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Technical Report

Grant: AFOSR-89-0006

Period: November 1, 1988 to April 30, 1990

Principal Investigator: Professor Chun C. Lin,

Department of Physics, University of Wisconsin, Madison, WI 53706

Under the sponsorship of the Air Force Office of Scientific Research, we have

conducted a study of inelastic collisional processes of molecules. The

highlights of the accomplishments are as follows:

1. We have measured the cross sections for electron impact excitation out of the

23S metastable level of the helium atom to the 33S, 33P, 33D, 43S, and 43D

levels. The cross sections are much larger than those for excitation out of the

ground level. Based on the cross section data for excitation out of the ground

level, we expect excitation out of 23S to 33P to have larger cross sections than

to 33S and to 33D since 23S423P corresponds to an optical transition. However,

our measurements show the opposite, i.e., excitation from 23S to 33P is less

favorable than to 33S and 33D. This indicates a fundamental difference between

excitation out of the ground level and excitation out of the metastable level.

Further research work should be most important for a fundamental understanding of

electron excitation. Moreover the metastable atoms play an important role in

many energy transfer processes. Cross sections for excitation out of the

metastable levels are essential to understand many natural and laboratory

phenomena. This work has been published in Physical Review Letters, Volume 62,

pp. 2253-2256 (1989). Two copies of reprints are enclosed herewith.

2. We have studied electron impact excitation of the Rydberg electronic states,

xE, ying, and 031Ru electronic states of the N2 molecule. Measurements were

made of the electron-impact optical-emission cross sections of many vibrational

bands of the y1g -ol u , yin4g-a'lr, xlz -fa'I u, and o3
1flu4al 1g electronic

transitions. The dependence of the emission cross sections of selected bands on



N.

-2-

electron energy has been studied. The excitation functions of the y-*a' and x-+a'

bands have similar shapes below about 50 eV with a peak near 32 eV, and are

approximately proportional to lIE at high energies. The o3 +a excitation function

shows a broader excitation function compared to the y-a' and x-*a' excitation

functions. These cross sections are very important for studying atmospheric

radiation. This work has been published in Physical Review A, Volume 41,

pp. 1324-1334 (1990). Two copies of reprints are enclosed herewith.
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Cross Sections for Electron-Impact Excitation out of Metastable Helium Levels

David L. A. Rail, (' ) Francis A. Sharpton, M. Bruce Schulman,(b) L. W. Anderson,
J. E. Lawler, and Chun C. Lin

Department of Physics. University of Wisconsin. Madison, Wisconsin 53706
(Received 27 January 1989)

Absolute apparent cross sections for electron-impact excitation out of the 23S metastable level of He
to the 3'S, 4'S, 3'P, 31D, 4'D, 5D, and 63D levels have been measured by a novel method. A beam of
metastable atoms from a hollow-cathode discharge is crossed by an electron beam of energy from 3 to 16
eV, and the emission fro,, the excited states is detected. Absolute calibration is made by measuring the
ratio of electron excitation cross section to the known optical absorption cross section and using
knowledge of the pertinent branching ratios. Direct electron-impact excitation cross sections for the
33P, 33S, and 33D levels are obtained.

PACS numbers: 34.80.Dp

This paper reports a new method for making measure- hollow-cathode discharge. The 23S metastable He
ments of the absolute apparent cross sections for electron atoms together with the ground-level He atoms flow out
excitation of He atoms out of the 23S metastable level to of the hollow cathode through a i-mm-diam aperture
the 33S, 4'S, 33P, 3 3D, 43 D, 53D, and 63D levels at low into a large vacuum chamber that is pumped by a 6-in.-
He density. Also reported are the absolute cross sections diam diffusion pump. The metastable atoms in the em-
for direct excitation from the 23S level to the 3P, 33S, erging beam have a density of about 5 x 10' cm -3 corre-
and 3 3D levels. Cross sections for the electron excitation sponding to 0.003% of the He atoms flowing out of the
out of an excited level are of intrinsic interest in under- hollow cathode. The He beam is perpendicularly crossed
standing excitation processes. In addition to the intrinsic by an electron beam. The electron-beam current is mena-
interest in these cross sections, they play an important sured by a Faraday cup. The Faraday cup has holes cut
role in understanding gas discharges and related phe- into it to permit the He atoms to pass through the cup, to
nomena. However, few measurements of such cross sec- view the radiation emitted by the electron-beam-excited
tions are available, ' although there are extensive theoret- atoms, and to permit a laser beam to pass through the
ical calculations of these cross sections. 2-6 excitation region for the purpose of absolute calibration

In this experiment the cross sections for electron- as described in this paper. A typical electron-beam
impact excitation from the 23S level to the n 3L levels are current is 10 p A at 10 eV energy. The excitation region
determined by measuring the intensity of the radiation is viewed at right angles to the He-beam axis at an angle
emitted from the n 3L levels. 7 tigure I shows a schemat- of 60* to the electron-beam axis. The light is collected
ic diagram of our apparatus. Helium atoms in the 23S by an aspheric f/0.93 lens, passes through an interfer-
metastable level are formed in a water-cooled intense ence filter, and is focused onto the photocathode of a

photomultiplier. The interference filter is used to select
a transition from a particular n 3L excited level. The op-

I tical emission from the transition being studied is record-
olcharge I ed by photon counting at various electron energies. Be-

I (,70 cause the He beam is made up mostly of He atoms in the
ground level, the photon counting rate due to the
ground-level excitation is much larger than that due to

A. excitation out of the metastable level for electron ener-
gies large enough that excitation from the ground level is

OIL -possible. Thus the cross section out of the metastable
level can be measured only at energies less than the elec-
tron energy at which excitation from the ground level of

I /, He is possible (22.7 eV). All the voltages in the electron
'-inte.fer.nc. Fler gun are kept well below 22.7 V in order to eliminate any

a.gmflc Lesee - ,production of light in the electron gun which could be
scattered into the photomultiplier. There is a back-
ground that results primarily from light produced in the

___ hollow cathode and scattered by the He beam and by
surfaces in the collision chamber. The signal is detected

FIG. I. Schematic diagram of the apparatus. in the presence of this background by the use of off-on

0 1989 The American Physical Society 2253
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modulation of the electron beam. Photon counting with optical signal of the 33P-- 23S transition produced by a
thg electron beam on minus the counts with the electron unit length of the electron beam (as discussed in the
beam off is recorded. In order to study systematic prob- preceding paragraph), the metastable number density
lcms, the experiment is repeated except that the electron and the optical efficiency cancel out. Thus the absolute
beam is off for both counting cycles. Under this condi- optical emission cross section for 33P-- 33S is equal to
tion the count-rate difference is zero within statistical ac- irrcf times the ratio of the electron-beam excitation sig-
curacy. The experiment is also repeated with the nal to the LIF integrated signal, times the laser power
discharge turned off so that there are no metastable divided by hv, times the electron charge divided by the
atoms in the He beam. The count-rate difference is zero electron-beam current, times the branching ratio for the
within the statistical accuracy at electron energies below 3 3p - 23S transition.
16 eV. A polarizing filter is used to check the polariza- We have performed a similar LIF experiment at 3965
tion of the emitted radiation. The measured polarization A (21S-4'P). The results show that the density of He
is less than 5% on all lines. Because of the small value of atoms in the 21S level is less than 6% of the density of
the observed polarization, no polarization correction was He atoms in the 23S level.
made to the cross sections. The electron-current measurement is accomplished as

