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Excitation by fast atoms at very high electric field to gas-density ratios in argon
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Measurements of transient and steady-state light emission and of current transients from Ar at
very high electric field to gas-density ratios E/n and low gas densities show that the excitation of
the 811-nm lines of Ar is primarily by fast neutral Ar atoms. A drift tube with parallel-plane elec-
trodes produces a spatially uniform electric field. Pulsed laser irradiation at 266 nm of the semitran-
sparent cathode produces current pulses of =10 mA and =10 ns width. The time and spatial
dependences of the line emission at 811+1 and 750+1 nm were measured for E/n in the range 280
townsend (Td) to 84 kTd at gas densities from 1.3 X 10 ' to 9 X 10 m ', where 1 Td = 10 ' V m
At E /n (4 kTd the time dependence of the 811-nm emission is consistent with direct and cascade
excitation due to electron collisions with Ar. At E/n ) 18 kTd the emission transient consists of an
early peak caused by the initial electron avalanche followed by a delayed peak that moves toward
the cathode with an apparent velocity of about twice that of the ions. Steady-state 811-nm emission
is also observed in a region of very low electric field near the cathode where the Ar+ ions have
insufficient energy for excitation and the fast atoms are injected from a high-field region. These ob-
servations of 811-nm emission, plus previous measurements of steady-state spatial distributions of
emission, are interpreted as demonstrating that excitation of the 811-nm lines is primarily by fast Ar
atoms formed by charge transfer in Ar -Ar collisions. For 750-nm emission the prompt portion is
much larger and the delayed portion is much weaker than for 811-nm emission showing the impor-
tance of excitation by electrons even at these high E/n values. Steady-state observations of 811-nm
emission when slow Ar+ ions are injected into a region of high electric field further confirm the
model.

I. INTRODUCTION

The objective of this research is to demonstrate the im-
portance of excitation of Ar by fast ( = 100-eV) Ar atoms
or ions. In particular, we wish to test the proposal by
Phelps and Jelenkovic' that the source of excitation of
the Ar lines near 811 nm at very high ratios of the elec-
tric field E to gas density n is excitation of Ar by fast Ar.
The experimental techniques chosen were to measure (a)
the temporal and spatial dependence of the prebreak-
down emission resulting from the passage of a short pulse
of photoelectrons through the Ar at the very high E/n
values, and (b) the spatial dependence of emission in a
known, nonuniform electric field.

Previous measurements of transient prebreakdown be-
havior in Ar by Molnar, Varney, , Kirsch, and others
have provided data on primary ionization coeKcients due
to electron impact, secondary-electron yields, and the
role of excited metastable states at Eln up to 400 Td.
Here 1 Td=10 ' Vm. The present work is primarily
concerned with the gas excitation and ionization process-
es at E/n values from about 400 Td up to 80 kTd. Our
transient measurements are made on a short enough time
scale such that the eA'ects of metastable atoms produced
by electron impact can be neglected. Brief summaries
of this work have been presented elsewhere.
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in Fig. 1. Except for the presence of a grid, this is the
drift tube and pulsed laser used in measurements of
current growth in Nz. The 60-mm-diam, semitran-
sparent, AuPd film cathode is illuminated from the back
with the quadrupled output (266 nm) of a YAG (yttrium
aluminum garnet) laser. The grid was spaced 10 mm
from and parallel to the cathode and was constructed of

II. EXPERIMENT

A schematic of the electron drift tube constructed for
use at high electric fields and low gas densities is shown

~PHOTOMULTIPLIER

FIG. 1. Schematic of experiment for measurement of tem-
poral and spatial distribution of light output at high E/n.
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25-pm stainless-steel wires with an average spacing of
0.25 mm and was measured to be 74%%uo optically transpar-
ent. The anode and cathode electrodes are 39 mm apart,
78 mm in a diameter, and provide an approximately spa-
tially uniform field. Except as noted, the grid was operat-
ed so as to provide a constant electric field throughout
the drift region. An important feature of the drift tube is
the very uniform and closely fitting 80-mrn internal diam-
eter quartz tube which surrounds the electrodes and
prevents long-path breakdown. The anode was made
from sintered graphite. Our previous experiments
showed that the choice of graphite resulted in low yields
of reflected electrons at the anode. We have been able to
operate the discharge at up to 5600 V between the anode
and grid when the cathode was operated at near grid po-
tential to suppress ion- and atom-induced secondary elec-
trons. The corresponding Ein value was approximately
80 kTd.

The magnitude of the transient discharge current is
determined by the number of photoelectrons released
from the photocathode. Considerable drift of the photo-
current occurred because of variations in the laser output
and in the photocathode yield. All data were normalized
to the average current. Typically, the average cathode
currents were =20 nA, corresponding to =0. 1 nC per
pulse at 20 Hz. The resultant space-charge distortion of
the elastic field is small at all except the lowest E/n value
used in the nonuniform field experiments. In the steady-
state experiments the currents were kept to less than 10
pA by external load resistors so as to limit space-charge
distortion. The drift tube current in the transient experi-
ments was recorded with a digitizer having a time resolu-
tion of 3 ns. However, the first =200 ns of the current
wave form was usually severely distorted by ringing
caused by inductance and shunt capacitance of the leads
to the drift tube.

The light emission is observed with a photomultiplier
and slit system mounted on a table driven by a computer
controlled stepping motor. ' The letters C, M, and A in
Fig. 1 indicate the standard positions of the optical axis
when recording transient data and will be referred to as
the "near the cathode, " "midgap" and "near the anode"
positions, respectively. Here, "near an electrode" is tak-
en to be 5 mm from the electrode. The emission was fo-
cused into a double-slit system using a 70-mm-diam
quartz achromat lens. For the transient experiment of
this paper the slits were relatively open in order to give
sufficient signals for the transient measurements. The
resultant spatial resolution was about 3.5 mm (full width
at half maximum). The steady-state measurements were
carried out using the higher-resolution slit settings of
Ref. 9, i.e., the resolution was =1 mm. Interference
filters were used to select the wavelengths observed. The
photomultiplier had a GaAs(Cs) photocathode with a
nearly constant radiant sensitivity 250 —820 nm. The
photomultiplier output was normally connected to a fast
preamplifier and then to the input of the transient digitiz-
er. In some measurements the photomultiplier output
passed through a counting chain and was counted by a
gated sealer with a variable delay gate.

The vacuum system is all stainless steel with copper

gasket seals except for the quartz windows which use po-
lyurethane 0 rings. After a bakeout at = 100 C the pres-
sure was 10 Pa with a rate of rise of 10 Pa/min.
Typical Ar pressures were 4 —66 Pa (30—500 m Torr) and
the duration of a run was =10 min. Since the Ar sam-
ples were listed by the manufacturer to have fractional
impurities of less than 10, the principal source of im-
purities was the background gas. The pressure was mea-
sured to +10 Pa with a diaphragm manometer. Volt-
age and current were measured with instruments stated
to be accurate to +2%. Emission spectra obtained at
E/n =5 kTd and 100 mTorr in the wavelength range
from 200 to 890 nm with a —,'-m monochromator and
GaAs(Cs) photomultiplier showed no evidence of impur-
ities.

