationsp0d from 3 to 0.9 Torr cm. Absolute optical emission probabilities versus distance are deter-
mined for the 501.6 nm lines3 1P→2 1Sd and for the 587.6 nm lines3 3D→2 3Pd by reference to Boltzmann
calculations at our lowestE/N and to published pressure dependent electron beam experiments. AtE/N below
1 kTd, the emission follows the exponential growth of the electron density, while at above 7 kTd heavy
particle excitation is evident near the cathode. Collisional transfer of excitation from the singlet to the triplet
system dominates the 587.6 nm excitation. Comparisons of models with experiments show the importance of
excitation and of electron production at the cathode by fast He atoms produced by charge transfer collisions of
He+ with He. The breakdown voltage versusp0d is multivalued forp0d,1.5 Torr cm. At currents below
100 mA and our lowerE/N, the discharge voltage decreases linearly with current as expected for an increasing
electron yield with ion energy andE/N at the cathode.
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I. INTRODUCTION

This research is an extension to He of our previously re-
ported measurements and analyses of the radiation emitted
by low current discharges in N2 f1,2g, Ar f3,4g, and H2 f5g at
very high electric field to gas density ratiosE/N and low gas
densities. The previous papers on N2 will be referred to as I
and II, respectively, and those on Ar as III and IV. One rea-
son for selecting the rare gases is that modelsf3g of positive
ion and fast neutral behavior are much simpler for Ar and He
than for N2 and H2. We will show that by constructing a
reasonably complete model of He+ ion and fast He atom
motion, including excitation by the fast He atoms, we can
obtain approximate fits to the spatial dependence of emission
and electrical breakdown voltage data at the higherE/N.
Emission measurements similar to these, but at lowerE/N,
have been carried out by Petrović and co-workersf6g.

The spatially uniform electric field experiments reported
in this paper are concerned with electron and ion motion for
the product of pressuresnormalized to 273 Kd times elec-
trode separationsp0dd ranging from values where there are
sufficient collisions to allow one to describe the electron mo-
tion in terms of the steady state motion at the local electric
field to gas density ratioE/N to low p0d where there are few
collisions and nonequilibrium effects are important. We will
refer to models appropriate to these two limits as the local
field and nonequilibrium models, respectively. Nonequilib-
rium phenomena result in a spatial dependence of the elec-

tron energy distribution. Experiment and theoryf7g have
shown that even at lowE/N, nonequilibrium effects cause
oscillatory structure in the excitation and ionization rates af-
ter the electrons leave the cathode but before they can be
described by the local field model. Details of the approach to
this steady state have been calculated for electrons in He
with a dc uniform electric field using Monte Carlo tech-
niquesf8–13g, spherical harmonic and density-gradient ex-
pansion techniquesf12,14,15g, and other approaches
f10,14,16g. The experimentally observable results of these
calculations include the distancesd0d or voltage changesV0d
required for the electron excitation and/or ionization coeffi-
cients to become independent of position. Monte Carlo cal-
culationsf9g for He yield p0d0=1.3 Torr cm atE/N=56 Td,
but show that forE/N greater than about 850 Td a steady
state energy distribution is not reached, i.e., the electrons
appear to undergo “runaway.” Here 1 Td=10−21 V m2 and
1 Torr=133 Pa. Experimentsf11,17,18g give larger than cal-
culated values ofp0d0 at low E/N, but agree that a constant
ionization rate is not reached forp0d=1 Torr cm for E/N
=850 Td. The correspondingV0 values required for use of
the local field model in He are much larger than values found
for the heavier rare gasesf7g, because of higher inelastic
thresholds and lower excitation and ionization cross sections
for He.

At the lower E/N s,1 kTdd considered in the present
paper, the electrons reach a steady state distribution in the
electric field long before striking the anode and the local
field models of electron behavior apply except very close to
the electrodes. Local field models can then be used for analy-
ses of ionization growth and electrical breakdown in He and*Present address: Jet Propulsion Laboratory, Pasadena, CA 91109.
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will be used for calibration of our excitation rates. Experi-
mental and theoretical studies yield spatially independent
ionization coefficientsf7,8,17,19–25g and electron yields per
positive ion striking the cathodef7,13,26,27g. Spatially inde-
pendent excitation coefficients for electrons in He have been
calculatedf19–21g.

At our higherE/N s.4 kTdd, models of electric break-
down must treat the electrons using nonequilibrium models.
Parker and colleaguesf28g used Monte Carlo techniques to
simulate the production of ionization by electrons and ions,
the reflection of electrons from the anode, and the release of
electrons from the cathode by ions. They were able to obtain
the multivalued behavior of the breakdown voltage versus
p0d observed in Hef7g. The production of electrons at the
cathode by He metastables is not important here because of
their relatively small production by electrons at very high
E/N, e.g., <5% of ionization atE/N=300 Td f21g. Reso-
nance photon excitation is comparable with ionizationf21g,
but its contribution to electron ejection at the cathode is re-
duced by imprisonment effectsf19g and low electron yields
per photonf29g. The contribution of the release of electrons
from the cathode by fast atoms and of the ionization of He
by fast ions has been demonstrated for breakdown by Hart-
mannet al. f13g.

Much less work has been concerned with nonequilibrium
effects for positive ions in uniform electric fields. Theory has
predicted the distances required for velocity distributions to
relax to their equilibrium form for ions in their parent gas
f30g and for foreign gas ionsf31–33g. For the case of He+ in
He, the predicted ion energy relaxation distance corresponds
to p0d<0.01 Torr cm and is slowly varying with ion energy
and E/N f34g. Measurements of ion energy distributions at
the cathodes of low current, uniform field discharges in He
by Rao, Van Brunt, and Olthofff35g show good agreement
with calculated energy distributions assuming local field
equilibrium for E/N,20 kTd and for p0d.1 Torr cm,
thereby including our experimental conditions. Townsend
and Yarnoldf36g have reported spatial ionization coefficients
for He+ collisions with He atE/N from 100 to 200 Td and
p0d from 8 to 2 Torr cm, but we will see that their values
seem much too large.

In spite of the nonuniform electric fields, some studies of
the cathode fall of discharges in rare gasesf7,30,37–42g are
relevant to the present work, because of their conclusion that
neutral heavy-particle effects are important. Davis and
Vanderslicef38g measured the ion energy distributions from
the He cathode fall, but neutral energy distributions measure-
mentsf40g appear to have not been measured for discharges
in He. A number of authorsf30,38–41g have calculated these
distributions. The importance of a proper accounting for the
fast neutral atoms has been emphasized by several authors
f37,39–41g, primarily because they are sources of secondary
electrons and of cathode sputtering. In particular, Neuf37g
showed that his models of the cathode fall in He required
that fast He atoms produce many of the electrons at the cath-
ode. Very recently, Hartmannet al. f43g have demonstrated
that a very high fractions75%d of the electron emission from
the cathode can be caused by fast neutral atoms.

