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Part I

ELECTRON~IMPACT EXCITATION OF THE VIBRATIONAL LEVELS OF THE c} E;

ELECTRONIC STATE OF THE NITROGEN MOLECULE

vElectron-impact excitation of the cb1E; state of the N, molecule has
received considerable attention in the literature. One aspect of the interest
is that cg1£; is a Rydberg state whereas most of the previous optical studies
of electron-impact experiments dealt with excitation to the valence-type

electronic states.1 Also, because of the ch12;+a1n emission, electron-impact

g

excitation of ch’:G may have a significant influence on the popuiation of a‘ﬂg

which is an infrared emitting state (a‘ng + a"}:;).2 Moreover comparison of the

+

g g
interesting issue in the spectra of the upper atmosphere.3'” In an earlier

cﬁ‘ta*a1n with the ch1£;+x‘£ intensities in auroral emission has raised an
paper Filippelli et al. measured optical emission cross sections for
electron-impact excitation of the ch1£;(v'-0)*a1H8(V") bands with v" from O
through 5, but cross sections for v'#0 were not obtained because of the lower
emission intensity. In the present work we report a systematic study of the
cross sections of the oj+a bands with v'#0.

The apparatus and the procedure for measuring optical emission cross
sections for molecular bands has been described in Ref. 1. A schematic diagram
of the apparatus is shown in Fig. 1. 1Inside the collision chamber a collimated
monoenergetic electron beam of diameter about 3 mm passes through N2 gas
(research grade) at a pressure of 10 mTorr or less. The electron beam is
collected by a Faraday cup (not shown in the figure) and the beam current
measured by an electrometer. The cjf+a radiation emitted from a small segment
of the electron beam (P in Fig. 1) is observed perpendicular to the beam axis

(XX') through a slot cut into the wall of the Faraday cup and a window W. The
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emerging light passes through the monochromator and is detected by a

' photomultiplier (EMI 9789QA in this experiment). The solid angle viewed by the

monochromator is defined by the circular stop S. The photomultiplier output is

% - fed to either an electrometer or a photon counter. The N, gas pressure in the
collision chamber is measured with an MKS Baratron capacitance manometer. The

local gas heating effect discussed in Ref. 1 is taken into account in

determining the N, number density. For absolute calibration of the emission
intensity, the collision chamber is replaced with a deuterium standard lamp
(Optronics Laboratories Model UV-40) of known spectral irradiance. This is
done by rotating mirror M; through 90° to allow radiation from the standard
lamp to enter the monochromator. The resulting photomultiplier sigral is
recorded as a function of wavelength. A silica plate W' is placed on the
optical path of the standard lamp in order to compensate for the collision
chamber window W of the same thickness. From the measured quantities in these
experiments, the optical cross sections are determined by using Eq.(7) of
Ref. 1. No polarization correction is made because the polarization effect is
expected to be very small as explained in Ref. 1.

We have scanned the emission spectrum from the collision chamber over the
wavelength range of 2,000-3670 A which covers all the (v',v") bands of the
¢} » a electronic transition with v'=0-4 and v"=0-5. While we have observed
emission signals in the wavelength regions corresponding to the cj -+ a(v',v")
bands for Ogv'gu and 0<v"<5, most of the bands with v'#0 are contaminatea by N5
emission bands of other systems. The (4,0) and (4,1) bands, however, are
sufficiently free from other bands to allow unambiguous determination of the
emission cross sections. The peak excitation cross sections for optical

emission of the (4,0) and (4,1) bands are 0.20x10720 ana 0.310(10'20 cm?