The spectral lines used in these experiments are transi-
tions between the 2p and ls configurations (Paschen nota-
tion' ). A (808+5)-nm filter transmitted the 811.5-

(2p9 —ls& ) and 810.4- (2pz-ls4) nm lines, while 764- and
750-nm filters transmitted the 763.5- (2p6-ls~ ) and 750.4-
(2p, -is&) nm lines.

III. NIODKL OF EXPERIMENT

In this section we extend the model of the collision
processes occurring in discharges in Ar at very high E/n
and spatially uniform electric fields developed by Phelps,
Jelenkovic, and Pitchford" to the analysis of the tran-
sient results of Sec. IV. In this model the highly non-
equilibrium electron motion is approximated using the
single-beam approximation, " while the Ar+ ions are as-
sumed to be in a local equilibrium at the applied Eln in
which the energy gained from the electric field is bal-
anced by the energy loss to the Ar atoms. The fast Ar
atoms are assumed to have an initial velocity distribution
characteristic of the ions, but to be subject to beamlike
attenuation.

A. Complete model

The electron motion will be calculated using the
single-beam energy balance model derived and discussed
in Sec. II A of Ref. 11. According to this model the rate
of spatial and temporal growth of the electron flux densi-
ty I, (g, t ) in the space between the electrodes is equal to
the sum of the rates of ionization in collisions of elec-
trons, Ar+, and fast Ar with Ar. Thus

I

+w (E jn)I „(g,r)~ n

CXy

+wf (EIn)I f(( T)
n

Here g=nz is the normalized distance or column density
measured from the cathode, z is the distance from the
cathode, ~= nt is the normalized time, t is the time from
the beginning of the photoelectron pulse, U, is the veloci-
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ty of the electron "beam, " Q,'( c, ) is the cross section for
ionization by electrons of energy c, m is the drift velocity
of the ions, a~ (E/n ) /n is the spatial ionization coefficient
for the Ar+, aI(E/n)/n is the spatial ionization
coefficient for fast neutral atoms, and I ~(g) and r&(g)
are the particle flux densities for the Ar+ and for the fast
neutral atoms. The velocity of the fast atoms m& is
defined at the end of this section. The rate of ionizing
collisions caused by all processes is R;(g, r). As in previ-
ous models, ' '" the a/n are described as "spatial" reac-
tion or excitation coefficients and are defined as the num-
ber of collision events per unit distance in the direction of
ion drift. The word "spatial" also distinguishes these
coefficients from "temporal" reaction or rate coefficients.
A less descriptive terminology sometimes used is
"Townsend-type" coefficient, because of their similarity
to the "Townsend ionization coefficient. " The calcula-
tion of these coefficients will be discussed below.

The equation for the spatial and temporal growth of
the energy c of the electron beam includes the energy
gain from the field and energy lost in inelastic collisions.
Since the model assumes a single energy for all electrons,
this equation also includes the energy required to raise
the energy of new electrons produced by ionization from
essentially zero to the beam energy, i.e.,

aE(g, r) aE eE+Ve =Uear ' ag '
n

—v, g c,„g,"( )E—ER, (g, r) . (2)
k

CXy
m i k

(E/n) = (E/n)+ (E/n)+ (E/n) .
n n n n

(5)

Equation (3) shows that the increase in the Ar+ Aux den-
sity is the result of the same ionizing collisions that pro-
duce the increase in the electron flux density. Equations
(4) and (5) assume that the growth of fast-atom Aux densi-
ty is the result of charge-transfer collisions of Ar+ col-
lisions with Ar. In Refs. 11 and 12 it was assumed that
the loss of fast atoms occurs by any large-angle scattering
collision or energy-loss collision process. More realistic
attenuation cross sections will be discussed in Sec. IV B4.
The negative signs on the left-hand sides of Eqs. (3) and

Here ek and Q,"(s) are the threshold energy and total
cross section for electron excitation for the kth electronic
state of Ar. In Eq. (2) we have neglected the loss of ener-

gy by electrons in elastic collisions, as is appropriate to
the high E/n value of interest.

The continuity equations for the Ar+ flux density
I ~(g, r) and the fast Ar Aux density I &(g, r) in the
present model are

ar, (g, r) ar, (g, r)—w =R;(g, r)
a~ B~

and

arI(g, r) ar/(g, r)
ag

AI
wg C( T)rs, (g, ) rw~ —(E/n)r f(g ~ ) (4)

n

where

(4) result from the flow of positive ions and, therefore,
fast neutral atoms toward the cathode, i.e., toward small-
er g. In Eq. (4) Qcr is the cross section for charge
transfer, a& is the average cross section for the attenua-
tion of fast neutral atoms, a& is the average cross section
for momentum transfer in Ar-Ar collisions, and e& is the
average cross section for excitation of Ar by the fast Ar
in process k.

The boundary conditions to be used with this model
are

and

r, (o, r) =y, r, (o,r)+) Ir/(o, r)+x,b(T),

r, (d, r)=pr, (d, r),
I I(d, r) =0,

where q is either p for positive ion for f for fast atom, x is
either k for excitation or & for ionization, and
(kT+ ) 'exp( —E/kT+ ) is the normalized steady-state
energy distribution for the Ar+ as given by several au-
thors. ' Here v, is the component of the ion velocity in
the direction of the electric field and, because of the one-
dimensional velocity distribution, is equal to the ion ve-
locity V. The ion "temperature" T+ is given' by
kT+ =eE/(ng&T), and the corresponding drift velocity
is w~=(2eE/mmgcT )', where e is the electron charge
and k is Boltzmann's constant. Note that the theoretical
Ar energy distribution f (E) in a one-dimensional distri-
bution, i.e., it is a 6 function in directions perpendicular
to the electric field and a Maxwellian in the direction of
the field. The labeling of uI/n as average cross section is
evident from the second form of Eq. (10) and is appropri-
ate only for the one-dimensional energy distribution re-
sulting from charge-transfer collisions. The a" /n are in-
dependent of position and are functions of E/n, since
kT+ is a function of E/n. Figures 6—8 and Tables 6—8
of Ref. 12 give values of a /n used in our model. The
average cross sections or spatial ionization coefficients for
the fast neutral Ar are also calculated using Eq. (10),
since the initial distribution of fast-Ar-atom energies is
the same as that for Ar+ and since the sum of the cross

E(0)=1 eV .