Because of the extensive discussion in papers I and II of
the experimental apparatus and techniques used in the

present work, we will give only brief summaries of these
topics in Sec. II. In Sec. III we describe models for the elec-
tron, ion, and fast atom motion and for the resultant produc-
tion of excited atoms and ionization. We also summarize
available cross section data. The predictions of the electron-
ion-atom model of He excitation will be compared with ex-
periment in Sec. IV. In Sec. V we compare the predictions of
various models of ionization with the measured breakdown
and discharge maintenance voltages. An abstract summariz-
ing this work has been presented previouslyf44g.

II. EXPERIMENT AND RESULTS

The experimental apparatus and techniques were dis-
cussed in detail in I and will only be summarized here. A
schematic of the drift tube and optical scanning device are
shown in Fig. 1. The discharge is operated between parallel
plane electrodes separated by ceramic spacers of length
9.3 mm. Normally the sintered graphite electrodef45g is the
anode and the stainless steel electrode is the cathode. The
electrodes are 80 mm in diameter and are surrounded by a
close-fitting quartz tube to prevent long path breakdown. For
the emission measurements, the discharges are operated at
currents of ,3 mA s2.5310−5 A/m2d at low E/N and
,8 mA at high E/N. The low currents prevent significant
space-charge distortion of the spatially uniform electric field
and eliminate nonlinear effects such as gas heating and col-
lisions among excited and/or charged species. The discharge
current in our experiments is limited by an external resistor,
typically 1 MV, between the cathode and a stabilized volt-
age supply. The current is monitored and measured using an
operational amplifier between the anode and ground. The
discharge operating voltage is essentially independent of cur-
rent for the current densities used of less than 10−4 A/m2, so
that the discharges can be characterized by the values of
operating voltage versusp0d.

FIG. 1. Schematic of experiment. Unless otherwise stated, the
stainless steel electrode was the cathode and the graphite electrode
was the anode.
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The helium is stated by the manufacturer to be 99.999%
pure, so that for our experiments the principal contamination
is from the rate of rise of the system background pressure of
less than 10−2 Pa/min. This means that for an hour long run
and for an excited state quenching rate coefficient for impu-
rities of 10−15 m3/s, less than 5% of the excitation of impor-
tance to the models of Sec. III is lost to quenching by impu-
rities. The rate coefficient for charge transfer from He+ to N2,
CO, and H2 are 1.5310−9, 1.9310−9, and,10−13 cm3/s at
300 K f46g. At low E/N, the low drift velocities of He+ in He
may well lead to significant loss of helium ions to N2 and CO
by charge transfer. However, ion conversion processes have
no effect on the magnitude and spatial dependence of the
dominant electron excited emission. Because of the short ion
transit times at highE/N, ion conversion is improbable and
will be neglected.

The electrodes were chemically cleaned in an ultrasonic
bath. After evacuation, the electrodes were mildly sputtered
using a H2 discharge for,10 min at a current of less than
,1 mA, chosen to avoid constrictions.

Observed spatial distributions of intensities for the
501.6 nm and 587.6 nm lines, normalized to the gas density
and discharge current, are plotted versus position in Figs. 2
and 3 for E/N values from 300 Td to 9 kTd. The results
were found to be independent of current over factors of two
in current. The spatial scans were made using interference
filters. The photomultiplier usedf3g had a GaAssCsd photo-
cathode so that we expect the quantum efficiency to be
roughly 30% lower at 587.6 nm than at 501.6 nm. The nor-
malized signals are in arbitrary units because of changes in
discriminator settings and photomultiplier voltages between
runs. These changes between runs do not enter into our cali-
bration procedure.

The “high spatial resolution” slits described in I are used
and yield approximately 1 mm resolution. Data are obtained
at thep0d values and voltagesVd shown in the legends for
Figs. 2 and 3. The measured operating voltages differ little
from values obtained by extrapolation to zero current. The
variation of discharge voltage with current, presented in Sec.

V, are obtained using both steady state and pulsed measure-
ments f47g. The smaller apparent electrode separations in
Figs. 2 and 3 than the nominal 9.3 mm are, in part, caused by
the nonequilibrium effects near the electrodes discussed in
Sec. III B. Reversals of the electrode voltages, carried out at
low E/N, give nearly mirror images of the normalized emis-
sion signals.

As found by several authorsf48g for H2, Ne, Kr, and Xe,
by us in I for N2, and in II for Ar, the optical emission at
E/N,1000 Td increases exponentially with distance from
the cathode for most of the electrode gap. The departure
from the exponential growth near the cathode at the lowest
E/N is indicative of the initial nonequilibrium behavior of
the electrons discussed in Sec. III. The spatial ionization
sTownsendd coefficients derived from the exponential growth
of emission in Figs. 2 and 3 are shown by the solid circles
and diamonds in Fig. 4. The uncertainties in the determina-
tion of ionization coefficients increase withE/N because of
difficulties in separating the contributions of electron-
induced emission and heavy particle emission in the spatial
distributions of Figs. 2 and 3, especially for the 587.6 nm
dataf49g.

We next discuss the assumptions and procedure used in
the normalization of emission data of Figs. 2 and 3. We
assume that at the anode there is negligible electron-induced
emission of ionsf50g at low E/N, so that the measured total
current is equal to the electron current at the anode. Thus, the
emission extrapolated to the anode is produced by electrons
having a current density equal to the measured total current
density. We also assume negligible ion and excited state pro-
duction by backscattered electrons at lowE/N. For each
transition, we normalize the measured emission count rate
Sh j ,sE/Nd ,N,zj to the theoretical electron excitation coeffi-
cients ax/N discussed in Sec. III B. The apparent electron
excitation coefficient as a function of positionf1g
bx/Nsz,E/Nd at an arbitraryE/N is related to the position-
independentax/NsE/Ndr at the referencesE/Ndr by

FIG. 2. Measured 501.6 nm emission from He 31P state, nor-
malized to current and gas density, forE/N from 480 Td to
7.7 kTd. The symbols, voltages in V, and pressures in Torr for these
data are., 250, 1.7,m, 386, 1.5,l, 1397, 1.45,P, 1785, 1.35, and
j, 2490, 1.05.