respectively. The excitation function for both bands exhibits the broad-peak




shape similar to that of the (0,0) band reported in Ref. 1. In Fig. 2 is shown
the optical emission excitation functions of the (4,0) and (4,1) bands as
compared to that of the (0,0) band. The (1,2) band is strongly overlapped by
the Dzng*AZHu (7,8) band of NE. The latter has a threshold excitation energy
of 22 eV which is considerably larger than the 13-eV threshold of cj+a, and is
expected to have a slow rising excitation function characteristic of
simultaneous ionization-excitation by electron 1mpact.5 Thus it is possible to
minimize the interference of the Dzn8+A2nu band by measuring the emission cross
sections at low energies and use the excitation function of Fig. 2 to
extrapolate to higher energies. In this way we obtain the peak cross section
for the (1,2) band as 0.03x10"20 cm?. Even excluding the D+A (7,8) band, there

is a nearby b'n *a’ng (5,1) band and a NE 822; + X2£;(21.12) band which must be

g
subtracted from the observed signal in order to isolate the (1,2) emission. We
estimate that the uncertainty of the cross section of the (1,2) band could be
as large as 90% because of this subtraction and the very low signal level. For
the (4,0) and (4,1) cross sections our estimated uncertainties are 37% and 28%
respectively.

The peak cross sections of the (1,2), (4,0), and (4,1) bands are much
smaller than those of the (0,v") bands which are 1.30x10-20, 3.16x10720 and
2.23x10‘20 cm'2 for v" = 0, 1, and 2 respectively. Direct electron-impact
cross sections for excitation of the cj 1Z;(v') vibrational levels from the

6 as 1.58x10° 7,

ground level X‘Zé(v-o) have been given by Zipf and McLaughlin
1.45x107 19, 1.3ux107'8, and 3.8u4x107"8 cn? at 200 ev for v'=0,1,3 and 4
respectively. By far the major radiative decay channel for the cj state is the
cj * X emission; the intensity of the cj * a emission is about two orders of

magnitude lower than that of cj - X. Only a very small fraction of the !!

molecules in the cf 12;(v') level is responsible for the cf+a(v',v") emission.
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Figure 2. Excitation functions of the (4,0) and (4,1) bands of the c!—+a
transition as compared to the excitation function of the (6,0) ?
band.
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Our measured optical emission cross sections of e *+ a(v',v") are indeed zmuch
smaller than the direct excitation cross sections of the cj(v') level cited
above. The optical emission cross section of cf » a(v',v") is related to the
population of the cﬁ(v') level and the branchiné ratio of thé trahsition
involved. The population of the c}(v') level is dictated not only by direct
electron-impact excitation from the ground electronic-vibrational level
X‘ZE(V-O) but also by cascade from the higher levels. Nevertheless we can
expect a qualitative correlation of the direct excitation cross section of the
ch(v') level, Qdir[cb(v')], with the optical emission cross sections,

Qoptfcﬁ + a(v',v")], although there is no simple proportionality relation
between the two sets of cross sections. Indeed we observe the same trend in
the variation of the cross section with v' for Qqip and Qopt' namely, the cross
Sections for v'=0 are much larger than those for v'=4 which in turn are much
larger than those for v'=1l.

To further study the excitation of the various vibrational levels of the
CL1ZG state, we calculate the relevant X1IE(V-0)*CQ1Z;(V') Franck-Condon
factors for excitation from the X‘ZE(v-O) ground level. The potential curve
for X‘ZE is well known. Since some of the c] levels are perturbed, it may not
be appropriate to describe all the vibrational levels with a single potential
function. Nevertheless we will first adopt such a single potential
description, and discuss the perburbation of the c}, state later. To construct
the potential curve for the c), state, we use the listing of classical turning
points (rmax and rmin) for v'=0 through 8 in the article of Lofthus and
Krupenie.7 The rest of the potential curve is obtained by fitting these points
to a Morse's potential with the proper dissociation limit. If there were no
avoided level crossing, the cb1£; state, being a Rydberg one, would connect to

the N(2p3)*N(2p23p) manifold at infinite internuclear distance. With avoided
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*
cressing tne cf 'l State probably has a dissociation limit of