Here d is the position of the anode, p is the yield of ions
produced near the anode by low-energy backscattered
electrons, No is the number of photoelectrons per unit
area produced by the laser, and 5(r) is a delta function at
r=o. We define (y),s.=(y I +y&I I)/I . Because of
our use of a graphite anode, ' we will assume p ((1,e.g. ,
0.05. Although we assume E(0)=1 eV, the value is not
critical.

The spatial reaction coefficients or average cross sec-
tions a are defined by

iz"(E/n) Jdu ug (v)f (u)

n du v,f (v)

1 JdE Q"(E)expx

+ q kT+
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sections for the attenuation of the fast Ar varies slowly
with energy. See Ref. 12.

The model described by Eqs. (1)—(10) does not take
into account the distance moved by an excited atom pro-
duced in an Ar -Ar or Ar-Ar collision before radiation.
This effect is difFicult to estimate since we have very little
information regarding the velocity and angle of excited
atoms after excitation. In Ar-Ar collisions'" and Ar+-Ar
collisions' the small-angle scattering data show energy
losses corresponding to excitation, but information is not
available as to the overall importance of this small-angle
contribution for low-energy collisions. In H-H2 excita-
tion collisions, the fraction of fast or "projectile" excited
atoms increases with decreasing collision energy. ' For a
fast-atom collision producing an excited atom with an en-

ergy of 100 eV and a radiative lifetime of 30 ns, as for the
upper level of the 811-nm transition, the distance moved
before radiation is less than 1 mm. Excited atoms pro-
duced by electron impact move much more slowly and
move shorter distances before radiation. Accordingly, we
will assume that the excited atoms radiate within a short
distance of their point of production. By analogy with
the dc emission experiments, ' it is convenient to express
the rate of emission at wavelength k in terms of an ap-
parent spatial and temporal excitation coefficient given
by

ai(g, t) a 1 (g, t) af If(g, t)
(E ln) + (E ln )

n n (No/T ) n (No/T )

+Q, (e) AT, e "'g (z),
where T, is the ion transit time and 3 is the radiative
transition probability for the state emitting at A, . Here we
have assumed that the electron current density is given
by 1,5(t)g (z), where 5(t) is a delta function and g(z) is
to be determined from the steady-state electron mod-
el. ' '" The approximation is possible because the data of
Sec. IV A 1 show that the effective radiative lifetime 1/2
of the excited Ar is significantly longer than the electron
current pulse. Here we have neglected collisional
quenching' because of the low gas densities at the higher
E/n value where the present model holds.

A final aspect of the model is the choice of the fast-
atom velocity wf. The choice is based on the remark by
Chantry' that the reason the fast atoms appear to move
faster than the ions which produced them in charge-
transfer collisions is that we observe excitation primarily

I

by those higher velocity atoms for which the excitation
cross section is large. We take wf as the velocity of those
atoms with energies at the peak of the integrand of Eq.
(10). For example, at Eln =20 kTd this procedure gives

wf =2.3 X 10 m/s compared to the Ar+ drift velocity of
w =8.5X10 m/s. The velocities at which the integrand
is one-half of its peak value are approximately 75% and
130%%uo of wf, so that a significant spreading of the struc-
ture of the 811-nm emission wave form calculated using
Eq. (11) is expected.

B. Simplified, analytic model

Rather than solve the full set of Eqs. (1)—(11) numeri-
cally, we will give approximate analytic solutions which
show the essential features of the transient emission ob-
served for excitation by electrons, Ar+, and Ar at the
very high Eln value of the present experiments. We first
note that the electron drift velocities w, are' ' from
3000 to 10000 larger than those for Ar+ in Ar, ' so that
the steady-state solutions of Eqs. (1) and (2) for the elec-
trons are adequate for emission data obtained on the time
scale of the transit of ions and fast neutral atoms between
the electrodes. Second, for E/n &20 kTd and voltages
well below breakdown, we can neglect heavy-particle ion-
ization terms in Eqs. (1) and (3). This assumption needs
further investigation for higher E/n and values of nd
near, but below, breakdown. Third, since we will apply
the model only to experiments for which secondary
avalanches are small, we neglect the secondary electrons
produced at the cathode, i.e., the model considers only
the ions generated in the avalanche initiated by the pho-
toelectrons. Finally, we find that the solution to Eqs. (1)
and (2) can be approximated by the empirical relation
I,(z, t)=N05(t)exp(az). Here a is an empirical parame-
ter which is adjusted to fit the experimental data or is ob-
tained by fitting to theoretical solutions for the spatial
dependence of the ionization produced by the electrons of
the initial avalanche and by electrons backscattered from
the anode. For the single avalanche conditions of this
model a is negative at high E/n because of the decreas-
ing ionization cross section with increasing electron ener-
gy over most of the gap. With these approximations,
Eqs. (3) and (4) have the solutions

1 (y, t) =w a,'Noexp ' [1—u (t —y/w~)]

and

hlwf w Qcrn ae~V 0 aw t o, tu am (t —y/w ) ow (t —y/w )
I (y, t)= [e ~(e —e )u(t)+(1 —e )u(t —y/wf)+(1 —e )u(t —y/w )] .

[a(wf —
w~ ) f3]—

(13)

Here y =d —z is the distance from the anode, d is the
electrode separation, P=wfaf, and u (t —c) is the unit
step function beginning at t =c. The ionization
coefficient a', is the maximum value of U, (z)Q,'(z) in gap,
i.e., the ionization frequency per molecule at an electron
energy of about 100 eV.

d/4
Z =—I dzr (z t)

d o p (14)

The ion current measured at the cathode is determined
from the fIux of Ar+ in the region between the cathode
and the grid using the relation



43 EXCITATION BY FAST ATOMS AT VERY HIGH ELECTRIC. . . 3047

so that

CW& A a(w t —3d/4) d/4 3d
e ~ (1—e ) for 0&t&

d 4'J='
cw& A a(w t —d) 3d d(1—e '

) for &t &4' wp

Here it is assumed that the spacing of the grid from the
cathode is —,

' of the cathode anode spacing as in our ex-
periment.

The predictions of the analytic model are illustrated in
Fig. 2, where the calculated current wave form is shown
in the upper trace, the calculated emission near the
cathode and near the anode are shown in the middle and
lower traces. Here we have chosen cx to be negative so as
to be consistent with the data discussed in Sec. IV A 2 for
the lowest Ar densities used. In the lower sections of Fig.
2, the solid curves show the predicted total production of
811-nm emission by electrons, fast Ar atoms, and Ar+
for a position near the cathode and for a position near the
anode. The dash-dotted curves show the predicted exci-
tation by electrons when the excited states are assumed to
decay with the lifetime of 200 ns found experimentally in
Sec. IV A 1. Also shown by the dashed line in the set of
curves for a position near the cathode is the predicted
contribution of excitation by Ar multiplied by a factor
of 70. The slow rise in the predicted emission at 1 —2 ps
in Fig. 2 results from the extra collision required for exci-
tation by fast Ar relative to that for excitation by Ar+.

