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Excitation of N2 in dc electrical discharges at very high E /n
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Spatial distributions of light emission from electric discharges in N2 have been measured at very
high electric-field —to —gas-density ratios E/n and low gas densities. The E/n range was from 270
Td to 107 kTd at gas densities from 1.3&10 to 1.5&&10 ' m (1 Td=10 ' Vm ). Planar elec-
trodes and low discharge currents, less than 3&(10 A/m, insured that the electric field was spa-
tially uniform. At the lower E/n and near the anode the intensities of first negative (1 ) and first
(1+) and second (2+) positive bands of N, increased exponentially with distance as expected from
published measurements of the spatial growth of ionization. The first and second positive band in-
tensities were placed on an absolute scale by normalization to previously measured or calculated
excitation coefficients for E/n of 270 to 700 Td. Because of the relatively weak signal at low E/n,
the intensities of the first negative band at 391.4 nm are normalized to a theoretical value at ex-
tremely high E/n. At E/n above 4 to 30 kTd, depending on the transition observed, the emission
peaked near the cathode. The Nz first negative band emission near 391.4 nm can be largely ac-
counted for by direct electron excitation of the v=0 levels of B X+ state. Emission data from
higher vibrational levels of the B'X+ state at very high E/n are consistent with excitation of N2

by N2+. The first and second positive band emissions appear to be the result of electron excitation
only at the lower E/n and at positions near the anode. The emission of these bands near the
cathode at the higher E/n is postulated to be the result of excitation of the N2 by about 100 eV
molecules produced in charge-exchange collisions involving N, + ions moving toward the cathode.
The required excitation cross sections are approximately 10 m' for the B'Hg group of states
and 10 ' m for the C'H„(v=0) state.

I. INTRODUCTION

The initial and a continuing objective of this research
is to test experimentally theories of the behavior of elec-
trons at very high ratios of the electric field to gas densi-
ty, E/n. The technique chosen was to measure the spa-
tial dependence of the spectral emission from a low gas
density, high voltage discharge and to compare mea-
sured and calculated electron induced emission rates.
The relevant energy levels' of N2, N2+, and N and the
principal radiative transitions observed in this experi-
ment are shown in Fig. 1. Since sources of excitation
other than direct electron excitation appear to be
present, we have the second objective of determining
these sources of excitation and including them in models
of the experiment. We have been successful in meeting
the first objective for electron excitation of the first nega-
tive emission from N2, but are able to provide quanti-
tative models for other Nz bands only at the lower E/n
and near the anode.

Comparisons of experiment and theory under condi-
tions in which electron excitation is dominant can be
used to test calculation procedures ' and cross sec-
tions ' ' ' used to model the behavior of electrons in
weakly ionized gases at very high E/n and at energies in
the 10 eV to 10 keV range. Because of the uniform elec-
tric field in our experiment, the theory is simple enough
to make definitive predictions. The results are expected
to provide guidance for techniques being developed to
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FIG. 1. Energy levels and radiative transitions relevant to
this experiment.

predict the behavior of nonequilibrium electrons and
ions in such diverse phenomena as the cathode fall, ' ''
low pressure rf discharges for plasma processing, ' the
propagation of high frequencies through the iono-
sphere, ' high-voltage discharges for switching,
charged-particle-beam propagation, ' Tokamak start-
up, and high-field regions of semiconductors.
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The only previous experimental test of models of
nonequilibrium electrons in spatially uniform electric
fields at very high E/n was a measurement by Muller
and Whale of the energy distribution of electrons pass-
ing through low-density H2 and was limited to maximum
energies of 600 eV. These experiments showed evidence
of beamlike behavior at sufficiently high E/n as predict-
ed by the accompanying Quid model, by other analytic
models ' ' ' ' ' and by Monte Carlo simulations for oth-
er gases. '

Experimental ' ' and theoretical ' '" investigations
of electrical breakdown and low current, steady-state
discharges at low values nd, where d is the electrode sep-
aration, are directly applicable to this problem. This
previous work has demonstrated the importance of pro-
cesses such as ionization by electrons backscattered from
the anode, nonequilibrium or runaway behavior of the
electrons, and the production of secondary electrons by
ion and neutral bombardment of the cathode. Also of
considerable relevance are previous theoretical and ex-
perimental studies of the ionization coefficients appropri-
ate to the exponential temporal growth calculated to
occur at very high E/n in magnetic fusion devices, '

pulsed breakdown, and radio-frequency breakdown.
Electron nonequilibrium phenomena in gases have been
observed in which low-energy electrons emitted from a
cathode undergo a delay in their ability to cause ioniza-
tion' followed by quasiperiodic changes in the probabili-
ty of ionization and excitation. ' '

The experimental apparatus and representative data
are discussed in Secs. II and III. Section IV contains the
theoretical relations used to convert the measured rela-
tive intensities to excitation coefficients. The experimen-
tal results are compared with theoretical predictions in
Sec. V. The results of the work to date and future direc-
tions are summarized in Sec. VI. The Appendix presents
a summary of the role of backscattered electrons in our
experiments. The theoretical model used to calculate
electron excitation and ionization coefficients from cross
sections is given in the accompanying paper, which
will be referred to as II. Detailed models of excitation in
ion-neutral and neutral-neutral collisions are still under
development.

II. EXPERIMENT
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FIG. 2. Electron drift tube for high E/n experiment.

to initially apply a significantly larger voltage in order to
obtain breakdown in a reasonable length of time.

The discharge electrodes are 78 mm in diameter and
are made from either sintered graphite or 304 stainless
steel. Except where noted, the anode was graphite and
the cathode was stainless steel. The choice of carbon as
an electrode material was based in part on the measured
low yields of backscattered and secondary electrons
and desorbed ions at the anode and in part on our tri-
als of graphite, molybdenum, aluminum, and stainless-
steel electrodes. We find that the discharge voltages are
significantly higher with this graphite than with other
materials tried. Figure 4 shows the measured operating
voltage as a function of nd using various electrode com-
binations. The voltage-current characteristics are repro-
ducible to about 1% once the discharge has been operat-
ed several hours. Discharge current oscillations ob-
served at high E/n can be reduced from nearly 100%%uo to
less than about S%%uo by using a large resistor (10 to 100
MQ) to control the average current and by connecting a
moderate-size (0.5 —5 nFj capacitor across the discharge.
Because of difficulties in starting the discharge at the
higher E/n and in order to discriminate against back-
ground light, a vacuum tube was connected in parallel
with the discharge and was used to square-wave modu-
late the discharge current by 10—90% at frequencies of

The electron drift tube is shown in Fig. 2 and a
schematic of the experiment is shown in Fig. 3. The
electrodes are designed to provide a nearly spatially uni-
form electric field. A very important feature of the drift
tube is the very uniform and closely fitting 80-mm-
diameter quartz tube which prevents long path break-
down 6, i6, zs, 3i The drift tube is operated in the self-
maintained discharge mode, for which previous measure-
ments and our measurements show that the discharge
voltage is very nearly independent of current at low
current densities, i.e., &3&10 A/m . This result is
consistent with our prediction of small space-charge dis-
tortion of the electric field and of the absence of electron
excited-state collisions. Although the operating voltage
at low currents appears to equal the minimum break-
down voltage, at the higher E/n it is generally necessary
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FIG. 3. Schematic of experiment for measurement of spatial
distribution of light output at high E/n.
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Voltage and current were measured with instruments
stated to be accurate to +2%.