The optical signal for a particular transition produced follows. The electron current at an energy of 12 eV or
by electron excitation from the 235 level per unit higher is reliably determined using the Faraday cup,
electron-beam length is equal to the optical emission since the fraction of the electrons leaving the beam be-
cross section for that transition times the 23S metastable fore the viewing region is small. At energies below 10
atom density, times the electron-beam current divided by eV the electron beam is not always sufficiently focused so
the electron charge, and times the efficiency of the opti- that the current measured by the Faraday cup may not
cal collection system. Thus relative optical emission be identical to the current passing through the viewing
cross sections for the 3 -- 21P (7065 A), 4'S- 21P region. In order to determine the electron-beam current
(4713 A), 33P- -- 23S (3889 A), 33D- - 23P (5876 A), through the viewing region at lower energies, we put a
4'D- 23P (4472 A), 53D- - 2 P (4026 A), and 63D small amount of Na into the hollow cathode, and mea-
- 23P (3820 A) transitions are obtained from the mca- sure the Na(32P-. 32S) emission signal due to the clec-
sured optical signals and the relative optical efficiency of tron excitation at energies from the threshold energy of
our system at these seven wavelengths. The relative opti- 2.1 to 20 eV. The electron-excitation emission cross sec-
cal efficiencies are determined by measuring the emission tion of Na as a function of the energy is known. 10 Thus
signals of the same seven transitions produced by elec- the ratio of the electron-beam current within the viewing
tron excitation of the ground-level He atoms at region at a low energy to the electron current at 20 eV is
electron-beam energies corresponding to the peak of the determined as being equal to the Na signal at a low ener-
excitation functions (-30 eV) and comparing these sig- gy divided by the signal at 20 eV times the Na excitation
nals with the known optical emission cross sections for cross section at 20 eV divided by the cross section at the
these transitions produced by electron excitation of the low energy. The electron currents through the viewing
ground-level He atoms.I region at energies below 10 eV determined in this way

Absolute calibration of the relative optical cross sec- typically differ from the current collected in the Faraday
tions for the seven transitions produced by excitation out cup by 20% or less.
of the metastable level requires a knowledge of the prod- Figure 2 shows the optical emission cross sections for
uct of the 2'S metastable atom density times the abso- five transitions as functions of electron energy for elec-
lute optical efficiency. This information is found by us- tron excitation out of the 23S metastable level of He.
ing the technique of laser-induced fluorescence (LIF). The data are presented from threshold up to an energy of
A very low-power, nonsaturating laser beam crosses the 16 eV. At higher energies the very small tail of the elec-
He-beam axis at right angles and at an angle of 600 to tron energy distribution may produce excitation of
both the electron-beam axis and the viewing axis (see ground-level He atoms and cause the signal to rise, since
Fig. I). The LIF from the metastable is measured as the the ground-level atoms have a much higher density than
laser wavelength is scanned across the 23S- 3 P ab- the metastable atoms. The apparent cross section for a
sorption at 3889 A. The LIF signal, integrated over the particular level is equal to the sum of the cross sections
frequency range of the linewidth, per unit length of the for emission of light from that level to all lower levels.
laser beam is equal to rrc times the known 2'S-3'P ab- The optical cross section is equal to the apparent cross
sorption oscillator strength, f, times the 23'S metastable section times the known branching ratios. " Table I
number density in the beam, times the measured laser gives the absolute values of the apparent cross section
power divided by hv, times the branching ratio for the (QA) at three different incident-electron energies along
33P -- 23S emission, and times the optical efficiency, with the branching ratios used to convert the optical
where r, is the classical radius of the electron and c is emission cross sections into the apparent cross sections.
the speed of light. 9 Upon taking the ratio of the LIF in- For the 53D and 63D levels, the optical cross sections are
tegrated signal per unit length of the laser beam to the measured only at 10 eV because of the very low intensity

2234
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3 3p) TABLE 1. Apparent cross sections. QA(nJL), for electron

4- is Q(3D 2P) excitation from the 2S to n3L levels at incident-electron ener-
- - Q*(33S - 2

3
P) gies of 6, 10. and 16 eV. The apparent cross sections are equalzo*- 3.S - to the measured optical emission cross sections divided by theo10,

/ \branching ratios (BR) which are listed in the last column.

.2 QA(nL) (10-"cm2)
- n 3L 6eV I0eV 16 eV BR

Sa., . 3S 9.5 5.6 2.8 1.00u 3 P 3.8 3.0 2.3 0.90
SQ(3p - 3D 13 9.4 5.8 1.00

M 45P 3S 1.5 1.5 1.0 0.59E F - - (4D- 4jD 1.6 1.5 1.2 0.79
- 5 D 0.24 0.72

. 61D 0.11 0.65

0

o 0 5... 20-from the ground-state He atoms, where excitation to lev-
0 5 10 1s 20 els optically connected to the initial level has larger crossElectron Energy (eV) sections, but is in qualitative accord with theoretical cal-

FIG. 2. Optical emission cross sections for five transitions as culations based on a Born-type approximation and onFIG 2.Opica eissoncros ectonsfo fie ranitonsas multichannel eikonal treatment. 3.
4 The latter 3 gives

functions of electron energy for electron-impact excitation out mich c iona teatmnt 2 Te ate givsof the 2'S metastable level of He. direct cross sections of exciting 2'S metastable atoms to
the 3S, 33P, and 33D levels at 10 eV as, respectively,
1.51 x 10-16, 0.615 x 10- 16, and 5.54x 10-6 cm 2 , which