This difference in time dependences is analogous to the
difference in spatial dependences predicted and observed
for 811-nm emission. ' Note that since we estimate that
the ion nonequilibrium distance is & 5% of the electrode
spacing in the data to be presented, we have not attempt-
ed to include the corresponding delay in the models of
this section. The results for the simplified model will be
compared with experiment in Sec. IV A 2.

IV. RESULTS

A. Uniform electric fields

1. E/n =280 Td data

Measurements of electron-induced ionization ' and
emission' for Ar at E/n (1000 Td show that over most
of the gap the electrons are in local equilibrium with the
electric field and gas collisions as required for application
of the conventional model of current growth. ' An ex-
ample of such data is shown in Fig. 3 for E/n =280 Td
and an Ar pressure of 0.5 Torr, where 1 Torr=133 Pa.
The upper trace of Fig. 3 shows the electron current,
while the lower trace shows the emission from Ar at 811
nm when the detector is located near the anode. The first
peak in the current at 200 ns is caused by the laser-
induced photoelectron pulse and has a width determined
primarily by the transit time of the electrons between the
cathode and the grid. The second and much smaller peak
at 300—400 ns is apparently caused by photon-induced
secondary electrons, ' where the photons are excited by
electrons which have crossed most of the gap. The elec-
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near anode for E/n =280 Td. The laser-induced photoelectron
pulse occurs at 200 ns. The Ar density was 1.6X10 m m
(0.5 Torr).
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tron transit time for crossing the gap calculated using the
theoretical drift velocity of Golant' is shown by the
dashed vertical line. The small negative current signal
near 260 ns is probably caused by the damped, ringing-
type oscillations observed when the current pulse is short.

The time of maximum rate of increase in the 811-nm
emission near the anode in Fig. 3 corresponds approxi-
mately to the estimated electron transit time. In the time
interval from 200 to 1000 ns the 811-nm emission decays
with a time constant of 150+20 ns compared to the
=30-ns radiative lifetimes' for the upper levels of the
811-nm transitions. This slow decay has been attributed
by Gallagher to cascading from states of the 3d and 1s
configurations (Paschen notation' ) that are efficiently ex-
cited by high electron energy electrons. Similarly long
decay times have been observed by Cooper et al. using
0.5-MeV electron-beam excitation and are attributed to
cascade excitation. Because of the repeated absorption
and emission (imprisonment) of the uv radiation, the
effective lifetimes of the resonance states of the 3d
configuration approach the lifetimes for the 3d to 2p tran-
sitions, i.e., about 100 ns. ' In this explanation the pho-
tons responsible for the secondary-electron emission at
the cathode at our lower E/n are presumably from the
3d-1p transitions near 87 nm, rather than from the 1s-1p
transitions near 105 nm that are usually considered.
Note the relative absence of a significant component of
the 811-nm emission near 200 ns corresponding to 2p9 OI

2p7 atoms excited by the initial electron avalanche and
decaying with the short radiative lifetimes (=30 ns)
characteristic of 2p states. ' Experimental excitation
cross section data are available for the 2s and 3d levels
only for energies up to 100 eV, Qualitative evidence for
large excitation cross sections for the 3d levels at 400 and
500 eV is given by Li et al. Several estimates of these
cross sections have been made using optical oscillator
strength data.

Note that the long-lived 2s and 3d excited states re-
sponsible for the cascade excitation of the 2p levels fol-
lowing electron excitation of Ar will have short radiative
lifetimes, i.e., 3—30 ns, ' when the 2s and 3d levels are
produced with significant velocities in Ar-Ar or Ar -Ar
collisions and imprisonment effects are small. We
therefore expect cascade excitation of the 2p levels from
the 2s and 3d levels to be small following excitation of the
2s and 3d levels in Ar-Ar and Ar+-Ar collisions.

2. E/n =18.6 kTd data

The results of time-dependent measurements of 811-nm
emission and discharge current for E/n =18.6 kTd are
shown in Figs. 4 and 5 for Ar pressures of 30 and 50
mTorr, respectively. The total discharge voltages vary
from V=720 to 1200 V. Since the corresponding mean
free paths of 2. 5 —1.4 mm for the Ar+ are short com-
pared to the 40-mm gap, we assume the Ar+ to be in
equilibrium with the applied E/n and to have the calcu-
lated" energy distribution with k T+ =47 eV. The
current transient shown by the solid curve in the upper
trace of Fig. 4 is severely distorted at early times, e.g. ,
less than =100 ns, because the short (=30 ns) electron
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FICr. 4. Cathode current and {811+1)-nmemission transients
following a laser pulse at 4.5 ps for E/n =18.6 kTd at various
positions. The Ar density was 9.7X 10 m ' {0.03 Torr). The
calculated ion transit times are ~A~ and v.AC for the anode to
grid and anode to cathode, respectively.
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current pulse is not recorded by the transient digitizer
when operated at slow sweep speeds () 5 ps/cm).
Current traces recorded at higher sweep speeds are not
useful because of the presence of damped circuit oscilla-
tions as is shown in Fig. 5. The remainder of the current
wave forms in Figs. 4 and 5 are proportional to the aver-
age flux of delayed ions and electrons between the grid
and the cathode as given by Eq. (14). The calculated ion
transit times from the anode to the grid ~A& and from the
anode to the cathode ~«are indicated by the vertical
dashed lines. The reproducible minimum in the current
in Fig. 4 near 5 ps, i.e., just after the electron current
spike, may be evidence for ion nonequilibrium effects, but
also could be residual circuit oscillations. The relatively
slow decrease in current between 5 and 8 ps in Fig. 4 is
caused by the arrival of a decreasing ion flux, resulting
from the decrease in ion production with distance from
the cathode as the electrons gain energy. ' '" The small
structure in this current wave form occurring just prior
to the calculated ion transit time ~A~ is probably caused
by additional ions produced near the anode by backscat-
tered electrons.

A second important feature of the current wave form
in Fig. 4 is the small magnitude of the current flowing
after collection of the Ar from the initial avalanche, i.e.,
after ~«. The small area under this portion of the
current wave form means that the ionization and excita-
tion caused by secondary avalanches can be neglected, as
is assumed in the model of Sec. III B. The very low emis-
sion from near the anode at times from 7 to 9 ps is also
evidence for the negligible contribution of secondary
avalanches to the emission.