Emission spectra in the wavelength range from 250 to
890 nm were obtained with a —,'-m monochromator and
GaAs(Cs) photomultiplier. The monochromator was set
for 1 —4-nm spectral resolution (FWHM) and had a field
of view at the discharge of about 10 mm. Most of the
spectral data were obtained from the region near the
cathode because the signals at high E/n were larger
there. The relative spectral sensitivity of the rnonochro-
mator and detector in the 300—430-nm range was deter-
mined approximately using the branching ratios' for
various transitions of the second positive system.
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FIG. 4. Discharge operating voltage vs product of nitrogen
density and electrode separation for sintered carbon (C) and
stainless steel (SS) electrodes. These are also the minimum
breakdown voltages.

a few Hz.
We have been able to operate the discharge at up to

6000 V without breakdown outside the main gap. The
maximum E In was approximately 100 kTd. (1
Td—:10 ' Vm .) In these experiments the electrode
spacing was either 36.1 or 38.6 mm. Visually the
discharge appeared radially uniform, but deposits
(cracked pump oil?) on the graphite cathode after several
months operation suggest that the typical discharge di-
ameter was 70 rnm.

The light emission versus axial position data are ob-
tained by mounting a photomultiplier and slit system on
a table driven by a computer-controlled stepping motor.
The position of this table was resettable by computer to
about 0. 1 mrn in either direction of scanning. The emis-
sion was focused into a double-slit system using a 70-
mm-diameter quartz acromat lens. The initial adjust-
ment of the slits gave a spatial resolution of about 1.5
mm Ifull width at half maximum (FWHM)], but was
subject to significant shadowing by the electrodes and
window Aanges. Later "high-resolution" data were ob-
tained with the slits set for about 1 rnrn resolution and
much less shadowing near the electrodes. The resultant
signal was reduced by a factor of about 40. Interference
filters were used to select the wavelengths observed. The
photomultiplier had a GaAs(Cs) photocathode with a
nearly constant radiant sensitivity from 250 to 820 nm.
The photomultiplier output passed through a counting
chain and was stored in the computer. Typical integra-
tion times at a given position were 5 s and each reading
was normalized to the current. Each curve shown is the
average of several forward and backward scans.

The vacuum system is all stainless steel and copper
with copper gasket seals except for the quartz windows
which use indium gaskets. After a bakeout at 100'C the
pressure is less than or equal to 10 Pa with a rate of
rise of less than or equal to 10 Pa/min. Since the gas
samples are listed by the manufacturer to have 10 or
less fractional impurities, the principal source of impuri-
ties was the background gas. The pressure was mea-
sured to +4 g 10 Pa with a diaphragm manometer.

III. RESULTS

In this section we present the results of our measure-
ments of the spectra and of the spatially dependent emis-
sion for the more prominent bands of Nz. Since no
direct calibration of the sensitivity of the photo-
multiplier-detection system was made, our experimental
data for each band are relative values as a function of
position and E/n. The normalization of these data to
obtain absolute excitation coefficients is discussed in
Secs. IV and V. Brief summaries of these results which
have been presented earlier are superseded by those of
the present paper.

A. Spectra

The spectral scans of the Nz discharges were dorninat-
ed by the first negative (1 ), first positive (1+), and
second positive (2+) bands. The Meinel band system of
Nz was very weak because of severe quenching and the
Vegard-Kaplan band system was not detected, probably
because of destruction at the tube walls. The atomic N
lines at 870 and 820 nm were particularly strong at the
higher E/n. Lines of N I at 746 and 648 nm were also
observed. The first three lines are emitted by the
2p ( P)3p levels and the last radiates to these levels.
These spectra and the data reported in this paper were
obtained after running the discharge for several hours
and changing gas several times, so that no impurity
spectra were observed. Figure 5 shows representative
spectra for 305 —445 nm at E/n values of 290 Td and 78
kTd. The "stick spectra" of Fig. 5 were calculated using
excitation coefficients for the C H„and B X+ states
from Boltzmann calculations' ' at 290 Td, relative ex-
citation coefficients for various vibrational levels based
on electron beam " and swarm experiments and recent
radiative transition probabilities. ' These predictions
are in reasonable agreement with the experimental spec-
tra. The spectra at very high E/n, such as that shown
in Fig. 5 for 78 kTd, were more difficult to model. The
stick spectra shown for the 1 bands (dashed lines) at 78
kTd were obtained by increasing the populations of the
higher vibrational levels relative to those found in elec-
tron beam experiments, e.g. , by factors of 4 and 20 for
v =1 and 2, respectively. Such distributions of vibra-
tional levels have been observed when N2 is excited by
moderate energy atomic or molecular ' ions. On the
other hand, the second positive bands are much more in-
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tense than expected from the published experimental
ion-excitation data. More discussion of the intensities
will be given in Sec. V.

FIG. 5. Spectral scans of the 1 and 2+ emission at
representative E/n values. These data are not corrected for
variations in monochromator transmission, etc. The dashed
and solid lines for the 1 and 2+ band systems shown immedi-
ately below the scans are calculated band intensities multiplied
by the estimated relative detection efficiencies.
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FIG. 6. Spatial dependence of 391.4-nm (1 ) band emission
from N2 discharges at various E/n. The symbols, E/n in Td,
and gas densities in m ' used are A, 270, 1.35&(10 '; ~, 6300,
3.0&(10 '; ~, 108,000, 1.545& 10 '. Only alternate experimen-
tal points are shown except near the electrode positions. The
solid line shows our interpretation of the 270-Td data in terms
of an exponential growth of electron density, while the dashed
lines show the variation of emission expected from the ioniza-
tion growth parameters of Ref. 43.

B. Spatial scans 10

The points of Fig. 6 show values of the ratio of the
measured photon-count rate to the discharge current as
a function of position from cathode to anode for the first
negative emission near 391+5 nm, i.e., the 0-0 band of
the B X+ to X X+ transition. The apparent signals
from positions far to the left of the cathode and far to
the right of the anode are believed to be caused by scat-
tered light reaching the detector. Data are shown for
E/n values from 270 Td to 107 kTd. Our highest E/n
is a factor of 30 higher than in previous light-emission
and current growth experiments in N2. From measure-
ments for 0.6—6@A at E/n from 0.3 —60 kTd we found
that the emission signals for all bands scale directly with
the discharge current as expected when space-charge
eftects and collisions between electrons and excited states
or between two excited states are negligible. The first
negative emission is of particular interest because its ex-
citation cross section has a maximum at the same energy
as that for the total ionization cross section, so that this
signal is a measure of the presence of electrons which
can cause ionization.

The points of Fig. 7 show measured count rates versus
position normalized to the discharge current for an in-
terference filter transmitting 337+5 nm (FWHM), i.e.,
from the 0-0 band of the C H„ to B II transition. At
E /n =270 Td the spatial dependences of the 391.4 and
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Fig. 6.
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from N2 discharges at various E/n. The symbols, E/n in Td,
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3.2)&10 '; 0, 69,000, 1.9&& 10 '. The short vertical lines associ-
ated with each set of points show the estimated limits of reli-
able data as obtained with the "low-resolution" optics. The
dashed line shows that our exponential fit to these data agrees
well with that predicted from Ref. 43 ~

337.1 bands agree to within the statistical fluctuations,
but for E/n ~ 1000 Td significant differences develop.
This higher E/n data will be discussed in Sec. V. Note
the peak in the 337.1-nm emission near the anode for
E/n =6.3 kTd. We believe that this eA'ect is caused by
backscattered electrons and will discuss such data in the
Appendix.

The points of Fig. 8 show measured values of the
count rate normalized to the discharge current for the
670-nm band of N2, i.e., from the 5-2 band of the B II~
to 3 X+ transition as a function of position. Note that
these data were obtained with our "low-resolution" op-
tics and so have much higher count rates and less scatter
than the data of Figs. 6 and 7. Comparison of data ob-
tained using both optical systems at 391.4 nm and a
common E/n indicates that the low-resolution data ob-
tained closer than 4.5 mm from the cathode and 2 mm
from the anode are reduced in magnitude by 10% or
more as the result of shadowing by the electrodes and by
the window mount. We therefore restrict our discussion
of the data of Fig. 8 and succeeding figures to the re-
gions between the vertical bars.