N(2p3 2p)+N(2;3 2P). The calculated vibrational wave functions of ch1E;(V‘§N)
are found to te virtually the same for either dissociation limit because these
low vibrationzl levels are not influenced by the part of the potential curve
outside the classical region of the v'=8 state. Tne Franck-Condon factors for
X'z} (v=0)=ct z](v") are 0.93, 0.065, 3.6x1073, 3.5x107%, and 5.9%107° for
v'=0,1,2,3, and 4 respectively. As an alternative, a second potential is
generated by constructing a Morse's potential based on the spectroscopic data
Ty Was and wg Xg which completely spec . fy the Morse function.8 This potential
should be accurate for the very low vibrational states, but much less reliable
for dissociation energy. The five Franck-Condon factors (v'=0-4) derived from

this potential are 0.97, 0.033, 6.7x10° %, 5.0x1072, and 1.05x10™2. In both

sets the {(0,0) Franck-Condon factor i3 unusually close to unity. This happens

+

°4
wg (2359 and 2202 cm™'). Thus the vibrational wave function of X(v=0) is nearly

because the X L& and cb’XB states have very similar r, (1.098 and 1.108 A) and
identical to that of c](v'=0), and is nearly orthogonal to those of c}(v'#0).
This near orthogonality makes the other four Franck-Condon factors very small
and sensitive to the choice of the potential as reflected by the two sets of
nucbers above. To check whether the direct cross sections of exciting cj(v')
from the X’Zé(v-O) ground level given in Ref. 6 conform to the Franck-Condon
factors, we find the cross section ratio between v'=1 and v'=0 as 0.00918
according to the experimental results (Ref. 6) whereas the corresponding ratio
of the Franck=-Condon factors derived from the two different potentials used
above are C.07C and 0.C34. We prefer 0.034 over 0.070 since the former is
generated from a 2 potential that is petter suited for the very low
vibrational levels. 1In view of the sensitivity of the (0,1) Franck-Condon

factor to the choice of potential, we regard the relative direct cross sections

<7




of ¢cj(v'=0) and cj{v'=1) as being in reasonable accord with the Franck-Ccndon
factor. This, however, is not the case for the higher-v' levels. Based con the
Franck-Condon approximation, the direct cross section Qu;.lej(v'=0)] is
expected to be more than fcor orders of magnitude larger than that for /'=x,
whereas experimentally the ratio is only 4:1. Even more striking is the ratio
of Qdir[c&(v'-ﬂ)] to Qdir[cﬁ(v"’)] which, according to the Franck-Condon
description, should be of the order of 1073 in drastic disagreement with the
experimental value of 26. Our optical measurements also show much larger
emission cross sections for v'=lU than v'al agreeing at least qualitatively with
the direct excitation experiment. This vast deviation from the Franck-Condon
pPicture can be attributed to the perturbation arising from the interaction
between the cj, 12; and b' 12; states.? as pointed out earlier, the vibrational
wave function of ch(v'-u) is nearly orthogonal to that of the X(v=0) ground
state. This orthogonality would be spoiled by the admixture of cb(v'-u) with
b'(v') if the vibrational wave functions of the latter have appreciable
amplitudes in the range of internuclear distance correspondng to the
Franck-Condon region of the X(v=0) ground state (1.055 to 1.145 A). The
cfj(v'=4) level i3 nearlv degenerate with b'(v'=13), and inspection of the
potential curve9 shows that the vibraticnal wave function of b'(v'=13) does
penetrate into the Franck-Condon region of X(v=0). Thus the b'(v'=13)
component in the perturbed cb(v'-u) state may be responsible for the observed
cross section for direct excitation from the X(v=0) ground state. The same
kind of perturbation alsc applies to cj(v'=1) which is nearly degenerate with
b'(v'=4). The classical vibrational span of internuclear distance for the
p'(v'=4) state, however, is well outside the Franck-Condon region of the X(v=0)
ground state. Thus the direct electron-impact cross section remains small for