FIG. 3. Measured 587.6 nm emission from He 33D state, nor-
malized to current and gas density, forE/N from 300 Td to
8.8 kTd. The symbols, voltages in V, and pressures in Torr for these
data arej, 340, 1.49,m, 1240, 1415,P, 1955, 1.21, and., 2590,
0.96.
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bx

N
sz,E/Nd = F Sh j ,sE/Nd,N,zj

Sh j r,sE/Ndr,Nr,djGF j rNr

jN
G

3F s1 + N/Nqd
s1 + Nr/NqdGax

N
sE/Ndr , s1d

wherej is the radially averaged, total current density,z is the
distance from the cathode andd the electrode separation,Nq
is the gas density such that 50% of the emission is quenched
before emission, andr is used to designate parameters ap-
propriate to the reference conditions.Sh j ,sE/Nd ,N,zj is the
signal measured at the positionz, and Sh j r ,sE/Ndr ,N,dj is
the measured signal after extrapolation to the anode under
the reference conditions at our lowestsE/Ndr. At low E/N
the spatial dependence of the apparent excitation coefficients
reflects the growth of the electron flux by ionization, while
the magnitude includes direct excitation by electrons and
production by cascading and excitation transfer. At higher
E/N, the spatial dependence of the apparent excitation coef-
ficients includes contributions from excitation by electrons of
the electron-ion avalanche, electrons reflected from the an-
ode, fast atoms, fast ions, and by excitation transfer. These
processes will be discussed below, as will the appropriate
collisional quenching. As will be discussed in Sec. III E, the
presence of the the quenching correction factors in Eq.s1d
means that for our conditionsax/N is a function ofE/N but
not the He densityN. The calibration procedure for the de-
tection system represented by Eq.s1d will be applied to ex-
perimental data from Figs. 2 and 3 in Sec. IV.

III. THEORY OF EXPERIMENT

In this section we present simplified models of electron,
ion, and fast atom production, transport, and collisions. We
also present the resultant excitation of 501.6 nm and
587.6 nm emission. We will apply this model in Sec. IV. For
the electrons at lowE/N, we use a local field model with
reaction coefficients from time-independent, spatially grow-
ing, two-term solutions to the Boltzmann equation. For high
E/N, we test the applicability of three different models for
electrons. Because of the short relaxation lengths for He+ in
He at our pressures, the He+ ions are always modeled using a
local field model. We neglect He2

+ and He2+ formation f35g.
Because of our large electrode diameter to electrode separa-
tion s<9:1d, we consider a one-dimensional, uniform
electric-field model with thez axis parallel to the drift tube
axis and perpendicular to the electrodes.

A. Local field model for electrons

The measurements of excitation utilized for calibration
are forE/N below about 800 Td, so that the electron behav-
ior can be analyzed using the equilibrium or local field
model for electrons. The electron flux densityGeszd and the
He+ ion flux densityG+szd are given by the solutions to the
differential equations

dGeszd
dz

= aieszdGeszd + Q̄+
i sE/NdNG+szd + Q̄f

i sE/NdNG fszd

s2d

and

dG+szd
dz

= −
dGeszd

dz
, s3d

whereaieszd /N is the spatialsTownsendd coefficient for ion-
ization by electrons andz is measured from the cathode to-
ward the anode.

An approximate allowance is made for nonequilibrium
effects near the cathodef7,29g, i.e., a delay in the onset of
ionizing collisions and a reduction in the electron yield per
incident ion or fast atom attributed to scattering of the elec-
trons back to the cathode. Here we assume thatae

i szd /N is
zero forz,d0, and forz.d0 is given by

ae
i sE/Nd = s2e/mdN/WesE/NdE

0

`

eQe
i sedfse,E/Ndde. s4d

Heree andm are the electron charge and mass,Qe
i sed is the

cross section for ionization of He by electrons,fse ,E/Nd is
the equilibrium electron energy distribution,G+szd andG fszd
are the He+ and fast atom fluxes, andWesE/Nd is the electron

drift velocity. Q̄+
i sE/Nd and Q̄f

i sE/Nd are the average cross
sections for ionization of He by He+ ions and by fast He
atoms, respectively. The calculation of the coefficients and
average cross sections is discussed in Secs. III F through
III H.

Because of our use of a graphite anode for the quantitative
emission measurements, we neglect electron reflection at the

FIG. 4. Ionization coefficientai /N and excitation coefficient
ax/N for electrons in He. The values used in our local field model
are shown by the solid and dashed curves. The ionization coeffi-
cients obtained from the 501.6 and 587.6 nm emission profiles are
shown byP and l. The excitation coefficients obtained by ex-
trapolation of the normalized emission to the anode and corrected
for quenching are shown byj and .. Our Boltzmann and
Hayashi’s Monte Carlo results are shown by3 and1, respectively.
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anode and assume thatGesdd is equal to the total current
densityGt. At the cathode atz=0

Ges0d = gisE/NdG+s0d + g fsE/NdG fs0d, s5d

where the electron yield per iongi and the electron yield per
fast atomg f are expressed as function ofE/N because of the
local field equilibrium for the energy distribution for He+

ions and the fast He atoms produced by charge transfer.
Theseg coefficients include the effects of electron back-
scattering to the cathode by the gas atoms. When solving
these equations numerically, we take the origin at the anode,
where the electron-induced ion and fast-atom fluxes can be
assumed to be negligiblef50g.

At low E/N, we neglect ionization of He by He+ and fast
atoms and approximate the initial nonequilibrium effects
f7,29g by assuming that there is no ionization by electrons
for z,d0. Using Eqs.s2d and s3d, the solution for the elec-
tron flux for zùd0 is

Geszd = Ges0dexpfaiesz− d0dg. s6d

The corresponding solution for the He+ ion flux for zùd0 is

G+szd = Ges0dexpfaiesd − d0dgs1 − expf− aiezgd. s7d

For z,d0, the ion flux is constant at

G+szd = Ges0dhexpfaiesd − d0dg − 1j. s8d

We assumeV0;d0E=25+10/sE/Nd from f7g. HereV0 is in
V and E/N is in Td.

At very high E/N, there is the possibility of current
growth as the result of ionization by electrons and fast ions
only, as originally proposed by Townsendf51,52g. In this
case, the solution to Eqs.s2d–s5d is

Geszd = Ges0d
saie − ai+dexpfsaie − ai+dzg
haie − ai+expfsaie − ai+dzgj

, s9d

where Townsend’sai+ is the same asQ̄+
i sE/NdN in Eq. s2d.

Here we have followed the custom of assuming thatd0!d,
so that the effects of the nonequilibrium region near the cath-
ode can be neglected.

B. Nonequilibrium models for electrons

The local field model is questionable for electrons at our
higherE/N and we have tried two different approximations
as nonequilibrium models. Our first approach is the “single-
beam” moment method described in III and successfully ap-
plied to electrons Ar in IV. This single-beam model treats the
energy loss caused by excitation and ionization processes as
frictional forces acting on a monoenergetic beam. In addi-
tion, the new electron produced by ionization is added to the
beam flux and the total beam energy is reduced by the energy
of the new electron. Because of the small excitation and
ionization cross sections for electrons in He and the large
energy gain per mean-free-path for our highE/N, this model
resulted electrons in nearly free-fall motion and produced
excitation only very near the cathode. This is contrary to the
data of Figs. 2 and 3.