Data such as those of Figs. 6—8 show that at E/n
below about 10 kTd for the 1 emission and below 1

kTd for the 1+ and 2+ emission the signal increases ex-
ponentially with distance as one approaches the anode.
As has been done by others, we have interpreted this
dependence as evidence of an exponential growth of elec-
tron density resulting from an electron avalanche. The
points of Fig. 9 show the spatial ionization coefficients
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FIG. 9. Spatial ionization coefficients vs E/n for electrons
in Nz. The points are obtained from fits to our experiments
such as shown by the solid straight lines of Figs. 5 and 7. The
circles and crosses are for carbon and stainless-steel anodes, re-
spectively. The solid curve is from the current growth data of
Ref. 43. The dashed curve is calculated using the single-beam,
energy-balance model presented in paper II.

obtained from fits to the data, such as shown by the
solid straight lines of Figs. 6—8. The solid circles and
crosses show results obtained with the graphite and
stainless steel anodes, respectively. The results of pub-
lished measurements of the spatial-ionization coeffi-
cient " for electrons in N2 are shown by the solid curve.
The dashed curve of Fig. 9 shows the results of calcula-
tions using the single-electron-beam model discussed in
II.

IV. THEORY OF EXPERIMENT

In this section we wish to present the models used for
comparison of our experimental spatial-emission profiles
with the predictions of theory. We will first review the
collision processes which are potentially important in the
production of the observed emission. We will then dis-
cuss the determination of relative and apparent excita-
tion coefficients and their normalization to experimental
data or theory.

A. Excitation processes

The first excitation process considered is direct elec-
tron excitation of N2. We will use a recently proposed'
set of electron-collision cross sections to calculate elec-
tron distribution functions and spatial ionization and ex-
citation coefficients. In Sec. V we will consider the
magnitude of the production by high-energy electrons of
excited ions, atoms, and molecules which then may pro-
duce excited molecules in low-energy excitation-transfer
collisions with N2.

The excitation of molecules and atoms by ions and the
associated fast atoms and molecules produced in ion-
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molecule collisions at very high E/n is an almost com-
pletely unexplored field. The only related data appear to
be those in which the 2+ emission was used to monitor
the behavior of fast Nz(X 'X+) and N2(A X+) beams
and those for excitation of the 1 and 1+ bands in
high-temperature shock waves in collisions of N and
N2. Although ion avalanches have been found impor-
tant in models of breakdown ' '" at low nd and very
high E/n, there appears to be no direct experimental
determination of the growth coefficients for ion
avalanches in Nz. ' Significant ion avalanching in our
experiment would produce an exponential growth to-
ward the cathode of any ion or fast neutral induced
emission in a manner similar to the exponential growth
toward the anode for electron-induced excitation in an
electron avalanche. Recent observations of Doppler-
shifted and broadened spectra from regions of high elec-
tric fields present in the cathode fall of low pressure,
moderate current discharges have pointed to the impor-
tance of excitation by fast ions or atoms.

The third group of excitation processes of potential
importance here begins with the reflection of fast ions as
neutralized and excited fast atoms or molecules on im-
pact with the cathode. This process has been observed
using ion beams in vacuum. ' Excited-state produc-
tion at surfaces has been inferred from the Doppler shift
and broadening observed in the cathode fall of
discharges. ' The only quantitative observations of
emission by excited states of the neutralized incident ion
appear to be for atomic H. The fast excited atoms
formed by this process may radiate or may collisionally
excite the gas molecules to the observed levels. We have
not found any beam measurements of the reflection of
N+ or N2+ as excited atoms or molecules. This process
is considered quantitatively in Secs. IV D and V D.

B. Experimental excitation coefticients

Since the procedures for the determination of excita-
tion coefficients in drift tubes have been discussed in de-
tail by Lawton and Phelps, ' we make use of the rela-
tionships developed by these authors for the signal pro-
duced by the photomultiplier system. In particular, the
excited-state density n& for neutral molecules is found by
solving the continuity equation in one-dimensional
geometry, i.e.,

dn„(z)
V, = —An„(z) —k nn„(z)

dz q

spatially dependent velocity distribution for the elec-
trons. If excitation by ions or neutrals is important Eq.
(1) will contain additional terms, which will be similar to
the last term. In this case the velocity of the excited
species may be very high. Since the emission data of
Sec. III vary slowly with distance we neglect the deriva-
tive term in Eq. (1). The validity of this assumption will
need to be examined more closely once the major excita-
tion processes are determined.

We eliminate n, using the definition of the electron-
current density given by

j,(z) =en, (z) f u cos8f, (u, 8,z)d u .
0

The spatial excitation coefficient per unit distance in the
direction of flow of charge normalized to the gas density
a"(z)/n is defined as the ratio of the rate coefficient for
excitation, i.e., the integral in Eq. (1), to the convective
drift velocity, i.e., the integral in Eq. (2). From Eqs. (1)
and (2) a, (z)/n is found to be

a( ) f "
ug,"(u )f, ( u, 8,z)d 'u

0

u cosO, uOz d u
0

n&A e (A +nk )

n j,
Here n& 3 is the rate of photon emission per unit volume
and is normalized to the electron flux j, /e and to the gas
density. In the limit of low E/n, where the electron-
velocity distributions are independent of position, this
spatial-excitation coefficient is independent of position
and is a function only of E/n. In the limit of extremely
high E/n, the electrons undergo free-fall motion from
the cathode and all have the same velocity. If the
quenching is small, then this excitation coefficient
reduces to the excitation cross section and is a function
only of the electron energy as given by e(z)
=e(E/n)(nz) In Eq. . (3) the fraction of the excited
states which radiate before being quenched
A /( A +nkq) can be written as (1+n /no) ', where
n o:A /kq is a "quenching density. "

The steady-state signal S(z) measured when the detec-
tor is focused at a position z relative to the cathode is '

Sq[z]=f AD(v, )(f, )(AQ 4/rq) f iln& du

= f D(v;)(f;)(b, fl/4qr)(il) V

+n, (z)n f ug,"(u)f, (u, 8,z)d u,
j,(z) a&(z)

X (1+n /no) e n
(4)

where V, is the z component of velocity of the excited
molecules, 3 is the total radiative transition probability,
kq is the rate coefficient for collisional quenching of the
excited state, n, is the density of the electrons, u is the
relative speed of the electron and the ground-state mole-
cule, n is the ground-state density, g," is the cross sec-
tion for excitation of the molecules by electrons, 0 is the
angle the electron velocity makes with its direction of
acceleration due to the electric field, and f, (u, z, 8) is the

where

(f; ) = f f;(v)R&(v)dv/f R&(v)dv .
0 0

Here f is the fractional transmission of the lens, slits,
windows, and quartz tubing between the excited mole-
cules or atoms and the photomultiplier; D(v, ) is the
efficiency per photon of the photomultiplier and count-
ing chain at the frequency of peak transmission of the
interference filter; f, (v) is the fractional transmission of
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the interference filter at the frequency v; (f, ) is the
fraction of the radiation emitted by the excited electron-
ic state which is transmitted by the interference filter;
Rk(v) is the relative intensity of radiation emitted by the
atoms or molecules in the electronic state in the frequen-
cy interval dv, AA is the e6'ective solid angle subtended
by the detection system from the axis of the drift tube;
and g is the efficiency of the photon collection versus po-
sition in the tube for a fixed position of the movable pho-
tomultiplier table. Here we have assumed that the
transmission of the windows, the sensitivity of the detec-
tor, etc. , vary slowly with frequency compared to f, (v).
Mappings of the light collection efficiency with a minia-
ture light-emitting diode and dummy metal electrodes
mounted as in the drift tube showed that the spatial
resolution with the high-resolution optics was 1 mm
FWHM for all positions of the table and varied by less
than 50% for the extreme radial positions in the drift
tube. The collection efficiency for points on axis of the
discharge tube and for various table positions was found
to be constant in magnitude to within 10% for distance
greater than 3 mm from the electrodes. We therefore as-
sume that the integral in the first form of Eq. (4) can be
replaced by an average collection efficiency (i) ) times a
fixed volume times the excited atom density to obtain
the second form of Eq. (4). This will lead to error in the
spatial scans near electrodes.