of the 5 3D - 2 3p and 6 3D- 2 3P transitions. The ap- are substantially smaller than our measured values. The
parent excitation cross section is equal to the direct exci- 33S cross sections based on the Glauber approximation'
tation cross section plus the cascade contribution. To are mostly smaller than those of Ref. 3. More recently,
use the optical cross section to obtain the direct cross Mathur et al.6 calculated direct excitation cross sections
section for exciting the 33p level from the 23S level, we from the 23S to the 33S and 33P levels using a
determine the cascade contribution to 33P as follows, distorted-wave approximation. Their cross sections are
The optical emission cross sections for n 3L -* 3 3P due to larger than those of Ref. 3, but are still smaller than our
excitation out of the metastable level have not been mea- measured valucs.
sured, as the most important transitions are in the far in- Gostev et aL 1 have reported measurements of cross
frared. However, we can determine the optical cross sec- sections for excitation of He atoms out of the 23S level
tions for n 3L - 3 3p from our measured optical cross to several higher levels at electron energies up to about
sections for n 3L -* 2'P given in Fig. 2, since these two 20 eV. Their measurements are made at higher density
sets of cross sections are related by the ratios of the where secondary processes such as dissociative recom-
known Einstein A coefficients for the n 3L - 3 'P transi- bination make the interpretation of data difficult. Their
tions to the known A coefficients for the n 'L - 2 3p tran- 3 IP cross sections are in the same range of magnitude as
sitions. " The direct cross section for exciting the 3 3P ours, but their 33D and 43D cross sections are much
level from 23S at 4.5, 6.0, 10, and 16 eV are, respective- larger than ours.
ly, 3.1 x 10 - 16 , 3.0x 10"- 6 2.1X10 - 16 , and 1.7x 10 - 16  In conclusion, we have presented a novel method for
cm 2 . Determination of the 33S direct cross section is measuring the electron cross sections for excitation out
handicapped by the lack of the 4 3p- 23'S optical-cross- of a metastable level to another excited level. The
section data. However, even if the 43p - 23S optical method has been used to measure the excitation from the
cross section is as large as the 33p- 23S cross section, 23S level of He to seven other triplet levels. The uncer-
the cascade from 4 3p to 33S is only 6% of the 33S ap- tainty of the reported cross sections is estimated to be
parent cross section at 10 eV. Thus we expect the 33S about 35%.
direct cross section to be at least 85% of the correspond- This work was supported in part by the Air Force
ing apparent cross section. A similar situation exists in Office of Scientific Research.
the 3 3D cross section, although we have the additional
uncertainty of the cascade from the n 3F levels. Never-
theless, from the relative magnitude of the apparent
cross sections shown in Table 1, it is clear that the direct ()Present address: PhotoMetrics, Inc., Woburn, MA 01801.
cross section for 33P is smaller than those for 33S and (b)Present address: Philips Lighting Company, Lynn. MA
3 3D. This trend is different from the results of excitation 01901.
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Electron-impact excitation of the x 1 , y Il-ig, and 0 3 In1. Rydberg electronic states
of the nitrogen molecule

James S. Allen, Sunggi Chung, and Chun C. Lin
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706
(Received 8 September 1989; revised manuscript received 30 October 1989)

Electron-impact excitation of the x '7.,, y 'H5,, and 03 'fl. Rydberg electronic states of the nitro-
gen molecule has been studied. We have measured the maximum electron-impact optical-emission
cross sections of many vibrational bands of the y '1 5---w 1, y I 1 -a' "7-, and x 'I. -a'Z-
electronic transitions. The maximum values of the optical-emission cross sections of these band sys-
tems are typically less than or on the order of 10-20 cm2. The dependence of the emission cross sec-
tions of selected bands on electron energy has been studied. The excitation functions of the y-a'
and x -a' bands have similar shapes below about 50 eV with a peak near 32 eV, and are approxi-
mately proportional to I/E at high energies. We have measured the emission cross section of the
03 'l1 -a 'I1(0,0) band as a function of electron energy. The excitation function of the
o, -a (0.0) band has a broader shape than the excitation functions of the y--w, y----a', and x-a'
bands. We have calculated Franck-Condon factors for the y-.w, y--a', and x -a' band systems
and compare them with the experimental emission cross sections of these band systems. The ap-
parent electron-impact-excitation cross sections of the vibrational levels of the x and y electronic
states are estimated.

1. INTRODUCTION curves for the x and y states were calculated in this work
(Sec. IV). The emission from the x --*a' fifth positive,

The electron-impact excitation of the x ly.,-, y fIig# y-.a' Kaplan first, y--.w Kaplan second, and o3 --*a
and o3 'flu Rydberg electronic states of the nitrogen mol- Gaydon-Herman band systems occurs in the ultraviolet
ecule is investigated in the work reported here. The x, y, region, between 2000 and 3100 A. ' The emission from
and o3 states are the first (lowest-energy) terms of Ryd- the x -03, Y --*03, and y -c4 band systems is in the in-
berg series that converge to the A ,ll state of N, '. The frared spectral region, and the 03 -X emission occurs in
v'=O vibrational levels of the x, y, and 03 electronic the extreme ultraviolet spectral region. Electron-impact
states are, respectively, 14.04, 14.14, and 13.11 eV above excitation of the x and y states could have a significant
the ground vibrational level of the N, X1Z7 ground elec-
tronic state. The inner electrons of all three states have
been assigned to the molecular-orbital (MO)
configuration ( 1o'€ )?( io'u )2(2c.g )2(2. )2( lmr )3(3o )2, 16

which is the MO configuration of the excited N2  A il. +
state. The outer electron of the x, y, and o3 states is as-
signed to the Rydberg (/) 3prru 4pa., and 3sa orbit- >. 14 -xt£
als, respectively.' Inspection of the MO configurations of "xos
the electronic states of the nitrogen molecule listed in z
Ref. I reveals that transitions to the a' 'I- and 03 Ill W 12-
electronic states are the only one-electron electric-dipole a
radiative decay channels from the x state. Likewise, for
the y state we find four possible modes of one-electron z
electric-dipole emission: y--.a', y-.O3, y--'W 'Au, and 10

y-'c4 'I The valence states a' 11- and w 'Au have
the same electron configuration, i.e., the N 2  A 2  core ia
plus an outer lrr electron. The 03 'llu state is optically
connected to the ground electronic state, X 'I, through I
the 3soa--lir one-electron transition, whereas the 0.5 1 1.5 2 2.5
03 'lI. -a 'IH transition involves two active electrons.
The x and y states are not optically connected to the INTERNUCLEAR DISTANCE (A)
ground state. The potential-energy curves of some of the
above electronic states of N 2 are shown in Fig. 1. The FIG. I. Potential-energy curves for the x 'I"-, y '17.,
potential-energy curves for the a', 03, w, c 4 , and a II o 41l., c' 'i, W 'A., a' '1, and a 'ir, states of the N2 mole-
states were taken from Ref. 1. The potential-energy cule.
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effect on the population of the long-living a' and u' states determined from the measured quantities in this experi-
through the x -- a', y -- a', and y -w band systems. ment and Eq. (7) of Ref. 7. A diagram of the apparatus