The wave form in the middle trace of Fig. 4 is the 811-
nm emission 5 mm from the cathode. The initial peak at
5 ps is the result of the production of Zp atoms by the
photoelectrons and by electrons produced in the initial
avalanche. The second and broader emission maximum,
lasting from 5 to 10 ps, will be referred to as delayed
emission. Most of this emission is produced by a "wave"
of particles which move toward the cathode with veloci-
ties that are slow compared to electron velocities. Evi-
dence for this wavelike motion is the much earlier de-
crease in the delayed emission when observed at a posi-
tion near the anode, as in the lower trace of Fig. 4. Simi-
lar wavelike behavior, but for a higher Ar density, is seen
in the upper and rniddle traces of Fig. 5. Since the excit-
ed states responsible for the production of 811-nm radia-
tion have a radiative lifetime of less than 200 ns, these
atoms emit near where they were excited and must have
been excited by some slow-moving species in the wave.
From the microsecond time scale of the moving species,
we conclude that the particles are either Ar or fast Ar
produced by Ar in charge-transfer collisions with Ar.
If electrons from secondary avalanches were responsible
for the excitation, the 811-nm emission would be in-
dependent of the position of observation.

We next use the comparison of the wave forms of Fig.
4 with model predictions shown in Fig. 2 to argue that
the dominant excitation is by fast Ar atoms. This argu-
ment is based in part on the slow rise in the emission pre-
dicted in Fig. 2 to occur immediately after the electron

spike for a detector located near the cathode. The trace
labeled C in the middle panel of Fig. 5 shows this rise
particularly well. A second part of the argument is con-
cerned with the somewhat more rapid decrease in the
emission intensity than in the current observed in the
middle and upper traces of Fig. 4. The more rapid decay
of emission relative to current is much less pronounced in
Fig. 4 than in the middle and upper calculated traces of
Fig. 2 because of the spread of fast-atom velocities not in-
cluded in the model. In both Figs. 4 and 5 the experi-
mental emission wave forms near the cathode are very
different from that predicted for excitation by Ar+ as
shown by the dashed line in the middle section of Fig. 2.
We have not attempted a quantitative comparison of
theory with experimental wave forms because of the dis-
tortion introduced by the absorption of ion and fast
atoms by the grid.

We conclude from these comparisons of experiment
and the model that our observations are consistent with
the proposal' that excitation by fast atoms is the dom-
inant source of excitation of 811-nm emission at high
E/n values. Obviously, a more complete model is very
desirable. Further experimental evidence for excitation
by fast atoms will be cited in later sections.

The temporal behavior of the 750-nm emission from
the 2p, -lsz transition, shown in lower traces of Fig. 5, is
very different from that of the 811-nm emission shown in
the middle traces. Following the initial spike caused by
electron excitation during the initial avalanche, there is a
weak, slowly varying emission lasting for times about
equal to the ion transit time. The signal-to-noise ratio is
not high enough to say whether the time dependence of
this delayed 750-nm emission follows the 811-nm emis-
sion produced by fast Ar or the expected secondary elec-
tron flux resulting from Ar+ arriving at the cathode. The
relatively large initial spike on the time scale of the initial
electron avalanche and the weak delayed emission are
consistent with excitation of the 750-nm lines by elec-
trons. A large probability of electron excitation of 750
nm compared to 811 nm is expected since Ballou, Lin,
and Fajen have shown that the cross section for elec-
tron excitation of the 2p

&
level and the 750-nm line of Ar

is =25 times that for the 2p9 level and the 811.5-nm line
at 200 eV and that the ratio increases with increasing
electron energy. In addition, Kempter et al. found that
the cross section for the excitation of the 750-nm lines in
fast Ar-Ar collisions at 900 eV is only about 20% of that
for excitation of the 811-nm lines. This suggests a large
cross-section ratio for 811 to 750-nm excitation at the
fast Ar energies of our experiment of =45 eV. Addition-
al discussion concerning the mechanism of 750-nm pro-
duction will be presented in Sec. IV B 3.

The effects of increasing Ar density at E/n = 18.6 kTd
are seen by comparing the wave forms of Figs. 4 for 30
mTorr and 5 for 50 mTorr. Most noticeable is the in-
crease with pressure in the slope of the current wave form
during the time period ~A&. The negative slope at the
low Ar densities of Fig. 4 is partly the result of the de-
crease in the ionization cross section as the electrons are
accelerated in their essentially free-fall motion and partly
the result of ion losses to the grid. As the gas density in-
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3. E/n =52 kTd data

The current and 811-nm emission wave forms obtained
for E/n =52 kTd and a pressure of 30 m Torr are shown
in Fig. 6. There are several important differences from
the results obtained for Eln =18.6 kTd. First, the elec-
tron components of the emission wave forms relative to
the delayed components are factors of 2 —3 smaller at
E/n =52 kTd because of the lower cross sections for
direct and cascade excitation by electrons at the higher
energies. Second, the time scale of the delayed emission
is approximately a factor of 2 shorter than for the 18.6-
kTd data. The agreement of the predicted anode to grid
transit time ~A& and the measured time to maximum
current can be regarded as a test of the assumption that
the Ar+ ions are in equilibrium at this extremely high
E/n value. Finally, when the time scales are normalized
to the ion transit time, the delayed 811-nm emission wave
forms rise more slowly than is the case for 18.6 kTd.
This feature suggests that the ratio of atom velocity for
maximum excitation probability defined in Sec. III B to
the ion velocity for 52 kTd is smaller than for 18.6 kTd.
The theory is not sufficiently well developed to test the
predicted 25% reduction in mf /m for 52 kTd compared
to that for 18.6 kTd.
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FIG. 6. Cathode current and (811+1)-nm emission transients
for E/n =52 kTd at various positions. The Ar density was
9.7 X 10 m (0.03 Torr). The times and positions indicated
are as for Figs. 4 and 5.

creases the ion current increases and the contribution of
secondary avalanches to the current increases. The
secondary avalanches are evident in a slower decline in
current at the end of ~AG for the conditions of Fig. 5

compared to the decline seen in Fig. 4.

B. Nonuniform electric fields

The grid shown in Fig. 1 was added so as to allow the
operation of the region between the grid and the cathode
at various electric fields relative to that between the
anode and grid. Two electric-field configurations for
which we will present results are shown schematically in
Fig. 7. In the nonuniform field configuration shown in
Fig. 7(a) we expect the drift energy of the ions in the
cathode-grid region to drop to a few eV and the produc-
tion of fast atoms with sufFicient energy for excitation to
cease. The fast atoms passing through the grid have a
long enough mean free path so that a significant fraction
reach the cathode without collision. The uniform field
configuration shown in Fig. 7(b) is the same as that used
for the data reported in Figs. 4 and 5. Experiments with
nonuniform electric fields were carried out to determine
(a) the transient current and emission, (b) the spatial
dependence of electron-induced emission and of delayed
excitation produced primarily by fast atoms, and (c) the
spatial dependence of emission from a steady-state,
nonuniform field discharge.