The evaluation of (f, ) is somewhat involved in the
present experiments because of the wide range of relative
intensities encountered and, in unfavorable cir-
cumstances, the resultant transmission by the filters of
significant intensities from bands other than the desired
band. For example, transmission of the 2+(2, 5) band at
394.3 nm through the interference filter used for the
1 (0, 0) band at 391.4 nm severely limited the accuracy
of the 1 data at low E/n. Similarly, interference by
the 1 (1,0) band near 358.2 nm led to large and some-
what uncertain corrections to the data for the 2+(0, 1)
band near 357.6 nm at high E/n. The data for the
2+(0,0) band near 337.1 nm and the 1+(5,2) band near
670 nm appeared to be free of significant interference.

Thus far the results of calculations have been present-
ed in terms of the number of excitation events at a point
z per unit distance in the direction of acceleration a (z).
This excitation coefficient is essentially the rate of excita-
tion by electrons normalized to the local electron current
density or alternatively the ratio of the local rate
coefficient for excitation to the local convective velocity.
In order to relate these calculations to the measured to-
tal discharge current we define an "apparent" excitation
coefficient P (z) given by

(6)

In writing the second form of Eq. (6) we have made the
assumption that the yield of desorbed ions resulting from
electron bombardment of the anode is negligible so that
the electron current density at the anode equals the total
discharge current density, i.e., j,(d) =jr. In Sec. V and
in the Appendix the experimental apparent excitation

coefficients normalized to the gas density wi11 be com-
pared to the theoretical results from II ~ Note that al-

though Eqs. (3) and (6) were derived with electron exci-
tation in mind, they are readily extended to include exci-
tation by fast ions or fast neutrals.

C. Normalization of data

In view of the good agreement shown in Fig. 9 be-
tween the observed exponential spatial growth of emis-
sion and the growth expected from previous measure-
ments and calculations of the spatial ionization
coefficient, we will use electron-excitation coefficients
measured previously ' ' for the C H„state and calcu-
lated' for the B H group of states of N& to convert the
relative emission intensities to absolute excitation
coefficients. Because of the large uncertainties in the
391.4-nm data at the lower E/n, these data will be nor-
malized to the theory of II at high E/n.

The absolute excitation coefficients derived from the
observed 1+ and 2+ band emission at the anode are
shown by the squares and circles of Fig. 10, respectively,
for the entire range of E/n. The data points are ob-
tained by normalizing the observed count rates per unit
current at the anode to the smooth curves at E/n be-
tween 250 and 700 Td. From Eqs. (4) and (5) the excita-
tion coefficient at any E/n is related to the fitted excita-
tion coefficient by

k

[E/n, nd]

S&(E/n, nd)(1/n + I/no) (f; ) pk n„

Sk[(E/n)„](1/n„+1/no) (f, )„n„"n
[(Eln )„]

(7)

where the subscript r indicates values obtained at the
low reference E/n and the unsubscripted parameters in-
dicate values obtained at the higher E/n and nd.

The measured 1+ and 2+ intensities extrapolated to
the position of the anode are used in the normalization
since, in the absence of significant electron-induced
desorption of ions, the electron current at the anode is
equal to the measured total current. This means that in
the vicinity of the anode only electrons can cause excita-
tion. In addition, we will assume that at these lower
E/n the eA'ects of electrons reflected by anode can be
neglected. At the higher E /n we rely on the use of a
graphite anode and the extrapolation to minimize the
efT'ects of backscattering. Note that in applying these
calibrations to the higher-E/n data we make the as-
sumption that the spectral distribution of the emission
does not change significantly with E/n, i.e., that (f, ) in

Eq. (5) is constant. See the following discussion of col-
lisional quenching and mixing.

Because of the uncertainties at low E/n in the correc-
tions for light leakage through the interference filter
used for the 391.4-nm band and for quenching, we have
normalized the 391.4-nm data to the predictions of the
single-beam, energy-balance model of II at E/n values
between 69 and 107 kTd. Furthermore, we have carried
out the normalization at a point 20 mm from the
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cathode rather than at the anode, so as to minimize the
eftects of backscattered electrons and electrode shadow-
ing. As a result of fitting at midgap, the triangular
points of Fig. 10 for the apparent excitation coefficient
Pln at the anode are somewhat above the theory at the
highest E/n.

A source of uncertainty in the normalization pro-
cedure is in the correction for collisional quenching of
the important energy levels of Fig. 1. The values used
for the densities no at which 50% of the radiation is lost
to quenching are listed in Table I. The quenching data
for the B X+ state ' of Nz+, and C II„state, and
the 8 II state ' of N2 are badly scattered. Note that
our B X+ quenching rate coefficient is significantly
lower than measured room-temperature values ' since
we have extrapolated the measured temperature depen-
dence to the ion energies expected at our lower E/n.
These energies were calculated ' from measurements
of charge-exchange cross sections for ground state
N2+. The quenching density used for the B IIg state is
consistent with values for the decay of the combined
B 'll and O' A„states, i.e. , based on the observed in-
tensity distributions of the 1+ band in our experiments
we have assumed that the B, 8, and B' states are col-
lisionally mixed at the Nz densities of our experiments.
The detailed effects of collisional mixing on the 1+ spec-
tra have been investigated ' for upper atmospheric con-
ditions. Analyses have been made of the effects of a dc
discharge at low E/n on the vibrational populations of
the C H „state. We were unable to detect changes in
the relative intensities of the important bands of the 2+
system.

FIG. 10. Spatial excitation coefficients vs E/n for various
excited states of N2. The points are obtained from our experi-
ments. The open and closed points were obtained with
diff'erent interference filters as discussed in the text. The
dashed curves for E/n &3000 Td are from the calculations of
Ref. 15, while the dashed curves for higher E/n are from the
single-beam model of paper II. The solid curve shows the
average experimental results of Refs. 36, 38, and 52. The ex-
perimental excitation coefficients and the theoretical curves for
E/n & 10 kTd are for conditions at the anode as discussed in
the text. The dotted curves are rough estimates drawn to aid
the eye in connecting calculations.

D. Excited species from cathode

J+
nk Vk

—— Rk ——
e

JT
(I+@+)

where nk and Vk are the density and the normal com-

A simple relation can be derived for the apparent exci-
tation coefficient P,

" for the production of excited atoms
or molecules as the result of ion bombardment of the
cathode. The flux of such excited species nl, Vk leaving
the cathode is given by

TABLE I. Quenching data used in analysis of experiments.

Excited
state

N, + 8'X+(v =0)
N2 8 H (v=5)
N C II„(v =0)

'Reference 1.
6.2[—8] means 6.2X10

'See text for source of value.
D. C. Cartwright, Ref. 56.

'Reference 54.

Radiative
lifetime

(s)

6.2[ —8]"
6.2[ —6]'
3.7[ —8]'

Quenching rate
coefficient

(m'/s)

1.6[—16]'
7.3[—iS]'
1.3[ —17]'

Quenching
density —no

(m )

1.0[23]
2.2[22]
2.2[24]



5318 B. M. JELENKOVIC AND A. V. PHELPS 36

ponent of the velocity of the excited species, j+ and jT
are the positive ion and measured total current densities,
Rk is the yield of fast excited atoms or molecules per in-
cident ion, and y+ is the yield of electrons per incident
ion. In the limit of small quenching appropriate to our
highest E /n data, the apparent excitation coefficient at
z =0 is then given by

eAnk ARk
pk(() )

JT (1+Y )V
(9)

Note that this excitation coefficient is principally depen-
dent on the ion velocity, which determines Rl, , y+, and
Vk. We have no information on this dependence for ni-
trogen ions. p," is independent of the gas density, al-
though it is necessary to divide by the gas density in or-
der to compare with the data presented in Figs. 10—13.
If the excited species were produced by fast neutrals in-
cident on the cathode, the right-hand side of Eq. (9)
would be multiplied by the ratio of the neutral Aux to
the ion Aux. This ratio could well depend on E/n and
nd.