We are not aware of any measurements of the may be found in Ref. 8 and details of the experimental
electron-impact optical-emission cross sections of the method in Ref. 7.
x -a', y--a', y-.w, or o3 -a vibrational bands report-
ed in the literature. These are weak band systems; how- III. ANALYSIS AND RESULTS
ever, the x -a' and y- u, bands are relatively prominent
features of the low-energy electron-impact-excitation A. y 111 state
spectrum of N. in the 2000-2800 Ak region. The lifetimes
of the v'= I %ibrational levels of the x and y electronic We have investigated electron-impact excitation of the
states, excited b% electron impact, have been measured by Y IjII state by measuring the optical-emission cross sec-
Hummer and Burns.2 They report values of 23.1 and tions of the vibrational bands of the y-u, and y-.a'
19.9 nsec, respecti'.ely, for the lifetimes of the x and y band systems. The emission signals of many of the vibra-
states. Electron-impact-excitation cross sections for the tional bands of the y-u, and y-a' band systems-are
o. state have been determined by electron scattering ex- recorded in our spectral scans of the emission from the
periments,. - 5 and emission cross sections for the ultra- collision chamber. These bands are all overlapped to
violet o3 -XA(0,0 and (0,2) bands have been reported in some extent by other N, emission bands. We have mea-
Ref. 6. sured the maximum optical-emission cross sections of

In this paper we report the results of our study of many of the y -u, and y--a' bands, correcting for over-
electron-impact excitation of the i'=0-2 vibrational lev- lap by other N, emission bands using methods which will
els of the x and v electronic states and of the v'=0 level be described below. We have also studied the dependence
of the o3 state. We have measured the maximum (peak) of the y--u-(1,3) and (1,4) and y -. a'(1, 3 ) cross sections
electron-impact optical-emission cross sections of many on electron energy and the dependence of the y - u,( 1,3)
vibrational bands of the x -. a', y--a', and y -u, band emission signal on N, pressure and electron beam
systems and excitation functions for the x and y states. current.
We have also obtained the emission cross section of the The absolute values of the maximum optical-emission
very weak o -. a(0,0) band. The experimental values of cross sections determined in this work and the estimated
the optical-emission cross sections are compared with uncertainties of these values are listed in Table I. The
calculated value, of the Franck-Condon factors of the maximum values of the y-u, and y-.a' cross sections
band systems studied in this paper. Based on the emis- are typically less than or on the order of 10" 2" cm2. The
sion cross sections reported in this paper, we have es- absolute value of the y--w(1,3) maximum cross section
timated the apparent electron-impact-excitation cross was measured at static N2 pressures of less than 10
sections of the vibrational levels of the x and y states. mTorr, where the linear relation between the observed

emission signal and the gas pressure is confirmed experi-
Il. EXPERIMENT mentally, as described in the last paragraph of Sec. III A.

The remainder of the y-.w and y-.a' cross sections
The electron-impact optical-emission cross sections of were measured relative to the cross section of the

the vibrational bands of the nitrogen band systems stud- y--u,(1,3) band and the cross sections of the
ied in this work have been measured using the apparatus N, D 7,, --,,B '171(0, 1) and (0,4) bands with N2 gas flow-
and the procedure described in Refs. 7 and 8. In brief, an ing through the collision chamber at pressures of less
electron beam is formed inside a collision chamber filled than 10 mTorr. Flowing the N, gas through the collision
with research grade N, gas at a pressure of 10 mTorr or chamber eliminates the accumulation of contaminating
less. The electron beam is collected by a Faraday cup, species inside the collision chamber. The relative cross
and the beam current is measured by in electrometer. sections were then normalized to the absolute value of the
The emission from a short segment of the electron beam Y'-w( 1,3) cross section determined in this work, and to
is observed perpendicular to the beam axis through a slot the absolute values of the D -- B(0, 1 ) and (0,4) cro:s sec-
in the wall of the Faraday cup and a window in the side tions reported in Ref. 7. The D -B(0, 1) and (0,4) emis-
of the collision chamber. The N, emission from the col- sion is stronger and can be measured with a lower uncer-
lision chamber passes through a scanning monochroma- tainty than the y-'(1,3) emission, and the D-.B
tor before being detected by a photomultiplier (EMI bands are located in the same wavelength region as the
9789QA). A circular stop defines the solid angle of the y - u' and y--a' bands studied in this work. Therefore
emission viewed by the monochromator, and the output the D -- B(0, 1 ) and (0,4) band cross sections reported in
current of the photomulttplier is measured with an elec- Ref. 7 provide a convenient standard to which the rela-
trometer and recorded on a chart recorder. A deuterium tive values of the y--.w and v-a' cross sections deter-
standard lamp, for which the spectral irradiance is mined in this experiment can be normalized. We have
known, is used for the absolute calibration of the N2  determined the values of the cross sections of selected
emission signal. The N, gas pressure is measured with a y-w and y-.a' bands by normalization to the
capacitance manometer, and the N2 number density is D-B(O,0) and (0,4) cross sections and by normalization
determined by the ideal-gas law, taking into account the to the absolute value of the y--u' 1,3) cross section, and
local gas heating effect discussed in Ref. 7. The optical- the two sets of cross sections are found to be identical
emission cross sections for each vibrational band are within the experimental uncertainty.
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TABLE 1. Comparison of the experimental maximum (peak) optical-emission cross sections for the
(v',o") bands of the y -tw, y -a', and x -a' transitions with two sets of Franck-Condon (FC) cross
sections obtained by the Morse potentials and by the RKR potentials of the x and y states. The third
column shows the method of correction (MC) used to subtract the signal due to overlapping bands.
The estimated percentage uncertainties of the experimental cross sections are listed under '% uncer-
tainty." Those experimental cross sections marked with an asterisk are used to normalize the FC cross
sections.

Cross section (10-21 cm 2 )
FC

Band k (A) MCI % uncertainty Expt. Morse RKR

y -i(O,0) 2355 B 73 3.6 6.3 5.3
(0.11 2443 C 92 7.4 6.6 6.1
(0,2) 2537 A 25 3.6* 4.3 4.3
(0.3) 2636 A 30 2.6* 2.2 2.3
(0,4) 2742 0.94 1.0
(0,5) 2853 B 67 0.4 0.36 0.40
0,to 2976 0.12 0.15

y VW( 1,0) 2263 C 20 27.8 26.2 25.5
(1,1) 2345 1.4 2.9
(1,2) 2431 A 38 1.6 2.2 1.1
(1,3) 2522 A 23 5.8' 6.0 5.5
(1,4) 2619 B 33 5.90 5.7 6.3
(1.5) 2722 A 21 4.7 3.6 4.5
(1,6) 2832 A 29 2.4 1.9 2.6

(2,0) 2176 A 36 5.8* 5.8 5.8
(2,1) 2251 3.8 1.7
(2,2) 2330 2.4 2.7
(2,3) 2414 0.03 0.39
(2,4) 2503 <0.2 0.62 0.14
(2,5) 2596 B 87 0.7 1.3 0.85
(2,6) 2695 A 37 0.5 1.3 1.1

y -a'(0,O) 2154 A 31 5.2' 5.2 5.2
(0,1) 2226 B 97 3.7 6.4 7.0
(0,2) 2302 N < 9.0 4.8 5.5
(0,3) 2382 2.8 3.3
(0,4) 2466 N < 3.2 1.4 1.7

y -al 1.0) 2077 N < 19.0 21.0 24.3
(H.1) 2145 2.9 5.5
(1,2) 2215 <0.4 0.57 0.14
(1,3) 2289 A 32 3.8' 3.8 3.8
(1,4) 2366 A 42 2.1 4.8 6.0