1. Transient currents and emission

(a) Nonuniform Field (b) Uniform Field
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FIG. 7. Schematic of potentials applied in (a) nonuniform
field and (b) uniform field experiments of Figs. 8 and 9.

The wave forms in Fig. 8(a) show the currents and the
811-nm emission obtained using the spatially nonuniform
electric field of Fig. 7(a), while those in Fig. 8(b) were ob-
tained with the spatially uniform electric field of Fig. 7(b).
In particular, the voltages between the grid and anode
were the same for the two configurations, while the grid-
to-cathode voltage for the wave forms on the left was
lower by a factor of 18. The current and emission wave
forms for the uniform field case in Fig. 7(b) are the same
as those of Fig. 4. The general features of these wave
forms were discussed in Sec. IV A 2.

The initial peak in the current wave form for the
nonuniform field case is caused by the photoelectron
pulse. This pulse is recorded by the digitizer because of
the relatively low electron drift velocity at Eln =1 kTd
and the relatively long times spent by the electrons in the
cathode-grid region. The remainder of the current wave
form is caused primarily by ions. The calculated ion
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FIG. 8. Cathode current and (811+1)-nm emission transients following a laser pulse at =4.8 ps for nonuniform and uniform elec-
tric fields with voltages as shown in Fig. 7. The E/n value between the grid and anode was 18.6 kTd. (a) In the nonuniform field case
the E/n value was 1.03 kTd between the cathode and grid. (b) In the uniform field case the E/n value in the grid to cathode region
was 18.6 kTd. The calculated ion transit times are ~AG and ~« for the anode to grid and grid to cathode, respectively. The Ar densi-
ty was 9.7X10 m (0.03 Torr).

transit times are indicated by ~AG. for the anode-to-grid
gap and ~zc for the grid-to-cathode gap. The stretched-
out appearance of the current wave form after about 8 ps
is the result of the factor of &18 times longer ion transit
time across the grid-to-cathode region than in the uni-
form field case. Thus the "tail" of the wave form is ap-
proximately four times longer than for the uniform field
case.

The lower wave form of Fig. 8(a) shows the 811-nm
emission for the nonuniform field case. Because of the
low energy of the electrons in the cathode-grid region
there should be no excitation and the small prompt emis-
sion peak must be stray light from elsewhere in the drift
tube. The relatively sharp peak of the delayed 811-nm
emission near 6 ps is similar to that shown in Fig. 2 for
monoenergetic Ar. It may indicate a relative deficiency
of lower energy Ar because of their more rapid attenua-
tion and the absence of production in the low E/n re-
gion. In any case, the time-integrated magnitude of the
delayed 811-nm signal is reduced by only about 30%
from that for the uniform electric field signal of Fig. 8(b).
This small change is consistent with the reduced produc-
tion region for fast Ar and is consistent with excitation
by fast Ar. If ions were responsible for the excitation we
would expect a drastic reduction in the 811-nm emission
because the low E/n value in the grid-cathode region
lowers T+ by a factor of 18, i.e., to values well below the
excitation threshold, in about one ion mean free path.

2. Spatial and temporal dependence of 811 nm emission-

The second type of experiment carried out using the
nonuniform electric-field configuration was the deter-
mination of the spatial distribution of the emission using
the movable optical and photomultiplier system de-
scribed previously. ' A significant difference from previ-
ous experiments was the use of a gated sealer to sample
the photomultiplier output and allow measurements of
the spatial distribution of emission during the electron
pulse or during the later portions of the emission wave
form. Figure 9 shows the results of these measurements
for the same voltages and pressures as in Fig. 8. The
open points were obtained using the nonuniform electric
field as in Figs. 7(a) and 8(a), while the solid points were
obtained with the uniform electric field as in Figs. 7(b)
and 8(b). The square points were obtained by gating the
detection system so as to count photon pulses only during
a 500-ns period centered on the emission caused by the
initial electron avalanche, while the circular points were
obtained during a 5-ps period beginning 0.5 ps after the
electron-induced signal. All measurements are normal-
ized to the average cathode current.

The excitation produced during the initial electron
avalanche for the uniform electric field case, i.e., the solid
squares, show little variation with position over most of
the gap. The nearly spatial-independent excitation pro-
duced by electrons is unexpected in view of slowly de-
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FIG. 9. Spatial dependence of (811+1)-nm emission for the
conditions of Figs. 7 and 8. The solid and open squares are
from counts arriving during a 0.5-ps gate that includes the ini-
tial laser pulse. The solid and open circles are for a 5-ps gate
beginning 0.5 ps after laser pulse. The solid points are for the
uniform electric field and the open points are for the nonuni-
forrn electric field. The voltages were as shown in Fig. 7.

creasing current wave forms of Figs. 4 and 8(b) at the
same pressure. The low points at 10 mm from the
cathode are attributed to the scattering and/or absorp-
tion of the 811-nm photons by the grid. The near equali-
ty of the electron-induced emission in the grid-anode and
cathode-grid regions suggests that the loss of electrons to
the grid is compensated by ionization produced by back-
scattered electrons from the grid and/or that the resul-
tant electron-energy distribution contains a larger frac-
tion of low-energy electrons capable of exciting the 811
nm efficiently. Backscattering from stainless steel is
known to be large and to lower the electron energy. '"
The slight rise in the emission at 35—38 mm from the
cathode is attributed to excitation by backscattered elec-
trons from the graphite anode. ' '"

In the case of electron-induced excitation in the nonun-
iform field case, gated sealer data were not taken. How-
ever, the relative magnitudes of initial peaks of emission
transients such as shown in Figs. 4 and 5 were measured.
These data, indicated by the open squares in Fig. 9, show
that the emission drops by about a factor of 5 from the
high-field, grid-anode region to the low-field, cathode-
grid region. Since the 10 eV energy available to electrons
ai the grid is well below the excitation threshold for the
811-nm lines, we suspect that the small signal observed at
5 mm from the cathode is due to scattered light or to the

finite spatial resolution (=3.5 mm) of the detection optics
used in the experiments.