Our second approach was also a moment method but as-
sumes a one-dimensional Maxwellian distribution. The deri-

vation adapts the ideas of Lawlerf30g for ions moving in
their parent gas in which symmetric charge transfer colli-
sions produce an ion with zero kinetic energy. In the present
case, ionizing collisions at high incident energies
s.100 eVd produce one electron at an energy relatively near
to zero and one electron that has lost an energy not much
larger that the ionization potentialf53g. In our model, the low
energy electron is treated as a delta function source at zero
energy and the loss of energy by the high energy electron is
treated as a frictional force. Other inelastic losses are treated
as friction. Because of the high “temperatures” characteriz-
ing the electron distribution at highE/N, the friction terms
caused by energy loss in elastic recoil scattering and by en-
ergy loss in excitation and ionization turn out not to be very
important in this model. The acceleration of electrons pro-
duced by ionization from zero energy to the mean energy
corresponding to the temperature of the distribution domi-
nate the energy loss. This feature is present in early descrip-
tions of electron motion in hydrogenf54g. Because of the
one-dimensional, beamlike behavior of the electron velocity
distribution, this approach gives significantly fewer ioniza-
tion and excitation collisions than, for example, the three-
dimensional Maxwellian usually used in moment methods.
We have not attempted the Monte Carlo modelings necessary
to evaluate the relative merits of the various models theoreti-
cally but will compare model predictions with experiment in
Sec. IV.

In the one-dimensional Maxwellian case, Eq.s2d is re-
placed with equations from the zeroth moment and second
moment of the electron Boltzmann equation with the un-
known temperaturekTefZg and electron-flux densityjefzg as
functions of position. These equations correspond to the
number and energy balances. Starting with the appropriate
form of the Boltzmann equationf30g and taking velocity
moments, we obtain

dGeszd
dz

= Qe
i
„2,kTeszd…NGeszd + Q̄+

i sE/NdNG+szd

+ Q̄f
i sE/NdNG fszd s10d

and

GeszdE =
d

dz
fkTeszdGeszdg +

1

4
eiNGeszd

3f2Qe
i
„3,kTeszd… − Qe

i
„1,kTeszd…g, s11d

where

Qe
i
„h,kTeszd… = fGsh/2 + 1/2dg−1fkTeszdg−sh+3d/2

3E
0

`

esh+1d/2Qe
i sedexpf− e/kTeszdgde.

s12d

Here e is the electron energy,Qe
i sed is the electron-He ion-

ization cross section with an energy loss equal the ionization
energyei, andGsmd is the gamma function. The normaliza-
tion of Qe

i (h,kTeszd) in Eq. s12d is chosen such that for
Qe

i sed=Qe
i independent of energy,Qe

i (h,kTeszd)=Qe
i for all h.
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Equations10d is the equivalent of Eq.s2d. Equations11d is an
energy balance with the power input equal to the sum of the
energies required to heat new electrons and to supply inelas-
tic losses to ionization. We have neglected energy losses to
excitation, as justified by our tests. HerekTe is in electron
volt units. The cross sections used are discussed in Sec. III F.

C. Model for He+ ions

Our model for the He+ ions is the steady state limit of the
symmetric charge-transfer modelf3,30g. The He+ flux is de-
termined by Eq. s3d. The “temperature” of the one-
dimensional Maxwellian energy distribution iskT+

=qesE/Nd /Q̄CT and the He+ drift velocity is W+

=f2qesE/Nd / sM+Q̄CTdg1/2. HereQ̄CTsE/Nd is the average of
the symmetric charge-transfer cross section for He++He and
varies slowly with ion energy,qe is the electron charge, and
M+ is the He+ mass. An empirical fit to experimentf55g gives

kT+ = 4fsE/Nd/1000g1.2, s13d

wherekT+ is in eV andE/N is in Td.

D. Model for fast He atoms

Our approximate model for the effects of fast atoms as-
sumessad that because the fast atoms are produced by sym-
metric charge-transfer collisions they have the same velocity
distribution as the steady state distribution of the He+ ions
f3,30g andsbd that any elastic viscosity or inelastic collision
results in destruction of the fast atom by reducing its energy
below the range of observable excitation or ionization ef-
fects. This model is similar to that used with reasonable suc-
cess for excitation by fast Ar atoms in Arf3g. The equation
for the fast atom flux is

dG fszd
dz

= Q̄CTsE/NdNG+szd − o kQ̄f
ksE/NdNG fszd, s14d

whereQ̄f
ksE/Nd is the average cross section for thekth elastic

or inelastic process. These averages over the one-
dimensional ion energy distributionf3g are given by Eq.s12d
for h=−1. The values ofkT+ are converted toE/N using Eq.
s13d, wheree is the fast atom energy in laboratory coordi-
nates. The cross sections used are discussed in Sec. III H.

E. Model for excited He atoms

Our model for the Hes3 1Pd excited atom density is an
extension of that of Jobe and St. Johnf56,57g to higher pres-
sures as shown in Fig. 5. The points show the experimental
f57g line-excitation cross sections at 100 eV. The results of
modelsf57,58g taking into account the self-absorptionsim-
prisonmentd of the 53.7 nm resonance line emitted by the
Hes3 1Pd state in transitions to1S ground state is shown by
the heavy smooth curve. In general, the apparent excitation
cross section increases from its direct excitation value at very
low gas densities toward a limiting value for optically thick
resonance line and no quenching. The accuracy of this ex-
trapolation is estimatedf57g to be better than ±25%. The

portions above 0.1 Torr are shown dashed to emphasize the
point that the models for He do not include the effects of
collisional quenching. Because there is almost complete im-
prisonment at our pressuresf59,93g, we will not review the
imprisonment model here. The effects of collisional quench-
ing, using published reaction dataf56,60g, will be accounted
for using the model of the next paragraph.

The model used to calculate the spatially dependent
501.6 nm emission takes into account the production of 31P
atoms by electrons, fast atoms, and ions, the loss by
501.6 nm radiation to the 21S metastable state, production
by radiative decay from higher levels, collisional excitation
transfer to nearby or lower energy levels, and molecular ion
formation. At our pressures, the loss of excitation by reso-
nance radiation at 53.7 nm is neglected. Because of the short
radiative lifetimes, we neglect transport of the excited atoms
and consider only the steady-state rate equation. With these
approximations, the spatially dependent 31P densityn1szd is
given by the solution of

ae
1sE/NdGeszd + Q̄f

1sE/NdNG fszd + Q̄+
1sE/NdNG+szd

− As501.6dn1szd − k1Nn1szd = 0. s15d

Here ae
1sE/Nd is the excitation coefficient for electron pro-

duction of the 31P state and is calculated from Eq.s4d using
Qe

1sed, the cross section for electron excitation of He to the
3 1P state, including radiative and collisional cascade effects
f57g. The average cross sections for excitation of the 31P

state by ions and fast atoms areQ̄+
1sE/Nd and Q̄f

1sE/Nd as
discussed in Secs. III G and III H. The radiative transition

FIG. 5. Line excitation cross sections for the 501.6 and
587.6 nm lines of He by 100 eV electrons as a function of He
pressure. The experimental points shown are from Jobe and St. John
f57g. The theoretical curves and horizontal limiting values are dis-
cussed in the text. The vertical dotted lines indicate the pressure
range of our emission experiments.
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probability for the 501.6 nm transitionAs501.6d and other
transitions are from Ref.f61g. The net rate for collisional
quenching, e.g., excitation transfer to the 31D state and of
associative ionization to form He2+, is k1 N n1 f56g. For the
one-dimensional Maxwellian model of Sec. III B used at
high E/N, the coefficientae

1sE/Nd in Eq. s15d should be

replaced byQ̄e
1sE/NdN and evaluated using Eq.s12d. In Sec.