(2.6) 2425 IV < 1.2 < 0.24 < 0.19
(2,7) 2508 < 0.2' < 0.20 < 0.20
(2.8) 2595 <0.13 < 0.1It

x -a'( 0.0) 2199 < 2.1 < 2.1
(0,1) 2274 N < 3.9* < 3.0 < 3.0
(0.2) 2354 < 2.5 < 2.5
(0,3) 2438 < 1.6 < 1.6
(0,4) 2526 N <0.6' < 0.84 < 0.85
(0,5) 2619 < 0.40 < 0.41
(0.6) 2718 <0.18 <0.18
(0,7) 2823 < 0.07 < 0.07
(0,8) 2934 < 0.03 < 0.03
(0,9) 3053 < 0.01 < 0.01

x -a'(1,0) 2112 N < 73.0 32.6 31.9
(Ii) 2182 N < 16.2 9.1 9.1
(1,2) 2255 0.02 0.01
(1,3, 2331 N < 8.4 4.3 4.2
(1,4) 2412 N < 7.0 7.7 7.6
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TABLE I. (Continued).

Cross section ( 10
- 21 cm 2)
FC

Band X (A) MC, % uncertainty Expt. Morse RKR

x a'(1,5) 2497 N < 7.6 7.2 7.2
(1,6) 2587 B 27 4.9* 5.0 5.0
(1,7) 2682 B 26 3.0* 2.9 2.9
(1,8) 2782 A 35 1.6 1.5 1.5
(1,9) 2888 0.72 0.72

(1,10) 3001 0.32 0.33

x-0a'(2,0) 2034 A 22 28.6* 28.6 28.6
(2,1) 2098 A 59 3.3 2.0 1.8
(2,2) 2165 A 57 8.8b 12.1 11.9
(2,3) 2236 N < 16.0 5.0 5.1
(2,4) 2310 0.07 0.07
(2,5) 2388 N < 8.7 1.7 1.6
(2,6) 2470 N < 10.5 4.1 4.0
(2,7) 2556 N < 5.1 4.5 4.5
(2,8) 2647 A 31 2.0 3.6 3.6
(2,9) 2743 B 45 2.5 2.4 2.4

(2,10) 2845 A 32 1.5 1.4 1.4

'Methods A, B, and C are explained in Sec. III A. An N in this column means no correction is made
for this particular band.
'The emission cross section of the a-.X(7,16) band, which overlaps the x--a'(2,2) band, is assumed

to be negligible in comparison with the cross section of the x--.a'2,2) band. Sec Sec. III B.

Since the y-u'OOt,") bands with v"=2,3,5, the length. The emission signal ofay-- w band in the above
y-u,(1,v") bands with v"=3,4,5, the y--w(2,0) and category, for example, is determined by linearly extrapo-
(2,4) bands, the y-.a'(0,v") bands with v"=O,I,4, and lating the signal versus wavelength curve of the y-uw
the y-.a'(1,4) and (2,6) bands are contaminated by band from a wavelength region of the scan in which the
bands of the N,' D 2 I!)- A 211,4 band system, the rela- y-u, band is free of contamination into the wavelength
live cross sections of these bands were measured at an region of the scan where it overlaps the adjacent N, band.
electron energy of 20.0 eV in order to eliminate contam- The area bounded by the uncontaminated and extrapolat-
;nation by the N,' D 21II - A 211, band system which ed portions of the signal versus wavelength curve of the
has an excitation onset of 22.0 eV.1 The peak values of y'-' band and by the background signal level (the signal
the cross sections were determined by multiplying the observed in a nearby wavelength region which does not
cross sections at 20.0 eV by the ratio of the value of the contain any N, emission bands) is then measured to ob-
y -ui 1.3 1 cross section at its peak (at 32 eV) to its value tain the emission signal of they-.u, band. In an alterna-
at 20.0 eV. The cross sections of those y--tt and y-a' tive approach, the signal versus wavelength curve of the
bands that are not overlapped by any of the N2 ' D- A adjacent N, band is linearly extrapolated from a wave-
bands %%ere measured at 32 eV. length region of the scan in which the emission signal of

The y i u' and y,-a' cross sections listed in Table I the adjacent N, band is dominant into the region where it
have been corrected for contamination by other N, bands overlaps the y-u, band. In this approach the area
by three different methods depending on the extent of the bounded by the signal versus wavelength curve of the
contamination. The method used to correct each band combined y -u, band and overlapping portion of the ad-
for contamination is indicated as method A, B, or C in jacent N, band, the extrapolated portion of the signal
Table I. Each method is described below. The cross sec- versus wavelength curve of the adjacent band, and the
tions labeled with an N in Table I include the contribu- background signal level is measured to obtain the emis-
tions of other N, bands; we were unable to correct the sion signal of the y'- u' band. The first approach is used
emission signal of these bands for contamination, when the adjacent N, band is violet-degraded with a

The primary method, method A, of correcting the bandhead wavelength at a shorter wavelength than the
emission cross sections for contamination is based entire- bandhead wavelength of the y-u, band or when the
ly on our spectral scans, and it is applicable to those y-u, band emission is much stronger than the adjacent
y-u' and y-.a' bands which are overlapped by, but N, band. The second approach is used when the adjacent
sufficiently resolved from, adjacenl N, bands in our spec- N, band is violet-degraded with a bandhead wavelength
tral scans of the emission signal as a function of wave- at a longer wavelength than the bandhead wavelength of
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the v -it' band or when the adjacent N, band emission is the D -- B(0,0) emission cross section at 32 eV from the

much stronger than the y--w emission. If the adjacent emission cross section of the combined y---w(1,0) and

N. band is red-degraded with a bandhead wavelength at a D-.B(0,0) bands at 32 eV to obtain the y--w(1,0)

shorter wavelength than the bandhead wavelength of the emission cross section at 32 eV.

y -w band, we use either the first or the second ap- The estimated uncertainty of 23% in the absolute value

proach, depending upon whether the y--w band emis- of the y-.w( 1,3) maximum cross section listed in Table I

sion or the adjacent N, band emission appears to be was determined by adding in quadrature the estimated

stronger. The y--w and y--a' bands are all violet- uncertainty of each of the quantities in Eq. (7) of Ref. 7.