The density of excited species and the apparent excita-
tion coefficient will decrease with distance from the
cathode due to radiative decay and collisional quenching
of the excited state. Neglecting collisions, as is approxi-
mately correct for the B X+ and C H„states, gives an
upper limit to the apparent excitation coefficient of

p/c( z ) pk( 0 )e z /x (10)

where A. = V& /A. If there were many scattering col-
lisions during the lifetime of the emitted excited state, as
expected for the B H group of states, the exponential
dependence of the apparent excitation coefficient of Eq.
(10) would be replaced by a linear decrease with distance
as predicted by a solution of the diffusion equation. The
magnitude would be much lower than in Eq. (10) be-
cause of the loss of excited molecules due to backscatter-
ing to the cathode.

V. COMPARISON OF THEORY AND EXPERIMENT

A.. Spatial dependences at low E/n

The spatial ionization coefficients derived from the
slope of semilogarithmic plots of intensity versus posi-
tion near the anode at E/n below 1000 Td and shown by

Figures 6—8 and 10—12 show comparisons of our ex-
perimental results with the results of previous low-E/n
experiments where available and with predictions of the
single-beam models for electrons derived in II for high
E/n. In this section we will show that the agreement of
the spatial dependence and magnitude of the predicted
and measured emission is satisfactory at low E/n only
for positions toward the anode and at high E/n only for
the 391.4-nm emission from N2+ ions. We will suggest
that the excess emission from the B H and C H„
states of N2 near the cathode at high E/n is due to exci-
tation of the N2 by fast N2 molecules produced in col-
lisions of N2+ with N2.

the points of Fig. 9 are in reasonable agreement with the
previous experimental data shown by the solid curve.
At E/n above 1000 Td our data suggest spatial ioniza-
tion coefficients which are significantly lower than the
values derived from current growth experiments. Our
ionization coefficients are, however, more consistent with
the more detailed electron-beam-type models as dis-
cussed in II.

The spatial dependences of the Nz band emission at
low E/n plotted in Figs. 6—8 show large departures
from the simple exponential growth at positions near the
cathode. Some departure close to the cathode is expect-
ed on the basis of the observed "nonequilibrium dis-
tance" required for the ionization rate to reach its equi-
librium value. ' ' ' From Monte Carlo calculations
one would expect that this equilibrium effect would re-
sult in a low intensity of the light output for a distance
from the cathode corresponding to a voltage change
equal to a few times the excitation potential. The light
should then follow the increasing electron density. This
prediction is shown schematically by the bold dashed
lines of Fig. 6, where the exponential growth is based on
measured ionization-growth data. Experimentally one
sees excess emission from near the cathode to about half-
way across the gap. The data of Figs. 7 and 8 show a
similar excess emission for the 337.1- and 670-nm bands.
Excess emission near the cathode was observed previous-
ly by Blassberg and de Hoog in H2 for the Balmer-
series emission. Although we have not made an exten-
sive investigation, we have no viable hypothesis to ex-
plain the difference between the observation and the ex-
pectation for low E/n in Nz. For example, higher than
average E/n values near the cathode due to ion space
charge appear ruled out by the absence of changes in the
spatial dependence of emission for an order of magni-
tude change in current at 330 Td. Emission resulting
from excited atoms produced by the impact of ions with
the cathode surface seems very unlikely over these
large distances at the low ion energies ( —1 eV) and high
gas densities of these measurements (see Secs. IV D and
VD). More careful measurements, including additional
tests for scattered light from the relatively intense emis-
sion near the anode, are needed. Clarification of the
source of the excess emission near the cathode may help
explain the differences in the spatial ionization coefficient
from Haydon and Williams (dashed line in Fig. 6) and
the ionization coefficient derived by fitting our data near
the anode (solid line).

B. E/n variation of excitation

Figure 10 shows the apparent excitation coefficients
for the production of the B H and C H„excited elec-
tronic states of Nz as determined by normalizing the 1+
and 2+ band emission as described in Sec. IVC. An
average of the published ' ' experimental excitation
coefficient data for the C H„state is shown by the solid
curve. The dashed curves at E/n &2 kTd show the re-
sults of calculations using recently recommended cross
sections and the two-term solution to the Boltzmann
equation. ' The dashed curve at E/n & 10 kTd was cal-
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culated using the single-beam model of II and the
relevant cross sections. ' The excitation coefficients at
the anode at the higher E/n depend on the nd product
through V=(EIn)(nd), i.e., the 1 (0-0) coefficient is
very nearly equal to the 391.4-nm excitation cross sec-
tion at the discharge voltage used for the particular mea-
surement. This is not the case at low E/n where the ex-
citation coefficients are expected to be independent of
position and nd beyond the short equilibration distance
from the cathode.

Very little error due to changes in the spectral distri-
bution is expected for the C-state excitation coefficients
at high E/n since quenching eff'ects are calculated to be
less than 10%%uo for all of our experiments. A source of
uncertainty for the C-state data obtained using the
357.6-nm band and the low-resolution optics is the
correction for 1 band transmission through the in-
terference filter at high E/n discussed in Sec. IV B. The
corrected data with estimated uncertainties are shown by
the solid circles with error bars in Fig. 10. Such uncer-
tainties are not present in the later data obtained from
the 337.1(2+0,0) band using the high spatial resolution
optics and shown by the open circles.

It should be kept in mind that the calculated excita-
tion coefficient for the B H state is actually the sum of
the calculated values for the B IIg & 6 B X„,
C H„, and E X+ states, where the latter two states are
assumed to cascade to the B H state. Since the N2
densities of our experiment are well above those at
which the major changes in the spectral distribution of
the 1+ band have been observed, ' we expect and ob-
serve that the division of the emission from among the
vibrational levels of the B II state is independent of
E/n and n.

Note that we have evaluated the excitation coefficient
for the 391.4-nm (1 0, 0) band rather than for the B X+
state. One reason for this is the large amount of
excitation-cross-section data' ' for this band. A second
reason is the changing vibrational populations inferred
from the spectra in Fig. 5. The values of the excitation
coefficients for the 391.4 band at low E/n derived from
this fitting at high E/n and the use of Eq. (7) are com-
pared with the values calculated using the Boltzmann
equation' in Fig. 10. Because of the uncertain correc-
tions (+50%) at these low Eln, one must be cautious
about regarding the apparent agreement between theory
and experiment as a test of theory or of the quenching
rate coefficient.

We see from Fig. 10 that the electron-excitation
coefficients for the N2(C II„) state calculated using Eq.
(18) of II for the contribution of secondary electrons pro-
duced by ionization to the excitation are two orders of
magnitude smaller than the values derived from the
emission near the anode. Although not shown, a similar
discrepancy is found for the excitation of the N2(B H )

state. Note that for both the C and B states of N2 there
is a sharp break in the apparent excitation coefficients
versus E/n near 20 kTd, suggesting a change in the ex-
citation mechanism at the higher E/n. We will discuss
the problem of explaining the excitation of the Nz triplet
states in Secs. V C and V D.

C. Spatial variation of excitation

Having established the absolute values of the excita-
tion coefficients, we now compare the spatial variations
of the apparent excitation coefficients with theory.