III G, we will use Eq. s15d to evaluate effective values of
ae

1sE/Nd.
The 501.6 nm count rate is Sh j ,sE/Nd ,N,zj

=C1As501.6dn1szd, where the photon detection efficiencyC1

is assumed independent ofz. If the photon signal is extrapo-
lated to the position of the anode, whereG fsdd=G+sdd=0,
then Eq.s15d gives

ae
1sE/Nd = Sh j ,sE/Nd,N,djs1 + N/N0d/sC1j /ed, s16d

where we have replacedGesdd by the total charge fluxj /e.
The spatially dependent apparent excitation coefficient is
then defined by

be
1sE/N,zd = Sh j ,sE/Nd,N,zjs1 + N/N0d/sC1j /ed. s17d

The ratio of these coefficients yields Eq.s1d follows when
ae

1sE/Ndr is evaluated at some referencesE/Ndr and gas den-
sity Nr.

For the Hes3 3Dd state, the only radiative decay is to the
2 3P state by emission of the 587.6 nm line. Collisional cou-
pling to nearby 31D and radiative or collisional cascading
from higher states are included in a very much simplified
form. The 33D densityn3szd is given by

ae
3sE/NdGeszd + Q̄f

3sE/NdNG fszd + Q̄+
3sE/NdNG+szd

− As587.6dn3szd − k3Nn3szd = 0. s18d

Hereae
3sE/Nd is the spatial excitation coefficient for the 33D

state resulting from electron collisions and includes both di-
rect excitation and production by excitation transfer. Its de-
termination is discussed in Sec. III F. The average cross sec-
tions for excitation of the 33D state by fast atoms and by

ions areQ̄f
3sE/Nd and Q̄+

3sE/Nd and are discussed in Secs.
III G and III H. The radiative transition probability for the
587.6 nm lineAs587.6d is from Ref. f61g. The rate coeffi-
cient for collisional excitation transfer to nearby levels and
for associative ionization isk3 f62g. The effects of production
by collisions and radiative cascading from then 3L states
with nù4 are included inae

3sE/Nd, as discussed below. The
coefficientsae

3sE/Nd and be
3sE/N,zd for the 587.6 nm line

are defined by analogy with those for the 501.6 nm line and
are consistent with Eq.s1d.

In order to solve the equations of this section for the
spatially-dependent, steady state photon fluxes, we need the
set of cross sections and reaction coefficients appearing in
Eqs. s2d–s18d. These are reviewed in Secs. III F through
III H.

F. Electron-He cross sections and excitation coefficients

The theoretical electron-He excitation coefficients used in
the present paper at lowE/N are calculated using electron

energy distributions from solutions to the electron Boltz-
mann equation calculated using a simplified cross section set
found to reproduce measured electron transport and ioniza-
tion coefficientsf19g. They are available on the Webf63g and
will not be repeated here. The electron energy distributions
from such calculations are folded into more recently com-
piled excitation cross sections for the 31P and 33D excited
statesf64g. The resultant ionization coefficientsae

i , excita-
tion coefficient for the 31P stateae

1, and direct excitation
coefficient for the 33D stateae

3 are shown by the crosses in
Fig. 4.

It is critical that we take into account the transfer of ex-
citation from the singlet states of He to the triplet states, such
as the 33D state. In order to do this, we must extrapolate the
results of the beam excitation experiments of Jobe and St.
John f57g and the excited state fluorescence experiments
f56,65g to about a decade higher pressure. We assume that
most of the transfer can be accounted for by collisional ex-
citation transfer from then 1P state to then 1F and n 3F
states wherenù4 and then by collision and radiation to the
3 3D state. Figure 5 shows that because of excitation transfer,
the excitation cross section for the 587.6 nm line appears to
approach one third of that for the 501.6 nm line at high pres-
sures. In the pressure range of our experiments indicated by
the vertical dotted lines, this fraction remains constant. We
therefore approximate the excitation transfer effects at our
pressures near 1 Torr by adding a fractions1/3d of the elec-
tron excitation coefficient for the 31P state to that for the
3 3D state. The resultant excitation coefficient for the 33D
state is shown by the dashed curve in Fig. 4.

G. He+ cross sections and electron yield at cathode

The charge transfer, ionization, and excitation coefficients
versusE/N that we have assembled from the literature for
He+ collisions with He are shown in Fig. 6. These coeffi-

FIG. 6. Reaction coefficients for He+ in He.
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cients have been obtained by averaging the respective cross
sections over the one-dimensional Maxwellian energy distri-
bution calculated to occur when He+ drifts through He at the
statedE/N, i.e., Eq. s12d. Experimental symmetric charge
transfer cross sections for He+-He collisions prior to 1991
have been reviewed by Sakabe and Izawaf66,67g. At ener-
gies below 8 eV andE/N below 2 kTd, we have adopted the
empirical fit f55g shown in Fig. 6 based on mobility data by
Helm f34g. At higher energies we have used an average of
the somewhat scattered experimental results, rather than
theoryf66,67g. The ionization cross section for He+ on He is
from Gilbodyet al. f68g. The cross sections for excitation of
501.6, 587.6, and 53.7 nm lines in He+-He collisions are
from Okasakaet al. f69g. The 501.6 nm data are corrected
for the branching ratio to obtain the 31P excitation cross
section. Borstet al. f70g obtained a cross section for excita-
tion of the 23S metastable state at energies up to 2 keV,
while Utterbachf71g obtained evidence of significant meta-
stable excitation near threshold. Evans and Lanef72g re-
viewed and extended theory for metastable excitation. The
experimental values for the ionization coefficient for He+

-He collisions obtained by Townsend and Yarnoldf36g at
E/N from 80 to 200 Td are one to two orders of magnitude
too small to plot in Fig. 6 but are many orders of magnitude
larger than any reasonable extrapolation of our calculated
values to such lowE/N.