The delayed emission from the grid-anode region in
Fig. 9 is typical of the spatial dependence observed and
calculated' for excitation by fast Ar atoms. When nor-
malized to the total anode current, it changes little as the
electric field in the cathode-grid region is lowered from
the uniform electric field (solid circles) to the nonuniform
field (open circles). This insensitivity to the cathode-grid
region conditions results from the fact that the Aux of
ions and fast atoms is zero at the anode and the produc-
tion of ions is fixed by the normalization to total anode
current. A surprising feature of the delayed emission in
the uniform electric field case is the relatively large signal
in the vicinity of the anode. This emission may be caused
by electrons from secondary avalanches, ' although the
small 811-nm emission at 7—8 ps in the lowest trace of
Fig. 4 shows such avalanches to be small for the condi-
tions of Fig. 4. If secondary avalanches are significant
because of changed electrode condition, etc. , then the 5-
ps gate length applied to the sealer was too short. This
would result in a discrimination against late time ernis-
sion, such as occurs predominantly near the cathode. See
Figs. 4 and 5. Errors in the settings of the gates are be-
lieved to be small. '

From the data of Fig. 9, we see that the perturbation of
the delayed emission caused by the grid is severe in the
uniform field case even if we disregard the emission from
within the =5-mm region obscured by the grid support
and apparatus resolution. In view of the measured 74%
optical transmission of the grid and the large ratio fast-
atom mean free path to grid thickness in the field direc-
tion, we expect the excitation by fast atoms to be about
25%%uo smaller than that predicted by extrapolation of the
emission observed in the grid-anode region toward the
cathode. The observed decrease in emission in the grid-
cathode region would seem to be somewhat larger than
predicted. The loss of ions at the grid is difficult to esti-
mate because of the sensitivity of the ion motion to the
local electric field. Some comments on this point are
given in the Appendix.

The delayed excitation in the space between the
cathode and grid is reduced in the low-field case com-
pared to the uniform field case because the Ar+ drifting
toward the cathode loss excess energy in about 1 mm in
charge-transfer collisions and no longer have sufficient
drift energy to produce the fast Ar that cause excitation.
The difference in excitation between the uniform and
nonuniform field cases in Fig. 9 increases as one ap-
proaches the cathode because of attenuation of the fast-
atom Aux and the absence of fast-atom production in this
region. See Sec. IVB4.

The spatial variations of the sums of the electron and
delayed emission components of the 811-nm emission
from the grid-anode region for both the uniform and
nonuniform field cases shown in Fig. 9 for E/n =18.6
kTd are similar to the spatial dependence of steady-state
emission for E/n =22 kTd shown in Fig. 9 of Ref. 1. As
suggested in Ref. 1 and discussed in Sec. IV B4, the 811-
nm emission near the anode appears to be due to the con-
tribution of 811-nm excitation by cascading from the
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higher resonance levels excited by high-energy electrons.
From the preceding analyses of the spatial-dependence

emission data of Fig. 9, we conclude that in the nonuni-
forrn field case the excitation in the grid-cathode region is
primarily the result of fast atoms injected into the low-
field region from the high-field region.

3. Spatial and temporal dependence
of 764- and 750 nm -emission

Measurements were also made of the spatial depen-
dences of the electron and delayed components of emis-
sion at 763.5- (2p6-Is~) and 750.4- (2p&-Is&) nm. For the
uniform field configuration, the spatial variation of the
electron component at both wavelengths was very similar
to that shown by the solid squares of Fig. 9 ~ The count
rates for the electron components were in the ratios of
6:4:1 for the 750, 811, and 764 nm signals. The delayed
764-nm emission showed much the same spatial variation
as the 811-nm emission in Fig. 9, but was a factor of 5
smaller. The delayed 750-nm emission, however, in-
creased by only about 50% in going from the anode to
cathode and is much less perturbed by the grid than for
the 811-nm lines. This observation is consistent with fast
Ar excitation of the 750-nm line equaling about 50% of
the electron excitation near the cathode and less than
10% of the electron excitation near the anode. In view of
these numbers we conclude that the 750-nm emission
from near the anode can be used as a measure of the elec-
tron transient behavior in somewhat the same way as the
391.4-nm band emission is used ' for monitoring the
electron transient and spatial behavior in N2 discharges
at very high E/n values.

O
Q)
(0

1.0—
O

6$

CD

-~o

0
0O~O: O~

O..

I I

.0
0 00 0

0
0000

0-

I

0.5—

0.5—

0

„OI

0.5—

(a)

CP

Q)
U0
C
cU

0
-10

I

10
I

20 30 40 50

Distance from cathode (mm)

FIG. 10. Experimental spatial dependences of (811+1)-nm
emission from steady-state discharges in various nonuniform
electric-field configurations. (a) E /n

~ ~G = 14.7 kTd,
E/nunc=0, and p =80 mTorr; (b) E/n~iAo=84 kTd,
E/n~oc=O, and p =50 mTorr; (c) E/n~~o=2. 5 kTd,
E/n~ioc=15 kTd, and p =80 mTorr. In (a) and (b) fast Ar
atoms with effective energies of 100 and 300 eV are injected into
the electric-field-free grid-cathode region. In (c) slow Ar+ ions
are injected into the grid-cathode region where they rapidly ac-
quire sufficient drift energy to produce the fast Ar atoms, which
excite the 811-nm emission.

4. Steady state measur-ements of 811 nm emissio-n

Figure 10 shows examples of steady-state emission at
811 nm obtained with various spatially nonuniform
electric-field configurations. In these plots, as well as oth-
ers in this paper, the ions and fast atoms move from right
to left and the electrons left to right. Figures 10(a) and
10(b) are for the injection of moderate- and high-energy
atoms from the anode-grid region into the zero-field
grid-cathode region. Figure 10(c) shows the results of the
injection of relatively low-energy ions into a high-
electric-field grid-cathode region where the ion drift ener-

gy is high enough to produce fast atoms which excite
811-nm emission. Because of the higher spatial resolu-
tion (=1 mm) and resultant limited extent of the grid
perturbation for the data of Fig. 10, we can obtain much
more information regarding the spatial dependence of
emission in the grid-cathode region from Fig. 10 than
from the data of Fig. 9.

When considering the nonuniform field cases we have
used two classes of fast-atom beams. The first is formed
by Ar+-Ar charge-transfer collisions in the anode-grid
region and has an energy distribution characteristic of
ions with the anode-grid E/n. The second fast atom
beam is formed in the grid-cathode region and has an en-
ergy distribution characteristic of ions with the grid-
cathode region E/n. Because of the short mean free path

for charge transfer the ions are assumed to have an ener-

gy distribution determined by the local E/n.
The E/n value of 14.7 kTd in the anode-grid region of

Fig. 10(a) produces a calculated kT+ of 36 eV for the in-
jected ions and fast atoms. According to the model of
Sec. III, the energy of the fast atoms most responsible for
excitation of the 811-nm emission is =100 eV. Once the
ions enter the low-field region they thermalize in about 1

mm and are collected by the grid. The high efficiency of
ion collection is evidenced by the very low cathode
current, i.e., =0.1% of the anode current. After passing
through the grid with a 25%%uo loss of intensity, the fast
atoms continue toward the cathode as a beam while ener-

gy loss in =90' angle scattering collisions reduces the
directed atom Aux, i.e., attenuates the beam. From the
decrease in 811-nm intensity with distance to the left of
the grid we find an attenuation cross section of
=4X10 m . Note that since 180 elastic scattering in
the center-of-mass coordinates results in no loss of fast
Ar Aux, this attenuation cross section is closely related to
the viscosity cross section appearing in thermal conduc-
tivity. Our attenuation cross section is in good agree-
ment with the viscosity cross section of Robinson of
3.2X10 m at 100 eV.