degraded bands. The uncertainty in the cross sections In particular, this value of the uncertainty includes es-

obtained by method A depends on the degree of overlap timated uncertainties in the measured y-w( 1,3) emis-

between the two bands and the relative intensities of the sion signal of 10% due to the uncertainty in the correc-

two bands. tion for overlap, using method A, by the k -- w( 1,3) and

Another method, method B, which uses Franck- C3 Ul% -- a 1l9(2,0) bands, 3% due to the uncertainty in

Condon factors to estimate the extent of the contamina- the background signal level, and 5% due to the signal

tion. is adopted in cases where the y---w or y -a' band noise in our spectral scans of this band.

is not resolved from the contaminating N, band in our The estimated uncertainties in the maximum cross sec-

special scans. In the Franck-Condon approximation, the tions of each of the remaining y -it and y- -a' bands

ratio of the emission cross sections, Q(at,' 1 3"') and listed in Table I allow for the estimated uncertainty in

Qi V,' -/3c', of two vibrational bands of a given band our experimental values for the relative wavelength

sstem, a-l3. with the same initial state v,' is approxi- response of the optical system (4-7%. depending on the

mately given by wavelength), the uncertainty in the value of the max-
3_ 'imum D -- B(0, 1) cross section reported in Ref. 7 (8%),

Qf a,"v[3,'" .(a,,' /3t,1 ') ,--1,") and the uncertainty in the measured emission signals of

Qcat','- 3 ,' ') X(avi' -.,Ov') q(av,' -f3,'') the y -w or y -a' bands relative to the D -. B(0, Iemission signal. The estimated uncertainties in the cross

where q(av,'-.1 ) is the Franck-Condon factor and sections of those bands which were measured at 20 eV
A) ct,' -- i'j') is the wavelength of the a--3(t,,',v;') band. and then converted to peak values include an additional
In method B, in order to correct for the contamination of 13% uncertainty in the ratio of the maximum value of

a v -w(v',v") band by a band a--,3(v,',v'), we calculate the y--.w( 1,3) cross section to its value at 20 eV. The

the Franck-Condon factors for the a -. 3 band system. uncertainty in the measured emission signal includes the

measure the emission cross section of a different band of uncertainty due to the corrections made for contamina-
the a -.13 system. ( ,,',v,'), that is not seriously contam- tion by other N, bands using methods A, B, or C, the

inated by other bands, and use Eq. (1) to determine the uncertainty due to the correction for the background sig-

cross section of the a -- 3(v,',te') band. The emission nal, and the uncertainty due to signal noise. The uncer-

cross section of the combined y--tv(',v") and tainty in the emission cross section varies from band to

a -f3(t v,', ,') bands is measured, correcting for overlap by band depending on the extent of the contamination and

adjacent N. bands using method A above when neces- the strength of the signal and is listed in Table I.

sarv. The estimated value of the a-f,,,',t.i') cross sec- The peak values of the y -w(0,2%, (0,3), (1,2). (1.3),
tion is then suhtracted from the cross section of tie coin- (1,5), (1,6), (2,0), and (2,6), andy -. a'(0.0), (1,3), and (1,4)

bined bands. The accuracy of Eq. (1) varies from one emission cross sections listed in Table I have been
case to another. Unless otherwise noted below, for the corrected for overlap by adjacent N, bands using method

purpose of error estimation, we assign a 35% uncertainty A. The uncertainty due to the correction for overlap, us-

to Eq. (I). so that the estimated uncertainty of ing method A, varies from 3% to 30%. The uncertain-

Qiar,'a13v,'- is taken as the quadrature sum of the un- ties due to the correction for background and due to sig-

certainty of the measured Q(at,'--flv') and the 35% un- nal noise vary from less than 5% for the stronger emis-
certainty of Eq. (I). sion bands to about 15% for the weakest emission bands.

A third method, method C, is exemplified by the The correction for the y-00,2) band entails a con-

y -iw 1,0) band, which is severely contaminated by the sideration of the energy dependence of the emission sig-
N. D ' .B~ 11 (0.0) band. The value of the nal of this band. In order to avoid disrupting the con-

v (.'l 1,01 cross section listed in Table I was obtained by tinuity of the presentation. we describe the analysis for

the following procedure. We measured the emission they--w(0,2)band in the Appendix.
cros section of the combinedy -wl 1,0) and D-B(O.0) The peak values of the t -w0,01. (1,4). (0,5), (2.5),

bands at 32 eV. Since the excitation function for the and y-a'(0, H cross sections have been corrected for

D -B emission peaks at 14.1 eV which is just below the contamination using method B. The peak cross sections

appearance potential of the y - ( 1,0) band, we can of t heY t,w(0,0) and (1.41 bands have been corrected for

measure the cross section of the D -B(0,0) band alone contamination by the x -a'(0,2) and (0,5) bands, respec-

at 14.1 eV. The value of the D -B(0,0) emission cross tively, based on our calculated values of the Franck-

section at 32 eV is then obtained by using the shape of Condon factors for the x-a' band system (Sec. IV) and

the excitation function of the D -B(0.1 ) band reported our experimental limits for the emission cross sections of

in Ref. 7 to scale the measured cross section of the the x -a'(0, 1) and 10.4) bands (See. II B). The magni-

D -B(0,0) band at 14.1 eV. We subtracted this value of tude of the correction to the y -u,' 1.4) cross section is
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about 6% of the combined y- u,(1,4) and x -a'(0,5) I ,
cross section. The correction to they-w(0,0) cross sec-
tion is much larger, about 29% of the combined 1.00 x y w (1.3)

y-,w(0,O) and x- 0a'(0,2) cross section. Similarly, the - ,-3 ,~ . y- a' (1,3)
y--w(0,5) cross section has been corrected for contam- "
ination by the o,--a(0, 1) band using calculated Franck- 0.75 -  )0-

.c I r.

Condon factors for the o3-a band system (Sec. III C) , X
and our experimental limit for the o -. a(0,0) cross sec- a 0.50 -

tion (Sec. III C). The magnitude of this correction is -

about 20% of the combined y -u'(0,5 and o-a(O,1) 025
cross section. The v-iw(2,5) cross section has been
corrected for contamination of the v-a'(2,8) band
based on calculated Franck-Condon factors for they -a' 0.00 .

band system (Sec. IV) and the experimental limit for the 0 100 200 300 400 500

y-a'(2,7) cross section listed in Table I. We estimate ELECTRON ENERGY (eV)

the value of this correction to be about 21% of the com- FIG. 2. Ratio of the optical-emission cross section Q to its

bined y-u'(2.5) and y---a'(2,8) cross section. The peak ,alue Q1.. as a function of the incident electron eneres
y-a'(0, I) cross section has been corrected for contam- texcitation function) for the .- a' 1,3) band (:]) and the
inationby theC 4 I1 --.a lg(0,1 )band based on our cal- y u'1,3) band( X).