The empirical fit to the experimental data of Hayden and
Utterbachf73g used for the electron yield per He+ ion gi is

gi = 0.24 + 1.2se/1000d1.7/f1 + se/1800d2g0.8, s19d

where e is the ion energy in eV. Thegi is converted to a
function ofE/N using Eq.s13d. We have multiplied Eq.s19d
by an empirical electron escape probability to get the net
electron production per ion. There is a large scatter in pub-
lished dataf9,74g, and we have approximated it by the same
function as for electrons in Arf29g.

H. Fast He atom-He cross sections and reaction coefficients

The energy loss, ionization, and excitation coefficients
versusE/N for fast He collisions with He are shown in Fig.
7. These coefficients have been obtained by averaging the
respective cross sections over the one-dimensional Maxwell-
ian energy distribution calculated to occur when He+ drifts
through He at the statedE/N and undergoes symmetric
charge transfer collisions to produce the fast He. The cross
sections for elastic and inelastic He-He collisions have been
reviewed and extendedf55g. The viscosity cross section de-
termines the rate of elastic energy loss, and in our model, a
viscosity collision results in the loss of a fast He atom. At
energies below about 40 eV this cross section was calculated
from a modification of published intermolecular potential
dataf75g. At higher energies corrections were made for in-
elastic collisions based on experimental differential scatter-
ing data f76g. We use the sum of the elastic and inelastic
viscosity cross sections shown by long dashes. The excita-
tion of the 501.6 and 587.6 nm lines has been measured by
Kempteret al. f77,78g. Excitation of the 21P state and ion-
ization have been calculated by Gauyacqf60g, where be-

cause of symmetry considerations we have notedf55g that
the theoretical cross sections have to be multiplied by a fac-
tor of 2 for comparison with experiment. The ionization
cross section has been measured by Hayden and
Utterbackf73g.

The empirical fit to the experimental data of Hayden and
Utterbackf73g used for the electron yield per fast He striking
the cathodeg f is

g f = 0.06 expf− 11000/sE/Ndg + 0.08 expf− 30000/sE/Ndg

+ 1.3 expf− 50000/sE/Ndg, s20d

whereE/N is in Td. The conversion from fast atom energy to
E/N used Eq.s13d. Again, we have approximated the elec-
tron escape probability by the same function as for electrons
in Ar f29g.

IV. COMPARISON OF MODEL AND EXPERIMENT

In this section we present the results of fitting our experi-
mental emission data to our model at lowE/N, where exci-
tation coefficients calculated using local field theory apply,
and then examine the consequences of comparing the model
and experiment at higherE/N.

The calibration procedure for the detection system repre-
sented by Eq.s1d yields the points of Fig. 8 and 10 as de-
scribed in the following subsections. The “apparent excita-
tion coefficients”b /N shown in these figures are the number
of excitation events per unit time and per gas atom normal-
ized to the total charged particle flux densityf1g. Alterna-
tively, these coefficients can be regarded as the number of
excitation events per unit distance in the field direction per
charged particle of either sign passing the observation point
and normalized to the gas density. At highE/N, because of
changes in the velocity distribution of the electrons with po-
sition and because of the spatial variations in the production

FIG. 7. Reaction coefficients for fast He in He.
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of excited atoms by electrons, ions, and fast atoms, it is not
possible to express the experimental results in terms of a
spatially independent excitation coefficient per unit electron
flux as is conventionally donef1g at the lowerE/N. We
therefore use the intensity calibrations given by Eq.s1d for
the 501.6 nm and 587.6 nm lines to normalize the remainder
of the data in Figs. 2 and 3. Examples of the scaled apparent
excitation coefficients are shown by the points in Figs. 8–11.

A. Ionization coefficients

Ionization coefficients derived from straight-line-fits to
logarithmic plots of experimental emission versus distance
data are shown by the solid circles and diamonds in Fig. 4.
These coefficients are to be compared to the values obtained
by solving the electron Boltzmann equationf79g as shown by
the3 symbols and with an average of previous experimental
and theoretical dataf7,8,17,22–25g as shown by the portion
of the upper solid curve forE/N,800 Td. We also show by
1 symbols the ionization coefficients calculated by Hayashi
using Monte Carlo techniquesf9g. Because Hayashi’s calcu-
lated ionization coefficients forE/N.600 Td vary with dis-
tance, we have shown his apparentai /N at values ofp0d
s1 Torr cmd typical of our experiments. We have not at-
tempted to extract effective ionization coefficients from the
calculations of current growth of Pace and Parker, because of
the difficulty of separating gas ionization and cathode emis-
sion effectsf28g.

B. Excitation of 501.6 nm emission

The solid squares of Fig. 4 show apparent excitation co-
efficientsb /N derived by extrapolating 501.6 nm emission
data to the anode and applying Eq.s1d to normalize the data
to the lowE/N data. These excitation coefficients are to be
compared to the results of our Boltzmann calculation as
shown by the associated crosses. Superficially, one is not
surprised that because of the similarity of the energy depen-
dencies of cross sections for production of 501.6 nm photons

and of electron-ion pairs in ionizing collisions by electrons
f21g that this experimental excitation coefficient has a depen-
dence onE/N similar to that for ionization. Potential prob-
lems with this simple expectation are evident in the departure

FIG. 8. Apparent emission probability at 501.6 nm from helium
at 446 Td and 1.7 Torr. TheP points show our experimental re-
sults. The solid, long dashed, and short dashed curves show the
results of our local field, single-beam, and Maxwellian beam mod-
els, respectively. The Gaussian-like curve at the left shows the spa-
tial sensitivity used to simulate the effect of a finite slit width.

FIG. 9. Apparent emission probability at 501.6 nm from helium
at 7.2 kTd and 1.05 Torr. TheP points show our experimental
results. The curves insad andsbd show the results of our local field
and nonequilibrium models, respectively. The solid curves are the
calculated and smoothed total emission. The short-dashed, dot-
dashed, and long-dashed curves present the contributions of excita-
tion by electrons, ions, and fast atoms, respectively.

FIG. 10. Apparent emission probability at 587.6 nm from he-
lium at 740 Td and 1.49 Torr. TheP points show our experimental
results. The solid, long dashed, and short dashed curves show the
results of our local field, single-beam, and Maxwellian beam mod-
els, respectively.
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of the experimentalb /N values from the Boltzmann and
Monte Carlo calculations at the higherE/N.