excitation from X(v=0) to a state that is a mixture of cb(v'=1) and b'(v'sl),

8-




Filippelli et al. reports a non-linear pressure dependence of the ¢ » 2
(0,0) intensi<y at pressures above 0.1 @Torr.' This occurs because the major
radiative decay channel of c¢j(v'=0) is the ¢} » X(0,0) emission on account of
the much larger transition probability of cf, * X over cj * a and of the very
favorable Franck-Condon factor (nearly equal to 1) between ch(v'=0) and
X(v"=0). When the ¢} = X(0,0) radiation is re-absorbed by the X(v=0)
ground-state molecules, the resulting c}(v'=0) molecules have a probability of
decaying into the a(v") level instead of returning to X(v=0). Thus the
c} +(0,v") emission intensity is enhanced by the re-absorption process
resulting in a non-linear pressure dependence. For the cf * a(4,0) and
ey a(4,1) emission studied in the present paper, one may expect the same kind
of non-linear pressure dependence. However, the cf » X(4,v") radiation is
distributed over different v" and not confined chiefly to v"=0 in contrast to
the case of c)* X(0,v"). Since the population of the X(v"#0) levels are much
lower than that of X(v"=0), the c[*X(4,v"#0) emission is only very weakly
re-absorbed in comparison with c} *X(4,0). Thus the re-absorption enhancement
for ¢}, + a(4,0) and cf + a(4,1) is less than that for cj * a(0,0). This is
indeed reflected in our data as non-linear pressure dependence for the
cj + a(l,1) intensity is found to be negligible at pressures below 0.5 mTorr.
We expect an even weaker non-linear pressure dependence for the cf * a(1,2)
intensity because of the unfavorable Franck-Condon factor for the cj * X(1,0)
emission which is responsible for re-absorption from the ground
electronic-vibrational level. However, the c} - a(1,2) emission is too weak to
make a aystematic study of the pressure effect.

No direct excitation cross secticn was given for the c¢(v=2) state in
Ref. 6. In our experiment we found radiation signal at the wavelengths of the

(2,0, (2,1, (2,2), (2,3), (2,4}, and (2,5) bands cf c} »+ a. However, in all

-9-
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cases there are other N, band systems in the same wavelength regions making it
difficult to isolate the c} *+ a(2,v") emission cross sections. The same is
also true for the cj * a(3,v") series.

In summary we have compared the electron-impact excitation of the
vibrational levels (v'=0, 1, 4) of the c} electronic state of N,. Because the
equilibrium internuclear distance and energy curve of the cj state are similar
to their counterpart of the X state, electron-impact excitation from X(v=0) to
ch(v=1) is much less favorable than to cj(v=0) on account of the very large
difference between the relevant Franck-Condon factors. The observed excitation )
cross sections for cf(v'=4), however, are several orders of magnitudes larger
than expected from consideration of the Franck-Condon principle. This is
attributed to the perturbation of the cj(v=4) state by admixture of the b'(v')

states, especially v'=13,

-10-
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Part II

FURTHER STUDIES OF ELECTRON-IMPACT EXCITATION OF THE ELECTRONIC STATZS OF
NITROGEN MOLECULES

In their study of electron-impact excitation of the cj -+ a(0,0) band,
Filippelli et al. pointed out the nonlinearity in the pressure depencence
of the cj, » a(0,0) signal produced by electron impact on N2.1 They
attributed this nonlinearity to reabsorption of the cf -+ a(0,0) by the Py
molecules in the ground electronic-vibrational state, but no measurement of
the degree of nonlinearity was made.

To study this nonlinearity effect quantitatively we have measured the
cf * a(0,0) emission at a series of gas pressure and electron beam current.
To exhibit the nonlinear pressure dependence we plot the ratio of the
photomultiplier tube (PMT) signal to pressure (S/P) versus pressure up to
2.5 mTorr. In Figure 3 we show these plots at three diferent beam currents
(50uA, 100uA, 150uA) with electron energy at 50 eV. The data points are

found to fit approximately the simple relation

- = a + bP, (II-1)

Similar plots for electron energies of 80 eV and 150 eV are shown in Figs. 4
and 5 respectively. The values of the ratio b/a at various beam currents
and 2lectron energies are given in Table I. We see that this ratio does not
vary much for the entire range of beam current and electron energy studied.
In Figs. 6-8 we show “he value of a at three different electiron energiss as