culated Franck-Condon factors for the c4 -a band sys-
tem and our experimental values of the c4 -. a(0,2) and
(0,4) emission cross sections. The c4 -a Franck-Condon
factors were calculated using the Rydberg-Klein-Rees method B. For these bands we enter the symbol N in the

(RKR) potential for the a state given in Ref. I and a third column of Table I to indicate that no correction for

Morse potential for the c4 state based on the molecular overlap is made. The emission signal in the wavelength

constants for the c4 state given in Ref. 9. We estimate regions corresponding to the locations of the y--u (2,4)

that the c4 -. a(0,1) band accounts for 52% of the com- and the y-.a'(1,2) and (2,7) bands is comparable to the

bined y--.a'(0, 1 ) and c4-a(0, 1) signal at 32 eV. The level of the background signal, therefore we list only

estimated uncertainties in the maximum values of the upper limits for the cross sections of these bands. The

v--w(0,0), (0,5), (1.4), and (2,5), and v-.a'(0, I) cross y-u,(0,6 ), (1,1), (2,1), (2,2), (2.3), and the y- a'(0.3,

sections due to the above corrections are 40%, 25%, 9%, (1.1), and (2,8) bands were masked by other emission

32%, and 67%, respectively, whereas the corresponding bands of N,, therefore we do not report emission cross

overall uncertainties are 73%, 67%, 33%, 87%, and sections for these bands.

97%, as shown in Table 1. The dependence of the y-.a'(1,3) optical-emission
Method C is applied to the y--w(1,0) and (0,1) bands cross section on incident electron energy for energies up

to correct for contamination by the to 500 eV, determined in this work, is shown in Fig. 2.

N, D 31 -B !lld0.0) and (0,2) bands, respectively. The excitation function peaks at 32 eV and is roughly

The D--B(O,0) band accounts for 38% of the combined proportional to I/E above 300 eV. Below 100 eV the

y-w(1,O) and D-B(0,0) signal at 32 eV, whereas 78% shape of our measured excitation function of the

of the combined iw(0, 1) and D-B(O,2) signal at 32 y-w( 1,3) signal is identical to that of the y-.a'( 1,3)

eV is due to the D-.B(0,2) band. The portions of the band, but the values of Q/Qm,, for they-.-ll,3) band

error in the v--w, 1.0) and (0.1) cross sections listed in are larger than the corresponding values of Q/Qma, for

Table I due to this correction procedure are 6% and the y -a'(I.3) band by less than 5% between 200 and
90%. respectively. 400 eV. This is because the y---w( 1,3) band is contam-

The upper limits of the y-a'(0,2), (0.4), (1,0), and inated by the N, + D 211 - A 211,,(3,3) band. The exci-

(2,6) cross sections listed in Table I include contributions tation function for the latter has a broad peak at about
from other N. bands. The (0.2) band is contaminated by 200 eV, thus the influence of the N, band contamina-

the .4 '1 -AX ' (2,4) and a iI,-X "v'(4,15) tion is more noticeable at high energies. We have also

bands, the (0,4t ban- is contaminated by the A - XtO.4j checked the dependence of the y,1,- 1,4 emission cross

and a -XI 13.24 bands, the (1,0) band is contaminated section on electron energy and we find that the excitation

by the a -- X(2. 11 band, and the (2,6, band is contam- function of this banc, i> in agreement with the excitation

inated by the a -- 1."1.22), k I1 -- u i'A,1 (1,2) bands, function for thcy - -a" 1.3) band within thc experimenta'

and possibly by ti: ..- X2.5 band. However, as dis- un'certaint , !" our c'.urements. The estimated uncc:-

cussed later on it- this paper (Secs. III B and III C!, the tainty in tie \aiucs o! ie 1 _-1t' 1,3 cmi ,ssioll cross stc-

emission signals of the .. -- X bands are probably too lions relative to the peal. vaiuc is less than 15% below%

weak to influence the observed emission signals of the 100 eV. The estimated uncertainty ili the relative value-,

band systems studied in this paper. Since we did not ob- of the y-a'( 1,3) emission cross sections is about 15%

serve any a-.X(r',v") bands with "=2, 4, 11, or 13 below 100 eV and about 20% above 100 eV.

that were sufficiently free of contamination by other N, We have investigated the N, pressure and electron

bands, we were not able to correct the y--a'(0,2), (0,4), beam current dependence and the polarization of the

(1,0), or (2,6) bands for a--X contamination using y -u( 1,3) emission signal. We have measured the pres-
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sure dependence of the y-,w( 1,3) emission at electron Holland'0 found reasonably good agreement between his
energies of 20, 32, and 150 eV and we find that the emis- experimentally determined a --X cross sections and the
sion signal depends linearly on pressure in the 1-10 a --X Franck-Condon factors from Ref. 11. Our values
mTorr pressure range at each energy. We have also for the Franck-Condon factors of the a -X bands are in
checked the dependence of the emission signal, at 32 eV, good agreement with the corresponding values reported
on N, pressure (up to 11 mTorr) of the y - u,(0, 2), (0.3), in Ref. 11. Therefore we have assigned an uncertainty of
(1,2), (1,5), (1,6), (2,0), and (2,6) bands, and of the 20% to Eq. (1) for the purpose of estimating the uncer-
y--a'( 1,3) band. We find that the emission signals of all tainty of the a -X( 14,26) cross section. The
of the above bands depend linearly on pressure. We mea. a -X( 14,26) cross section obtained above is less than
sured the dependence of the y --w( 1, 3) emission on dec- 8% of the maximum x -- a'(1,6) cross section, therefore
tron beam current at 32 eV over a range of beam currents this is a very minor correction. Similarly, we attempt to
from 50 to 400 uA and we find that the signal depends correct the x--a'(2,2) emission for contamination by the
linearly on the beam current over this range. The y---, a--X(7, 16) band using the a -. X(7,19) cross section
and y--a' cross sections reported in this paper were along with the appropriate Franck-Condon factors. The
measured with beam currents of less than 350 yLA. We a-X(7,19) emission, however, is not distinguishable
have also measured the polarization of the y -u.t 1,3) from the background signal in our spectral scans, thus we
emission at 32 eV and we find that the polarization is can only assign an upper limit of 1.5X 10-2 cm 2 for the
very small (P= -0.02), therefore the polarization a--X(7,19) cross section at 32 eV. Taking this upper
correction to the emission cross sections is negligible, limit as the value of the a -X(7, 19) cross section we find

that the a -X(7,16) band accounts for 57% of the com-

B. x state bined x--a'(2,2) and a--X(7,16) signal at 32 eV. In
other words, the correction due to the a -- X(7,16) con-

The production of N, molecules in the v' =0, 1,2 levels tamination may be anywhere between 0% and 57% of
of the x 1I. state by electron impact has been investigat- the observed signal. Ajello and Shemansky'2 indicated
ed by studying the fifth positive (x ---a') band system that they did not detect a-.X(v', v) emission from the
emission from the collision chamber. We have measured v' = 7, 8, and 9 vibrational levels excited by electron im-
the maximum optical-emission cross sections of several pact on N2. They suggest that the a ill state is 100%
x -a' vibrational bands, correcting for overlap by other predissociated for v' > 7. In the absence of a quantitative
N, emission bands using methods A or B described determination of the a -- X(7,16) cross section, we adopt
above. The energy dependence of the x -a'(2,0) and the suggestion of Ajello and Shemansky and neglect the
1,7) optical-emission cross sections and the dependence a -X(7, 16) contribution to our observed signal. Howev-

of the x -a'( 1,7) emission signal on N, pressure and on er, we must point out that even with predissociation it is
electron beam current have also been investigated, possible to have some a -. X(7,v") emission. For in-