Incidentally, the steady-state model of Ref. 1 shows
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that for the conditions of Fig. 10(a) the fast atoms in the
grid-cathode region produce sufficient ionization to main-
tain the discharge without a significant production of
secondary electrons from the cathode. The maximum in
the 811-nm emission to the right of the grid is caused in
part by secondary electrons produced at the grid which
are then accelerated through the energy region of max-
imum cross section. Note that the conditions of Fig.
10(a) are very similar to those in Fig. 9.

The E/n value of 84 kTd in the anode-grid region for
Fig. 10(b) produces a calculated kT+ of 230 eV for the
injected ions and fast atoms, so that the atoms that are
most e6'ective for excitation have energies of =300 eV.
In this case the cathode current is about 1% of the anode
current, again indicating that most ions are collected by
the grid and that ionization in the cathode grid region is
small. Again, there is a significant loss of fast atoms and
ions when transversing the grid. The apparent attenua-
tion cross section for the fast atoms is (6X10 ' m,
which is considerably smaller than our previous esti-
mate" based on the sum of the cross sections for
momentum transfer and inelastic collisions. The proba-
bility of excitation by fast atoms is insensitive to energy-
loss collisions at this relatively high atom energy because
of the slow variation in the excitation cross section with
energy. On the other hand, scattering at angles of =90'
should still attenuate the beamlike character of the fast
atoms. We have no explanation for this apparent at-
tenuation cross section being significantly smaller than
Robinson's viscosity cross section of 2 X 10 m .

It should be noted that for the conditions of Fig. 10(b)
the 811-nm emission increases with very nearly an ex-
ponential dependence on distance from the anode toward
the grid. From our model calculations, ' this observation
should not be considered as evidence for excitation as the
result of an "ion and fast-atom avalanche, " but instead is
the result of a combination of fast-atom excitation over
much of the anode-grid region and of electron excitation
toward the anode. In order for a true ion —fast-atom
avalanche to develop, the length of the region of observa-
tion would have to be long compared to the fast-atom
mean free path.

The data shown in Fig. 10(c) are for an E/n value of
2.2 kTd in the anode-grid region and 15 kTd in the grid-
cathode region. At the low E/n value of the anode-grid
region the ion energy is only kT+ =4.2 eV so that ioniza-
tion and cascade excitation are dominated by electrons
with energies of about 100 eV energy. The ion Aux gen-
erated in the anode-grid region drifts through the grid to
the high E /n region between the grid and cathode.
There the Ar ions rapidly reach an equilibrium kT+ of
35 eV and produce a Aux of fast Ar that increases toward
the cathode. In the grid-cathode region the fast atoms
most eft'ective in producing excitation have energies of
=100 eV. Note that the fast-ion Aux in the grid-cathode
region is formed from the slow-ion Aux in about one
mean free path, i.e., 1 mm, from the grid. This results in
a spatial growth of the fast-atom flux and the resultant
811-nm excitation which is approximately a linear func-
tion of distance from the grid toward the cathode. The
departures from linearity may be in part caused by sha-

dowing by the grid support. This approximately linear
behavior is to be contrasted with the situation near the
anode in Figs. 10(a) and 10(b) where we expect' the
growth of ion Aux to be a linear function of distance from
the anode and the Aux of fast atoms and the excitation to
increase quadratically with distance. If the excitation of
811-nm emission by ions in the grid-cathode region for
Fig. 10(c) were significant, there should be a step function
increase in emission on the cathode side of the grid. To
within the uncertainties introduced by the loss of light
caused by the grid structure, no such step increase is ob-
served. In this case the cathode current is about 75% of
the anode current, as expected from the measured optical
transmission of the grid.

V. SUMMARY

The time- and spatial-dependent emission data and the
model of the transient experiment presented in this paper
support the suggestion of Phelps and Jelenkovic' that the
excitation of the 811-nm lines of Ar at very high E/n
versus is the result of collisions of fast Ar atoms with Ar,
where the fast Ar is produced in charge-transfer col-
lisions of fast Ar+ with Ar. This result, coupled with the
evidence for the dominance of ionization by Ar-Ar col-
lisions in Ar breakdown at very high voltages, ' provides a
reasonably complete picture of the primary processes in
Ar discharge at low currents and very high E/n values.
However, a number of other problems remain to be
solved. First, the excess emission observed in spatial
scans near the cathode at moderate E/n values is still
unexplained. Second, the discrepancies among the vari-
ous determinations of electron excitation coefficients used
to normalize our relative excitation coefficient data at
high E/n values lead to uncertainty in the absolute mag-
nitudes of the derived cross sections for excitation in Ar-
Ar collisions. '

The semiquantitative agreement of the ion and fast-
atom model of Sec. III with experiment shows that the
concept of the more important fast atoms traveling faster
than the ions is useful in explaining the observed emission
wave forms. The models used in this paper do not pro-
vide detailed electron and fast-atom velocity distribu-
tions, time-dependent current, and emission wave forms,
etc. Because of the small number of collisions, i.e.,( 100, made by electrons, ions, and fast atoms in crossing
the drift tube, the Monte Carlo simulation technique
would appear to be a good way to improve the models
presented in this paper and in Ref. 1.

Finally, we wish to point out that the mechanisms of
excitation by fast atoms and excitation of resonance lev-
els by electrons followed by cascading that are the dom-
inant excitation mechanisms in our experiments have not
been considered in the analyses of the emission from
discharges used in plasma processing, etc.
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APPENDIX

This appendix is concerned with the special features of
the loss of ions to grids when operated with nonuniform
electric field and in gases in which the ions undergo sym-
metric charge-transfer collisions with the background
gas. This subject does not appear to have been discussed
in the literature.

Our principal point is that because a symmetric
charge-transfer collision can be regarded to a good ap-
proximation as resulting in the formation of an ion with
thermal energy and random direction, the motion of the

ion after a collision is in the direction of the local electric
field. If this field is directed toward the surface of the
grid wires, the trajectory of the ion will be toward the
grid surface. When the applied electric field is difFerent
on the sides of the grid plane the distorted electric field
extends over a distance comparable to the grid opening.
This means that when the mean free path of the ion is
comparable to the grid opening and the electric field is
nonuniform in the sense of this paper, we expect
significant increase in the loss of ions to the grid com-
pared to that calculated from the optical transparency of
the grid. The loss of ions to a grid is expected to be
significantly smaller for foreign gas ions than for ions
formed from the parent gas because of the generally
smaller ion-atom collision cross section and because the
persistence of velocity tends to carry the ion in its origi-
nal direction perpendicular to the grid plane.
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