Figure 8 shows the spatially dependent, apparent emission
probability at 501.6 nm from helium at 446 Td. The points
show our experimental results, while the solid and dashed
curves show results of our local field and nonequilibrium
model for electrons. The theory is scaled to our pressure
using Eq.s1d and a quenching density of 2.131022 m−3 f80g.
The calculated heavy particle excitation is too small to be
seen. As discussed in Sec. II, we have calibrated the detec-
tion system at 501.6 nm by adjusting the magnitude of the
experimental data to fit the theoryssolid curved. In Fig. 8 the
calculated emission has been averaged over the estimated
instrument profile shown at the left and over a function of
similar width that accounts for obscuration of the edges of
the gap by the electrodes. The agreement of the emission
calculated using the local field model with the experimental
spatial dependence is expected because of the applicability
of the steady state Boltzmann model. The predictions of our
single-beam modelsshort dashesd are much better than ex-
pected, while one-dimensional, Maxwellian model for elec-
trons slong dashesd are roughly a factor of two too small in
magnitude and shows much too small an electron flux
growth by ionization. The dashed curves show that the ex-
pected nonequilibrium effects near the cathode occur natu-
rally for the single-beam and 1D Maxwellian nonequilibrium
models. Comparison of the solid curve with experiment in-

dicates that our step-function approximations to the spatially
dependence of the ionization and excitation coefficients used
with the local field model are reasonable.

The points of Fig. 9 show the spatially dependent, appar-
ent emission probability at 501.6 nm from helium at 7.2 kTd.
The solid curve of Fig. 9sad shows that the predictions of the
local field model are surprisingly good, while the solid curve
of Fig. 9sbd shows that the nonequilibrium model consider-
ably underestimates the growth of emission toward the an-
ode. The decrease in the electron excitation cross section for
electron “temperatures” above about 100 eV, which occurs
about 0.5 mm from the cathode, just balances the increase in
electron flux snot shownd. The contributions of electrons
sshort dashesd and fast atomsslong dashesd are overestimated
near the cathode. The contribution by ionssdot-dashd is
small.

The predictions of the single-beam model for electrons
snot shownd are poor at 7.2 kTd in He. According to this
model, the electron excitation peaks very close to the cath-
ode as the electrons pass through the energy of maximum
excitation cross section while undergoing nearly free-fall
motion in the applied electric field. The failure of the single-
beam model for electrons at the highestE/N in He, while
succeeding for electrons at similarE/N in Ar f3g, can be
understood when one notes that the cross sections for exci-
tation and ionization in He are almost an order of magnitude
smaller than those for Ar. Thus, the effectiveE/N for He are
almost an order of magnitude larger than for Ar. We have no
explanation for the relative success of the local field model
for He shown in Fig. 9sad. Unfortunately, we did not test the
local field model at very highE/N for electrons in Ar.

C. Excitation of 587.6 nm emission

Relative apparent excitation coefficientsbe
3sE/N,zd are

calculated from data such as that of Fig. 3 using Eq.s1d. The
exponentially increasing component of these spatial distribu-
tions, i.e., the component of emission caused by electrons,
are then extrapolated to the position of the anode to obtain
the relative values ofae

3sE/Nd shown by the triangles in Fig.
4. TheE/N dependence of these values is roughly the same
as the experimental points for the 501.6 nm emission, rather
than theE/N dependence of the calculated direct electron
excitation shown by the lowest solid curve and crosses. Ac-
cording to the model of Sec. III E, the excess emission at the
higherE/N is the result of excitation transfer from then 1P
states withnù4. We have not preformed the level-by-level
calculations appropriate to this model. Instead, from Sec.
III F, we assume that the effective theoretical 587.6 nm ex-
citation coefficientae

3sE/Nd is one-thirdae
1sE/Nd plus the

calculated direct 587.6 nm excitation. This empirical ap-
proximation to the theoretical 587.6 nm excitation coeffi-
cient for the local field model is applied to allE/N to obtain
the dashed curve of Fig. 4. The experimental apparent exci-
tation coefficient data for the 587.6 nm line for 460 and
740 Td, strianglesd are then scaled to theae

3sE/Nd theory.
This scaling step places all of the 587.6 nm datastrianglesd
on an absolute scale. The sum of one third of the 501.6 nm
excitation cross section plus any direct excitation is also used

FIG. 11. Apparent emission probability at 587.6 nm from he-
lium at 8.8 kTd and 0.96 Torr. TheP points show our experimental
results. The curves insad andsbd show the results of our local field
and nonequilibrium models, respectively. The curves are designated
as in Fig. 9.
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for 587.6 nm excitation in the nonequilibrium models of
electron excitation and of heavy particle excitation.

Figure 10 shows the spatially dependent, apparent emis-
sion probability at 587.6 nm from helium at 740 Td. The
points show our experimental results after normalization us-
ing a sensitivity derived as described in the previous para-
graph. The smooth curve shows our local field model results.
A quenching density of 8.931023 m−3 was usedf81g. Be-
cause we have normalized experiment and theory at the an-
ode, this comparison really only tests the spatial dependence
of the emission and depends primarily on the growth of elec-
tron flux, i.e., on the ionization coefficient. For the 587.6 nm
line the predictions of both the single-beam and Maxwellian
beam models, including excitation transfer, are too small by
a factor of about 4.

Figure 11 shows the spatially dependent, apparent emis-
sion probability at 587.6 nm from helium at 8.8 kTd. The
points show our experimental results normalized using the
scaling factor from Fig. 10. The smooth curves in Fig. 11sad
are calculated using our local field model, while the smooth
curves insbd show our 1D Maxwellian beam model results.
The upper graph shows that the calculated electron excitation
is about right, while the heavy ion and fast atom excitation
are too large by roughly a factor of 6. From the lower graph
the electron excitation is roughly a factor of 4 too small, and
is nearly constant with position as the result of a balance
between a decreasing excitation cross section and an increas-
ing electron flux. The lower ion and fast atom production of
587.6 nm excitation predicted by the 1D Maxwellian model
is too large by about a factor of 4. If we had used the large
fast atom attenuation cross section from Ref.f13g, the pre-
dicted 587.6 nm excitation near the cathode for both of these
models would be much smaller. The theoretical results for
the single beam modelsnot shownd again peak close to the
cathode as expected for nearly free fall motion of the elec-
trons.

V. BREAKDOWN AND DISCHARGE MAINTENANCE
AT LOW CURRENTS

Experimental values of the decrease in discharge voltage
versus current for low current, steady state discharges in He
at pressures of 1.5 and 2 Torr are shown in Fig. 12. Here we
measure the decrease in discharge voltage from the break-
down value at close to zero current so as to minimize prob-
lems with the slowly drifting discharge voltages caused by
changing cathode properties. In addition, we show a few
points obtained from overdamped transient voltage and cur-
rent waveformsf47,82g. The data of Fig. 12 cover ap0d
range of 1.5 to 3 Torr cm, corresponding to anE/N range of
150 to 500 Td and, according to our model,gi =0.24 andg f

is negligible. Over the full range of breakdown voltages in
Fig. 13, we measure negative voltage changes within the
estimated uncertainty of the data but the high voltage data
are too limited to allow assigning meaningful slopes.