3 function of the beam current. The linearity is expected of

~13-
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Table I. The ratio of b/a as defined in Eq.(II-1) determined at different

values of electron energy (E) and electron beam current (Ie).

h Values of b/a
I (un) E = 50 eV E = 80 eV E = 100 eV E = 150 eV
50 0.214 0.345 0.285
100 0.338 0.320
150 0.275
200 0.311 0.326
300 0.354 0.263
350 0.312
400 0.345
[
L -17-
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Figure 8.

(rur/vyu) =

Plot of coefficient a versus beam current at 150 eV.
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single~-electron collision processes. The relation between b and the beam
current as shown in Figs. 9-11, however, appears to conform not quite as
w2ll to a linear function.

Another interesting question about electron excitation of tne ¢} =+ a
ecission is whether a substantial part of the population of thne cl, state is
due to cascade from the higher states. If these higher states (cascading
states) have lifetime very different from that of the cj State, then a
measurement of decay curve (emission intensity as a function of time after
turning off the electron beam) should reveal a mixture of different
lifetimes. The lifetime of the cj State is about 0.9 nsec.2 thus very high
time-resolution is needed to determine the lifetimes of the different decay
modes. A simpler approach is to measure the ¢}, * a emission intensity
profile of the electron beam, i.e., the variation of the emission intensity
of the ¢} * a bands as a function of the radfal distance from the center of
the beam. If the cl level receives no cascade, the excited Nz(cb) molecules
can move only a very short distance before decaying away because of the very
short lifetime. However, if the cj level is populated significantly by
cascade from a higher level with a much longer lifetime, then it is possible
to have some c] * a radiation "outside" the electron beam. This would have
the effect of broadening the profile of the cf + a radiation. To measure
the intensity profile we place a vertically translatable horizontal slit of
width 0.397 mm in front of the monochromator entrance slit and measure the
¢} » a(0,0) signal as a function of the vertical position of the horizontal
slit. The measured emission signal plotted as a function of the slit
position is shown in Fig. 12. The data points were obtained at a gas

pressure of 7.7 mTorr, an electron beam current of 200 uA, and an electron
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energy of 10C =V with a monochromator bandpass of about 2.28 FWHM, For

cenparison we 2250 measure the intensity profile for the C-B(0,0) band which
is included irn Tig. 11. We see that the c}, *+ a profile has a FWHM of 2.5 mm
and lies well within the C+B profile of 4.2 mm FWHM. The C3n(v-0) state has

a‘lit‘etime2

of 37 nsec which is only somewhat longer than that of the cj
state. Therefcre the intensity profile data do not show evidence of
substantial cascade to the c), state from long-lifetime states.

One reason for the strong interest in the cj+a emission is that it is a
source of population of the a-state which has a long radiative lifetime
(10-" sec). Long-living excited states play very prominant roles in energy
transfer., Dynamical processes relevant to the population and depopulation
of such excited states are of great importance. However, quantitative
measurements are extreémely difficult because of the low density of such
excited species. Nevertheless in recent years significant progress has been
made in experizental technique for studying long-living excited atoms in
collision processes. For instance it is possible to measure number density
of the neon atoms in the 135 excited state generated by an electron beam
through neon gas. 1In this kind of experiment it is convenient to work with
a number density of 1ss-neon around 109/cm3. However, there are indications
that such experiments can be run with a number density of the excited atoms
as low as 3x106 cm'3. Furthermore extension of this technique allows one to
measure the tezporal growth and decay curve of the 155-neon atoms due to
electron-beam excitation. It is also possible to use this technique to
measure spatial variations of the density of the excited states. From these
transient-type cata, a decay time constant of 20 usec has been found,