I. First negative band
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FIG. 11. Comparison of experimental apparent excitation
coefficients (solid curves) for the 391.4-nm band of the N2+
B X X Xg transition with theoretical predictions (dashed
curves). The solid curve for 107 kTd is drawn through the
values shown in Fig. 6. The curves for 12.5 and 31 kTd are for
N2 densities of 2)&10 ' and 2.4&(10 ' m, respectively. These
data are normalized as discussed in the text. The chain curve
is calculated using the single-beam, energy-balance model for
electron motion and excitation derived in II. The dashed
curves are for the single-beam, momentum-balance model.

The solid curves of Fig. 11 show the experimental spa-
tially dependent excitation coefficients for the 391.4-nm
band emission from the v =0 levels of the Nz+(B X+)
state obtained at the higher E /n using the high-
resolution optics. The dashed curves show the results of
calculations of electron excitation using the single-
beam models of II. Note that the upper and lower pairs
of curves have been shifted by factors of 10 to reduce
overlapping. We consider the agreement to be very
good in view of the approximate nature of the single-
beam model for the electrons. The less-sharp peak in
the experimental data near the cathode at E/n =107
kTd compared to the calculated curve may be the result
of limitations of the detection system but is more likely
caused by errors in the single-beam model with its
monoenergetic electrons. The changing ratio of experi-
ment to theory as the anode is approached at 107 kTd
and the slight peak near the anode at 31 kTd is believed
to be the result of backscattered electrons (see the Ap-
pendix). The general agreement of the variation in mag-
nitudes with E/n is encouraging. It is of interest to note
that the nearly flat theoretical curve for 31 kTd is the re-
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suit of about a factor of 3 decrease in the excitation
cross section which is balanced by a corresponding in-
crease in electron current due to avalanche ionization.
In the 107-kTd case, the ionization avalanche is
insufficient to make up for the decrease in cross section,
i.e., the electron multiplication across the gap is only
1.4. Note the slower rise in the calculated and experi-
mental emission curves near the cathode for 12.5 kTd
than calculated for the high E/n. This rise is caused by
the increasing excitation cross section with increasing
electron energy.

The two dashed curves shown for the 12.5-kTd case in
Fig. 11 illustrate the differences between results obtained
with the two single-beam models presented in II. The
short dashed curves for all three cases in Fig. 11 are cal-
culated using the single-beam, momentum-balance mod-
el, while the long-short dashed curve for 12.5 kTd is cal-
culated using the single-beam, energy-balance model. In
general, the energy-balance model yields higher apparent
excitation coefficients at low nz and lower values at large
nz than does the momentum-balance model. The
energy-balance model is seen to be particularly useful at
the lower E/n. For the highest E/n and our nd values
the predictions of the two models are indistinguishable.

A complication in this rather satisfactory situation is
the evidence of a significant contribution to the 1 band
system excitation by heavy particles provided by the ap-
pearance of relatively strong emission from vibrational
excited states of the B X+ state at E/n above 46 kTd.
This effect is shown by spectra such as that of Fig. 5.
Our very approximate estimates of the excitation of the
391.4 band by ions using published data indicate that the
excitation of the 391.4-nm band by Nz+ is never more
than about 10% of the observed value. On the other
hand, this calculation of excitation by Nz+ shows that
the sum of the excitation coefficients for the higher vi-
brational levels is comparable with the observed values
over a wide range of E /n. More accurate spectral-
distribution data and models would be needed for a
quantitative comparison.

2. First and second positive bands

In contrast to the rather good agreement between the
electron-excitation model and experiment found for the
N2+(B X+) state, the curves of Fig. 12 show that direct
electron excitation is much too small to explain the ob-
served excitation of the C H„and B H states. The
solid curves of Fig. 12 show the only available data for
the three states at fixed E/n. The data were obtained
using the low-resolution optics and are normalized to
other low-resolution data as discussed in Sec. V B. Only
the portions of solid curves between the vertical bars
should be compared with theory. The middle dashed
curve shows the calculated 391.4-nm excitation and, as
in Fig. 11, agrees well with experiment. The lowest
dashed curve shows the excitation of the Nz(C II„)
state predicted by the sum of Eqs. (9) and (18) of II, i.e.,
the sum of the contributions of secondary and primary
electrons. The discrepancy between the results of theory
and the excitation coefficients obtained from experiment
is about a factor of 250. In spite of the very approxi-

—19
DISTANCE x DENSITY (m )

2 3 4 5 6 S .IDIO

-20
IO

LLJ

O

Z IOo

OC

M —22
IO

CL

—23
IO

Q

CL
Q

—24
IO

ANODE ~
I

40

CATHODE

I

10 20 30
DISTANCE FROM CATHODE (mmj

FIG. 12. Comparison of experimental apparent excitation
coefficients for B Hg and C H„states and for the 391.4-nm
band with theoretical predictions for E/n =69 kTd and an N&

density of 1.9& 10 ' m . The solid curves are drawn through
experimental points. The lower dashed curve is the calculated
electron excitation coefficient for the C 'H„state, while the
rniddle dashed curve is for the 391.4-nm transition. The upper-
rnost dashed curve is the calculated apparent ionization
coefficient and is used in the text for estimating the maximum
contribution of excited ions and atoms to the production of
B 'H and C 'II„states. The upper scale shows the product of
N2 density and distance from the cathode. The short vertical
lines are as in Fig. 8.

mate nature of the single-beam model for the primary
electrons and of the model for the secondary electrons
given in II, it seems unlikely that the theory could be in
error by such a large factor. Obviously better theories of
electron behavior should be considered before ruling out
completely direct electron excitation of the N2(C II„)
state in the high-E/n experiments. Alternate excitation
mechanisms are discussed in Sec. V D.

The situation with regard to the N2(B H~) state is
very similar to that for the Nz(C H„) state since the
sum of the contributions from Eqs. (9) and (18) of II for
the B H, 8 6, B' X, C H„, and E X+ states is a fac-
tor of 2.4 times that for the C H„state, while the ap-
parent excitation coefficient from our experiment is
about an order of magnitude larger for the B H state
than for the C H „state. A potentially important
feature of the spatial dependence of the N2(B Hg ) emis-
sion is the rather rapid decrease in intensity with in-
creasing distance from the cathode. Exponential fits to
such data yield apparent "attenuation" or "ion
avalanche growth" constants which are independent of
E/n for E/n & 10 kTd.

Empirically we note that at E/n & 30 kTd the magni-
tudes of the 1+, 2+, and 1 signals near the cathode are
essentially independent of the E/n while those near the
anode change as shown in Fig. 11. The magnitudes 1+
and 2+ emission are discussed next.
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D. Excitation of N& by ions, atoms, and molecules

Figure 1 shows that in principle it is possible for the
higher excited states of N2+ and of N to transfer excita-
tion to the B and C states of N2. Since the cross sections
for the production of excited ionic states, e.g. , Nz+
C X+ have essentially the same energy dependence as
the total ionization cross section, an upper limit to their
contribution is obtained using the single-beam model
and replacing Qk(v) in Eq. (9) of II with the total ioniza-
tion cross section' Q;(v). The resultant ionization
coefficient for E/n =69 kTd is shown by the upper
dashed curve of Fig. 12. The cross sections for produc-
tion of excited ion states with sufficient internal energy
to excite the B state of N2, e.g. , vibrationally excited
C X+, are estimated to be less than 10% of the total
cross section for ionization. We therefore conclude that
the production of B states of N2 by excitation transfer
from thermal-energy-excited ions produced by electron
impact is too small to account for the observed N2 emis-
sion. Note that this argument is made even stronger by
expected fractional values of the efficiency of excitation
transfer, e.g. , an upper limit of about 10% for transfer
from a state with less than or equal to 100 ns lifetime.
There is no N2+ state listed' with sufficient energy to ex-
cite the N2 C H„state by excitation transfer. Note also
that the spatial dependence of an excitation process hav-
ing an electron-energy-dependent cross section similar to
that for ionization varies significantly less rapidly with
position than the observed Nz B and C state excitation
coefficients.