Theoryf83–87g predicts a linear decrease in voltage with
increasing current at low currents because of the increase in
space-charge electric field near the cathode and the resultant
increase in the ion energy and ingi. The discharge currents
in our experiments are small enough so that multistep ion-
ization phenomena are not significant. Similar linear de-

FIG. 12. Experimental decrease in discharge voltage versus cur-
rent for low current discharges in He. For the steady state data the
symbols, pressures in Torr, and voltages in V at zero current are
sn, ,d, 1.6±0.1, 220±10 andsl, P, m, ., jd, 2±0.2, 177±5,
where different symbols are for different runs. The data from tran-
sient waveforms arep, 1.5, 210,3, 2, 171, and1, 3, 156. The
straight line represents a constant voltage decrease to current ratio
of 53 V/mA.

FIG. 13. Experimental values of the discharge voltage versus the
product of pressure and electrode separationp0d at breakdown or
for low current, steady state discharges in He. The solid, short
dashed, and chain curves give our predictions with heavy-particle-
induced electron emission and collisional ionization by ions and
fast atoms, no fast atom effects, and only ion-induced electron
emission. The long dashed curve is the same as the solid curve
except that we used the fast-atom cross sections of Ref.f13g. The
symbols, cathode surface, and references ares, stainless steel, this
paper,m, steel,f90g, ., steel,f28g andn, copper,f13g.

EXCITATION IN LOW-CURRENT DISCHARGES AND… PHYSICAL REVIEW E 71, 016410s2005d

016410-11



creases in voltage with increasing current have been found
for Ne f83g, Ar f85,88g, and other gases. Because of the near
constancy of our assumed electron yield per ion, the calcu-
lateddV/di is very sensitive to the assumed electron loss by
backscattering to the cathodef29,74g, and can be much
larger or much smaller than shown in Fig. 12. We cannot
account for the positivedV/di found by Hartmannet al. f13g
for He at average current densities andp0d values overlap-
ping the lower values of Fig. 12. A possibility is differences
in gi and/or reflection of backscattered electrons at their cop-
per versus our stainless steel cathodes. Penningf89g found
positive dV/di for the lower voltage branch and negative
dV/di for the higher voltage branch. See Fig. 13.

Our experimental values of the discharge voltages for
steady state discharges in He, extrapolated to very low cur-
rents, are plotted versus thep0d as circles in Fig. 13. We
show the results of earlier experiments in Hef13,28,90g,
where the data of Ref.f13g were obtained by extrapolation of
steady state voltages to zero current. We have omitted the
very early data of Penningf89g and some other data are
sampled for clarity. The lower and very high breakdown
voltages are obtained by raising the voltage slowly at fixed
pressure. Intermediate voltage data are usually obtained by
raising the pressure at fixed voltage. Within our large scatter,
our experimental results are in good agreement with those of
Hartmannet al. f13g. The differences between our results and
those of Gusevaf90g may result from the cleaner cathodes
typically used by her groupf91g.

The solid curve of Fig. 13 show the breakdown voltages
versusp0d calculated for He using Eqs.s2d–s5d. Thus, the
model includes electron, ion, and fast atom impact ionization
and ion and fast atom induced electron emission from the
cathode. The differential equations were integrated from the
anode to the location of the cathode as determined by the
condition that the electron energy decreases from an assumed
anode value to a few eV at the cathode. In order to obtain a
better fit to the experimental breakdown data, we have made
small changess,20%d in the effective ionization coefficient
given in Fig. 4 atE/N near 1.5 kTd. Typical effective values
of gi required by our breakdown model vary from 0.25 at
500 Td to<0.7 at 8 kTd. We find that the fast atom induced
electron emission from the cathode is important in obtaining
a reasonable fit to experiment for breakdown voltages above
1 kV. Hartmannet al. f13,92,94,95g found only a small con-
tribution from fast atoms, and calculated voltages signifi-
cantly higher than their experiment at lowp0d. The short
dashed curve shows predictions of our model with no fast
atom effects, while the chain curve shows breakdown with
no fast atom effects and no ion-induced ionization, i.e., in-
cluding only electron impact ionization and ion-induced
electron emission at the cathode. The long dashed curve
shows the effect of increasing the fast atom scattering cross
section to the values of Ref.f13g. We have also calculated
breakdown voltages for the original Townsend modelf51,52g
from Sec. III A, i.e., the only ionization is by electrons and
He+ ions and no electrons are released from the cathode. The
resultant breakdown voltagessnot shownd are then<3000 V
for p0d.2 Torr cm and rise to very large voltages atp0d
below 1 Torr cm. These calculations suggest that if it were
not for the large contribution of fast atom-induced electron

emission, the breakdown voltages at ourp0d would be high
enough so that the effects of ionization of He by He+ would
be observed.

VI. DISCUSSION

The experiments and models presented in this paper cover
the transition fromsad moderateE/N, where the electrons are
in collisional equilibrium with the electric field and the gas
and the ion energies are only a few eV, tosbd very highE/N,
where the electrons have few collisions with the gas and the
ion and, especially, fast atom energies are large enough to
yield significant excitation and ionization. AtE/N below
1 kTd the observed magnitude and/or spatial dependence of
the 501.6 and 587.6 nm emission are consistent with the ex-
citation and ionization expected of electrons with a steady
state energy distribution determined by the local electric field
and collisions with the gas. The excitation of 587.6 nm emis-
sion by fast atoms becomes comparable with electron exci-
tation at E/N above 4 kTd, while the excitation of the
501.6 nm line is primarily by electrons even atE/N of
7 kTd. At the higherE/N, the local field model of the elec-
trons gives better agreement with experiment than do either
of the simplified nonequilibrium models that we tried. A
Monte Carlo or equivalent model of the electrons is needed.

A second important result of this experiment is the impor-
tance of efficient excitation transfer from then 1P states to
other excited states, such as the 33D state that we detect. The
excitation transfer is easier to observe in the triplet system
because of the absence of excitation by the high energy elec-
trons dominant at our relatively highE/N.

A third key result is the importance of excitation near the
cathode and electron emission at the cathode by fast He at-
oms produced by symmetric charge exchange of He+ with
He at high E/N. Here we found that the use of recently
derived scattering cross sections greatly increases the contri-
butions of the fast atoms to the observed to the calculated
excitation. The longer atom mean-free-paths point to the de-
sirability of Monte Carlo or equivalent models.

Finally, the analyses of breakdown and low-current dis-
charge maintenance voltage data presented in this paper
demonstrate the importance of fast atoms in the production
of electrons at the cathode. This conclusion depends criti-
cally on the cross sections for fast atom scattering used in the
model. We were not able to see evidence of the ionization of
He by He+.

The experiments and analyses presented in this paper lead
to the suggestion that one observe the time dependence of
spectrally and spatially resolved emission in uniform and
nonuniform electric fields. Such observationsf4g provided
direct evidence for the importance of excitation in collisions
of fast Ar atoms with the background Ar. We also propose
the measurement of ionization coefficients as a function of
pressure at moderately highE/N so as to see the effects of
molecular ion formation by associative ionization from ex-
cited states of He.
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