Another area of great importance is electron-impact excitation from a
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long-living excited level (such as a metastable level) to a higher level.
Very recently successful attempts have been made of experiments in which an
electron beam is used to excite helium atoms in the 235 level produced by a
discharge (rather than by electron beam) to higher levels. Cross sections
for electron-impact excitation of the 23S-helium atoms to a number of higher
states, including 335, U3S, 33P, 33D, M3D, 53D, 63D, have bee: obtained,
Tnere are also indications of cross section data for excitation from 21S to
31D, N‘D, M‘P. The use of a discharge is believed to produce more
23S-he11um atoms than the use of electron-beam excitation. However, when a
discharge is used, the excited helium atoms and the electron beam for
exciting the 23S-he11um atoms are not as well characterized and it was
necessary to perform auxiliary experiments. To conduct similar studies for
molecules is more difficult but should be extremely valuable. However, such
experiments for probing excited atoms show great promise for extension to

molecules.
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Part III
EMISSION OF ATOMIC OXYGEN IONS RADIATION
PRODUCZD BY ELECTRON IMPACT ON OXYGEN MOLECULES

One of the most fundamental inelastic collision processes involving
diatomic molecules is electron-impact dissociation. This occurs through
excitation from the ground molecular electronic state to an unbound
(repulsive) electronic state or the unbound portion of a partially bound
state. Studies of this process allow us to probe into the collisional
coupling of the various electronic states as well as the energy curves. Aside
from the intrinsic interest, dissociative excitation is of great importance in
many areas of applied physics and technology as it is a major mechanism for
producing atoms from molecules. Specifically let us consider electrons
colliding with oxygen molecules. Dissociative excitation of the molecules by
electrons produces oxygen atoms and atomic oxygen ions in ground and excited
states. Optical emission (or absorption) of these atoms and atomic ions
provides us with a signature of these species. Measurements of the atomic
emission lines may serve as a way to obtain information about the relevant
processes. To use this technique effectively it is necessary to understand
quantitatively how the excited atomic species are produced.

Studies of the emission lines of neutral oxygen atoms produced by
electron-beam excitation of oxygén molecules have been reported in the
literature, and measurements have been made for the optical emission cross
sections of numerous neutral atomic-oxygen spectral lines.' Equally important
is the formation of atomic ions by electron bombardment on 0, molecules, but
very little is known about this dissociative ionization process especially

when the 0° ions are produced in excited states. Let us denote an excited 0"
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ion in the 1322522p2n2 electron configuration by 0'(nL). We focus our

attention on the process,

0, —€ . 0%(nk) + 0 + &
(I11-1)

0*(nt) ~+ 0%(n't') ¢ hv,

and measured the optical emission cross sections for a series of 0+(n2»n'2')
transitions in the wavelength region of 2000-8000A produced by electron impact
on 0,. The experimental method is similar to that described in Part I of this

1,2 A beam of monoenergetic

report and has been described in the literature.
electrons is generated by an electron gun and passes through a collision
chamber containing research grade oxygen gas at a pressure about a few mTorr.
The 0 emission is viewed perpendicular to the electron beam, spectrally
resolved by a monochromator, and converted to a proportional current by a
photomultiplier. Absolute calibration of radiation intensity is made by means
of standard lamps (tungsten lamp and/or deuterium lamp). The apparatus and
experimental procedure have been fully described in the papers cited above and
will not be repeated here. To facilitate spectral identification we have
studied the 0* emission lines produced in a discharge. The dicharge gives
much more intense radiation than does the electron-beam collision chamber. We
find the dicharge spectrum to be a useful guide for studying 0" radiation
emitted by electron-beam excitation.