In view of the very large intensity of the 870- and
820-nm multiplets of lines emitted by N atoms in our ex-
periments, we should consider excitation transfer from
these species. An upper limit to the sum of their cross
sections is given by the cross section for direct and cas-
cade excitation of the 2p 3s P levels, i.e., about 3% of
the ionization cross section. Even with a large rate
coefficient for excitation transfer of 10 ' m /s, the frac-
tion of the excitation transferred at our N2 densities of
-2)&10 ' m is only about 10%. Therefore, excitation
transfer from excited N to N2 cannot account for the ob-
served C- and B-state emission.

Excitation of the B H and C H„states by excitation
transfer from the singlet states of N2 is a possibility, al-
though it appears to be unimportant in aurora ' ' and
not to be of major importance in gas discharges. ' At
the high electron energies of interest for the data of Fig.
12, the sums of the cross sections' for electron excita-
tion of levels with sufficient energy to transfer excitation
to the C and B states are 50—70% of the total ionization
cross section. According to Zipf and McLaughlin the
'H„states of N2 predissociate with nearly a 100% prob-
ability, so that the fraction of the highly excited N2 able
to transfer excitation to the C and B states is
significantly less than 1.

Ion-beam experiments ' ' have demonstrated that col-
lisions of fast N+ and Nz+ with N2 can produce excited
N2+ with cross sections in the 10 —10 -m range at
100 eV. The cross sections are much larger for the pro-

duction of vibrationally excited N2 than for N2+ (v =0).
Excitation of N2 by ions has been seen in these experi-
ments, but the cross sections appear to be too small to
measure. We can estimate the cross sections needed to
explain our emission data by noting that (a) the ion
current at the cathode' is equal to the total current di-
vided by (1+y+), (b) the N2+ energies are in the
100—200-eV range while N+ energies are close to free-
fall values, (c) the ion velocities at these high E/n are
strongly peaked along the direction of acceleration so
that from the analog of Eq. (3) for ions the velocity aver-
aged excitation cross section is approximately equal to
the apparent excitation coefficient P"In. Using this ap-
proximation and assuming that y+ is about 0.1, the
cross section required to explain the 391.4-nm data in
Fig. 11 is about 6&10 m . This value is about an or-
der of magnitude larger than the measured ' cross sec-
tion for 391.4-nm excitation by N2+ and about 2 orders
of magnitude larger than that extrapolated from mea-
surements for N+. This situation is consistent with the
explanation of the 391.4-nm emission in terms of elec-
tron excitation in Sec. V C. On the other hand, the cross
sections for excitation of vibrationally excited B X+
molecules by Nz+ are much larger in this energy
range ' ' and roughly account for the high apparent vi-
brational temperatures at the higher E/n which were
discussed in Sec. III A. Since the beam experiments
show that the cross section for C H„excitation is small
compared to the 391.4-nm cross section, ion excitation
of N2 cannot account for C H„data. Unfortunately,
the reports of excitation by ion beams are vague regard-
ing the excitation of the B IIg state. We will assume
that this means that the cross sections are small.

The only data we have found on the excitation of N2
by fast Nz are those from Sheridan and Peterson on the
energy dependence of the cross section for excitation of
the C H„state. Also they find that the cross section for
C Il„excitation by N2( 3 X+ ) metastables is about
twice that for excitation by ground state N2, but do not
give any absolute values. Varney, and Haydon and
Williams, obtained evidence for fast metastable N2 in
swarm experiments at moderate E/n but did not obtain
excitation coefficients. The cross sections for excitation
by fast N2 required to fit the C H„and B Hg data de-
pend on the ratio of fast N2 to N2+, on y+ and on the
ratio of N2+ to N+ fluxes. Our preliminary models
suggest that the ratio of fast N2 flux to N2+ flux is about
5. The models also suggest that the N+ current is small
compared to the N2+ current, although this seems con-
trary to the results of Fletcher and Blevin. ' We assume
y+-0. 1. With these assumptions, the required cross
sections for B- and C-state excitation by N2 of about 100
eV kinetic energy are 20% of the peak excitation
coefficients shown in Fig. 12, i.e., 10 m for the B H

group of states and 10 ' m for the C II„state.
Since we find no information on the production of ex-

cited N2 as the result of the bombardment of surfaces of
N2+ or N+, all we can do is estimate the yields and
excited-state velocities which would be required to fit
our emission data at very high E/n. Thus, the applica-
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tion of Eq. (8) to an extrapolation of the B H data of
Fig. 12 to the cathode, e.g. , /3/n =6&& 10 m, leads to
a value of Rk/(1+y+) of 32, i.e., the impossible re-
quirement of more than 32 excited molecules per in-
cident molecular ion. Because of the shorter radiative
lifetime and lower emission, we calculate that the yield
of fast excited molecules per incident molecular ion re-
quired to explain the extrapolation of the C H„data of
Fig. 12 to the cathode is 0.003(1+y+). This yield is
about an order of magnitude larger than that found for
He from H+ at energies of 10 keV. The attenuation dis-
tance A, of Eq. (9) calculated using our estimated N2+
drift velocity is only about 1 mm compared to values of
about 20 mm required for the data of Fig. 12. Emeleus
and Ahmad have suggested that the relatively intense
N I spectrum observed near the cathode of the cathode
fall in Nz is connected with the dissociative neutraliza-
tion of molecular ions at the cathode surface. This pro-
cess does not help in our case since the excited-state
species is slower than the reflected ones and since the
yield of excited molecules is reduced by the efficiency of
excitation transfer. If the incident ions were N+ with a
free-fall velocity corresponding to the applied voltage
and the reflected excited state had a radiative lifetime of
50 ns, as for the upper levels of the 870- and 820-nm
emission, the required values of the yield would be at
least 0.06 divided by the efficiency of excitation transfer
to the C H„state. This yield seems impossibly large.
The attenuation length would be 13 mm, which is about
that required. From the preceding considerations it
seems unlikely that excited species resulting from fast
ions incident on the cathode are important in our N2 ex-
periments.

VI. DISCUSSION

The analyses of experimental emission data for uni-
form electric field discharges in N2 presented in this pa-
per show that very simple models of electron motion at
E/n g 10 kTd are capable of explaining the observed ex-
citation of the v =0 levels of the B X+ state. The emis-
sion from the v & 0 levels is quantitatively consistent
with excitation by electrons at E/n &5 kTd and semi-
quantitatively consistent with excitation by ions at
E /n ~ 20 kTd. At E /n & 1 kTd the 2+ emission from
the C H„state varies with position and E/n as expect-
ed for electron excitation. At E/n ~ 10 kTd the 2+
emission cannot be explained by any process for which
cross sections, etc. , are known. Similarly, the spatial
dependence of the 1+ emission from the B H state is
consistent with electron excitation for E/n & 1 kTd, but
is of unknown origin at higher Ejn. We suggest that
the production of the 1+ and 2+ excitation involves col-
lisions between N2 and fast N2 with cross sections some-
what smaller than the observed apparent excitation
coefficients. There are no published cross sections with
which to compare these values. The observed excess
emission near the cathode at E/n &1000 Td for all N2
bands is unexplained.

The experiments and analyses presented in this paper
leave many unanswered questions and suggest a number

of future experiments at very high E/n. Firstly, the un-
certainties introduced by the indirect procedure for the
normalization of the measured relative intensities point
to the desirability of absolute intensity measurements us-
ing calibrated reference lamps. Secondly, the poorly
known quenching rate coefficients, especially for the
B X+ state at nonthermal energies, should be deter-
mined by either time-dependent intensity measurements
or by steady-state quenching measurements at fixed E/n
and variable n. Thirdly, the time-resolved measurements
of the emission at E/n below breakdown should enable
one to distinguish between electron-induced excitation
and ion- and fast-neutral-induced excitation. Finally,
the observation of emission from a field-free region
behind a grid cathode may allow separation of ion-
induced emission from fast-neutral-induced emission.
Attempts to carry out the latter two measurements are
currently under way.