The cross sections for the various o‘ emissjon lines at an incident

electron energy of 200 eV are listed in Table II. 1In Figure 13 is shown the
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Tatle II. Electron-impact optical emission cross sections Q for 0 transiticns

of wavelength ) at 200 eV.

h.. niLsS » n'2'L'S'  J + J° A(in &) Q(in 107%Ccn?)
=
L

3pis - 3s'p 3/2 - 3/2 3727 1.8

h 3/2 - 5/2 3749 2.1
| 3plp - 35" 3/2 - 172 4317 1.1
5/2 - 3/2 4320 1.3

3p"D - 35'p 3/2 - 1/2 4639 2.9

5/2 - 3/2 4642 7.0

T/2 - 572, 1/2 ~ 1/2 4649 17.0

3/2 - 3/2 4661 3.2

5/2 - 5/2 4676 2.2

3a% - 3p'p 172 - 172, 5/2 - 1/2 3882 1.6

3% - 3pp 7/2 - 5/2, 5/2 - 5/2, 3/2 ~ 5/2 4119 2.4
5/2 = 3/2, 3/2 - 3/2, 1/2 = 1/2 4105 0.35

3a% - 3p%p 3/2 - 1/2, 5/2 - 3/2 4070 4,7

7/2 - 572 4072 5.1

9/2 - 172 4076 5.2

up¥p - 3d%F 7/2 - 972 6895 1.6

uedp - 3qp 7/2 -~ 5/2 4304 1.1
5/2 ~ 3/2 4294 0.64
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3p2p - 352p

3p°p - 3s2p

ur2p - 3d2p

3d'26 - 3p'°F

572

7/2

572

9/2

T/2

372

3/2

372

1/2

3/2

5/2

372

T/2

5/2

3973
3983

U415

yu17

4602

459
4596

4190

4185

3.3
0.76

6.7
b7

0.4

3.8

3.4
3.6
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excitation function (cross section as a function of the incident electron
energy) for a typical 0" emission line.

Consider two emission transmissions, i+} and i+k, that originate from the
same upper level i. The photon emission intensity (I) is equal to the number
density of atoms in the i-th state (N;) times the appropriate transition

probability (A), i.e.,

I(i+3) = NyA(i=]), (111-2)

I(i+k) = NIA(i¢k). (I11-3)

Since the optical emission cross section (Q) is directly proportional to the

photon emission intensity, we have

Q(i+3) _ Ali+j) -
Q(i+k) A(i-k) (I1I-4)

Suppose that i+j is a transition of wavelength 2000-8000A for which the
emission cross section has been measured and that i+k is a transition in the
far infrared for which direct measurement of Q(i+k) is not possible because of
the very low sensitivity of the infrared detectors (as compared to
photomultipliers). From the preceeding equation we can obtain Q(i+k) from the
measured Q(i+j) and the two transition probabilities involved. We have
developed schemes for calculating atomic transition probabilities involving
high excited states using an approximate treatment for exchange and using a
Hartree-Fock method with configuration interaction. In particular, we have
calculated transition probabilities for a large number of 0" lines using a

Hartree~Fock method with configuration interaction., Using these transition
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24 cm2 at 200 eV, and the cross section

ar“s - 43% (=15 microns) as 2.1x10°
for tn2 infrared transition ufZF - MdaD (=38 microns) as 3.1x‘|0"26 cm?.
7o gain a more complete picture of the production of 0" emission by

eleccron impact on oxygen molecules, we compare it with the corresponding

process for nitrogen,

%y —2 3 N'(n2) + N + e
(I11-5)

N*(n2) » N*(n'%') + hv.

We have analyzed the measured cross sections for emission lines of N ions
produced by electron impact on NZ' The excitation functions for all the
emissisn lines show a broad peak at 190 eV. Near the threshold energy the
excitation function increases gently with an initial slope of nearly zero.
Within a multiplet (ngLS-»n'2'L'S'), the relative intensity of the various J-+J'
transitions is consistent with a simple theoretical model in which the
population of a J-level within an nilS-manifold is proportional to the
statistical weight 2J+1. The peak cross section for the more intense
multiplets of N is as large as 16x10.20 cm®. In addition to transitions of
the type (2322p)nl+(2$22p)n'1', we have also observed transitions in which the
active electron (nf) is associated with a core in the excited state. All
these observations are in accordance with the features exhibited in our o
emissicn cross section data. For the case of N' emission data, the excitation

funcztions of some of the emission lines exhibit a discontinuity in slope at

energy around 85 eV which is suggestive of addition of new channels for
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prolucing N*(nf). Such a discontinuity in slope has not been found in our 0"
data.

Of all the N* emission transitions that we have studied, the 3p3D e 383P

2 at 200 eV). The

0720 ¢m?

multiplet has the largest cross section (16;(10—20 cm
3d3F - 3p3D multiplet also has a large cross section, 1ix! . The cross
sections in the singlet family are smaller, i.e, 5.2x10-20 cn? for 3p1P -+ 3s1P
and 0.22x10'2° cm2 for 3d1D - 3p1P. The majority of the N* multiplet cross
sections are below 10 20 cm®. For example 4p'S » 3d'P, u4p'P » 3a'D,
up1D - 3d1F, 3d3D - 3p3P, MpBP -+ 3d3D all have cross sections no larger than
0.'5)(10.20 cmz. We have observed four multiplets involving the 3s', 3p', 3d'
states (3p'3P + 3s'3p, 3p'>S + 3s'9P, 3d'2P + 3p'OP, 3d'°D + 3p'°P). Their
cross sections are below 0.4x10720 cm?. The N* cross sections cited above are
all at 200 eV. In contrast we see that all the 0' cross sections -given in
Table II, with four exceptions, are all larger than 10'20 cmz. Moreover, the
cross sections in Table II refer to individual J-components. The cross
Sections would be even larger if they were expressed as multiplet cross
sections.

It was pointed out in Refs. 1, 3, 4 that for production of neutral atomic
0 (or N) emission by electron impact on 0, (or N2). the observed threshold
energy is nearly equal to the energy defect (within experimental uncertainty).
On the other hand, our measurements for both 0* and N* emission show a
threshold energy several eV higher than the energy defect. This signifies a
fundamental difference in the production mechanism between 0' (or N*) emission
and O (or N) emission. For illustration let us consider the formation of an

excited N atom (N') by electron impact on N,. This proceeds through the

intermediary of an excited N> molecule (N;) followed by dissociation, i.e.,

36~




Np(x'rg) —E— 3, (I111-6)

Ny« N+ N (I11-7)

In Fig. 14 we show schematically the energy curves (electronic energy versus
internuclear distance) of N, and N;. According to the Franck-Condon
principle, process (III-6) from the lowest vibrational level of the NZ(X12;)
electronic state proceeds "vertically" within the Franck-Condon region which
is represented by the shaded area in Fig. 14, Let us first assume that the N;
state is of a-type which is defined as either a purely repulsive electronic
state (shown in Fig. 13) or a bound electronic state for which the left-hand
classical turning point of the highest bound vibrational level is outside (to
the right of ) the shaded area (not shown in Fig. 14). A vertical excitation
from Nz(x‘z;) to an a-type N, state is illustrated by path (a) in Fig. 14.

The threshold energy corresponds to excitation along the right-hand edge of
the Franck-Condon region and is shown in Fig. t4 as (Eih)a which is obviously
larger than the energy defect, AE, shown in the same graph. Next we assume
that NZ is of B-type which is defined as a bound state for which the left-hand
classical turning point of the highest bound vibrational level is inside the
shaded area as shown in Fig. 14. Here excitation from N2(X1£;) to the B-type
N; through the vertical path (b) as shown in Fig. 14 corresponds to threshold
excitation, and it is clear that in this case the threshold energy is equal to
the energy defect, AE. Thus comparing the observed threshold energy with the
energy defect, we see that for production of neutral N emission, the
excitation process (III-6) proceeds through a B-type intermediate state N;-

Likewise for production of neutral 0 emission, the electro-impact process
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*
proceeds through a B-type intermediate O, state. On the other hand for
production of N+ (or 0") emission, because the threshold energy is several eV

larger than the energy effect, we conclude that key electron impact process is

N, (or 05) —&—=N3" (or 03%) + e (I111-8)

where NE* (or 05*) is an a-type state. This is illustrated in Fig. 15 by path

(a).
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