In addition to drift-tube experiments, the results point
to the need for much more complete cross-section data
for ion-molecule collisions at energies up to 10 keV. We
have assembled preliminary sets of cross sections from
the literature. Particularly important to this work is the
absence of data on the excitation of N2 by fast N2 or N.
Also it would be very desirable to test the suggestion of
Varney and Haydon and Williams on the production
of fast N2 metastables in charge-transfer collisions and
that of Emeleus and Ahmad on the production of fast
excited N in collisions of nitrogen ions with cathode ma-
terials.

It is to be hoped that these experiments will encourage
future improvements and applications of theory to the
calculation of electron and ion transport, excitation and
ionization at very high E/n. For example, it is not im-
mediately apparent which nitrogen ions are dominant in
Nz at high E /n. The experiments of Fletcher and
Blevin ' show that there is a sudden increase in the ion-
induced secondary emission coefficient at E/n near 400
Td. On the basis of ion-mobility measurements this
eAect is attributed to N+ ions. It is not clear how one
reconciles this behavior with the expected dominance of
the production of N2+ in electron-impact ionization
and with the relatively slow conversion of ground state
N2+ to N+ at the ion energies calculated for this Ejn.
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APPENDIX: BACKSCATTERED ELECTRONS

This appendix summarizes our experimental observa-
tions of emission resulting from backscattered electrons
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produced when the electrons crossing the discharge
strike the anode at very high Eln. Backscattered elec-
trons have been shown by several authors ' "' to be a
significant source of ionization. We find direct evidence
for backscattering by changing the anode material and
noting the changes in the spatial dependence of the emis-
sion. We have not made spectral scans of emission from
the region near the anode, but the large differences in
the spatial distribution of emission with the interference
filters used in the 337—391-nm range indicate that the
emission is not a continuum.

The solid circles of Fig. 13 show apparent excitation
coefficients for the C H„state from normalized mea-
surements of 337.1-nm emission for E/n =12.5 kTd for
a stainless-steel anode and a graphite cathode, while the
open circles are for the same conditions except that the
electrodes are interchanged. The differences between the
data for the stainless steel and graphite anodes at the
right-hand side of the figure are attributed to electrons
backscattered from the anode. The solid squares for
E/n =6.3 kTd in Fig. 7 also show the effects of back-
scattered electrons on the 337.1-nm emission from posi-
tions near the anode. The half widths of the excitation
peaks near the anode are difficult to measure because of
our limited spatial resolution but correspond to electrons
leaving the anode with energies of 30—50 eV, i.e., elec-
trons conventionally called secondaries. ' See Fig. 6 of
II for the maximum range versus distance. With a
graphite anode the emission peak is significantly lower
than for the stainless-steel anode at 12 ~ 5 kTd. At 6.2
kTd the peak near the anode is similar to that of Fig. 13
for stainless steel. This peak is not distinguishable with
graphite. At an E/n of 2.5 kTd electron backscattering
may be responsible for the difference in the apparent ion-
ization coefficients shown for the stainless-steel and
graphite anodes in Fig. 9 although the details are not
clear. When interpreting the data of Fig. 13 it must be
kept in mind that the data are normalized to the total
discharge current and not to the cathode electron
current. Also we note that in our model the excitation
by electrons versus distance is unchanged by changes in
the electrode material. Thus the apparent excitation
coefficient curves must be shifted vertically to coincide
at say 10 mm from the cathode so as to compare the
contributions of backscattered electrons for the various
anodes.

The open points of Fig. 13 show that there is a
stronger emission of 337.1 nm radiation near the cathode
when the cathode is stainless steel than when it is graph-
ite. This effect was also observed at 31 kTd, but with a
lower relative amplitude and slope. It was not detected
at higher E/n, where the midgap signal varied more
rapidly with position. This peak signal near the cathode
could be caused by ions rejected from the cathode as ex-
cited species, although according to Sec. IV D an excited
state yield per ion of greater than 10 would be re-
quired.

The comparison of 391.4 nm data shown in Fig. 13 us-
ing stainless steel and graphite electrodes shows that the
peaks caused by backscattering extend a large distance
from the anode, i.e., they correspond to backscattered
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FIG. 13. Spatial dependence of apparent excitation
coefticients from N, discharge showing effect of electrons back-
scattered from the anode for E/n =12.5 kTd. The smooth
curves are calculated for 100-eV electrons leaving the anode.
The upper set of points and the dashed curve are for excitation
of 391.4-nrn emission, while the lower points and solid curve
are for the C H „state. The solid and open points were ob-
tained using stainless-steel and graphite anodes, respectively.

electrons with energies of 600—1000 eV. See Fig. 6 of II.
With a graphite anode it ' was diScult to determine
whether backscattering contributed to the 391.4-nm sig-
nal or not. We propose that the increase in 391.4-nm
emission near z =10 mm for the stainless-steel cathode is
due to an increase in the number of electrons leaving the
cathode per ion arriving, i.e., an increase in y+ for stain-
less steel relative to graphite. The smaller change in the
337.1-nm emission at z —10 rnm is consistent with
337.1-nm excitation by fast molecules or ions as pro-
posed in Sec. V provided y+ ~1.

Since no high-resolution spatial data using stainless-
steel anodes was obtained at 670 nm and very high E/n,
we have no evidence regarding the effects of backscat-
tered electrons on this band.

The smooth curves of Fig. 13 show the emission due
to excitation by backscattered electrons as calculated us-
ing the single-beam model of electron excitation dis-
cussed in Secs. IIA, IID, and IIID of II. The dashed
curve is for the excitation of the 391.4-nm emission,
while the solid curve is for the C H „state. These
curves are calculated for a backscattered secondary ener-
gy of 100 eV. The yield of secondary electron produc-
tion per electron incident on the anode is assumed to be
1.0 as is typical of values for graphite. It probably
should be increased significantly for stainless steel and



5324 B. M. JELENKOVIC AND A. V. PHELPS 36

would be only about 0.1 for 1-keV electrons. In princi-
ple, the spatial distributions should be calculated for a
wide range of electron energies and then folded into the
distributions in energy of backscattered electrons and of
"primary" electrons incident on the anode. We have not
yet made such calculations and will make only semi-
quantitative comparisons with experiment. For low en-

ergy, i.e., less than 100-eV backscattered electrons, the
calculated excitation is spread over distances comparable
with the experimental anode peaks and averaging is less
important than for higher-energy electrons. We find
that for both the C H„state and the 391.4-nm band the
areas under the calculated curves for 42-eV backscat-
tered electrons are comparable with the experimental
anode peaks. Similarly, the area under the calculated
391.4-nm-emission curve for 1000-eV backscattered elec-
trons is comparable with the differences between the
measured emission with the stainless-steel and graphite

anodes at positions significantly removed from the
anode. On the other hand, when the calculated C II„
excitation by 1-keV backscattered electrons is spread out
over the range of these electrons the average excitation
coe%cient is small compared to the measured excitation
coe%cients. This small contribution to the excitation is
consistent with the small change in Pln observed for
5(z (25 mm when the anode material is changed. Ob-
viously, more accurate calcu1ations should be performed
in order to improve on these semiquantitative compar-
isons.

From the comparisons of theory and experiment in
Fig. 13 we conclude that the peaks in emission near the
anode and the differences in emission with the stainless-
steel and graphite anodes are caused by backscattered
electrons. The calculated increase in ionization by back-
scattered electrons is 20—30% for the conditions of Fig.
13.
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