The maximum values of the x -- a' optical-emission stance, even for a value of the a -- X(7, 19) cross section
cross sections determined in this work and the estimated as small as 0.3 X 10-22 cm 2, method B predicts a 10%
uncertainties of these values are listed in Table I. Those contribution of the a--X(7, 16) band to the combined
cross sections which were corrected for contamination signal of the x--a'(2,2) and a--X(7,16) bands. Thus
using methods A or B are '"bclcd with an A or B, respec- the value of the x -- a'(2,2) cross section listed in Table
tively. The cross sections of all of the x -a' bands, with I, which is obtained by neglecting the a -- X(7,16) con-
the exception of the (1,4), (1,6), (2,6), (2.8), and (2.10) tamination, may be slightly larger than the true value.
bands, were measured at an electron energy of 32 eV, More refined measurements are needed to settle this is-
which corresponds to the peak in the x -a'( 1,7) and sue. The x -- a'(2,2) cross section has not been corrected
(2,0) excitation functions. The cross sections of the (1,4), for contamination by the A -- X(4,4) band; however, the
(1,6), 12,6j. (2,8), and (2.10) bands were measured at 20.0 A .I state is a metastable state (the radiative lifetime of
eV to eliminate contamination by N, D -.4 bands and the v'=0 level of the .4 'Z,- state is 1.9 s),i therefore the
were converted to peak values using the excitation func- A -X(4,4) band most probably does not make a
tion ofthex -a'( 1,7) band. significant contribution to the observed emission signal.

The x - a'( 1,8), (2,0), (2,1), (2,8). and (2.10) emission If the radiative lifetime of the v'=4 level of the A state is
cross sections have been corrected for overlap by adia- comparable to that of the v'=0 level, then. in our experi-
cent N. bands using method .-L The uncertainty in. the ment. most of the N. molecules in the '=4 level will col-
man..mum %alues i" ithe cross sections due to the cor7,ec- lide with the Faraday cup. electron gun grids, or the
non fOr ,%, rlap far~s from '%- to 30% for these ban.:,, walls of the collision chamber before emitting a photon in

The . -a' l,u. '2,2.% 11.7, and ;2.' peak cros,, Q,-. the .4 -X(4.4, transition. The maximum cross section
tions haxe been corrected for contamination by othe- N. of the x -a'( 1.7) band has been corrected for contam-
bands using method B. The cross section of the l,o) ination by the c'--at4,4) band using our calculated
band has been corrected for contamination by the values of the Franck-Condon factors for the c4--a band
a -Xt 14,26) band using the Franck-Condon factors for system and the values of the c4--a(4,0) and (4,1) cross
the a -X band system and our experimental upper limit sections and excitation functions reported in Ref. 8. The
for the a -X( 14.25) cross section. The a --X Franck- experimental value of the ratio of the c'--.a (4,0) and
Condon factors were calculated using the RKR poten- (4,1) emission cross sections differs from the value pre-
tials for the a and X states given in Ref. i. We note that dicted by Eq. (I) by about 45%; therefore, we have as-
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signed an uncertainty of 45% to Eq. (1) in this case. We
estimate that the c -- a(4,4) band accounts for less than
8% of the combined x--a(l,7) and ¢6--a(4,4) emis- 1.00 x X x - a' (1.7) -

sion signal at 32 eV. The cross section of the x--a'(2,9) X- C CX - a' (2.0)
band has been corrected for contamination by the 0.70.75 -
v-0u(0,4) band using our calculated values of the .
Franck-Condon factors for the v--u, band system (Sec. -

IV) and the values of the y -ir0,2) and (0,3) cross sec- o 0.50 -
tions listed in Table I. We find that the emission cross - c
sections of the V-it,v") bands calculated using Eq. (1) 0.25 - -

agree with the corresponding experimental values of the
Y-ut0,v") emission cross sections within 35%,-. The
y tu'(0,4) band accounts for 24% of the combined 0.00 ' .
x -a'(2,9) and .v- u;(0,4) signal at 32 eV. We estimate T100 200 300 400 500
that the uncertainties in the peak values of the ELECTRON ENERGY (eV)
x -a'(1,6), (1.7), and (2,9) cross sections due to the F1G. 3. Ratio of the optical-emission cross section Q to it,,

above corrections are about 5-, 6,-c, and 21%, respec- peak salue Qn,, as a function of the incident electron energ.
tively. texcitation function) for the x-a'(20) band (0' and the

The upper limits of the x - a'(0, I), (0,4), (1,0), (1,1), x -. a'( 1.7) band(. X
(1,3), (1,4), (1,5), (2,3), (2,5), (2,6), and (2,7) cross sections
listed in Table I include the contributions of other N,
bands. The (0.1) band is contaminated by the

a3 ,3 over the pressure range 1-10 niTorr. We find that thea -X(8,18), A -X(4,5), and E 37---A- 1I3)
gobserved signal exhibits a slightly supralinear dependence

bands, and the (0,4) band is contaminated by the on N, pressure in this range. The nonlinear dependence
.4 -. X(4,7) and c-.a(2,0) bands. The (1,0), (1,1), and of the signal on pressure may be due to the contribution
(2,3) bands are severely overlapped by the a -. X(4, 13), of the c4---a(4.4) band to the observed signal. We have
(3,13), and (6,16) bands, respectively. The (1,3) band is previously observed that the c4 -a(4, 1 ) emission exhib-
contaminated by the a -X( 11,21) and its a nonlinear dependence on N, pressure above 0.5

Ill, -a' 1 (0,2) bands, the (1,4) band by the mTorr.8 Below a pressure of 2 mTorr the (1,7) signal de-
k - .a'(0,3) band, and the (1,5) band by the E- 4116) viates from a linear dependence on pressure by less than
band. The (2,5) and (2,6) bands are contaminated by 5%. The maximum emission cross section of the
several N2 bands, and the (2,7) band is contaminated by x-.a'( 1,7) band has been measured at pressures of less
the E-. A0,5) band. The (,v") bands with than 2 mTorr to minimize the effect of the nonlinearity of
v"-0,2,3,5-9, the (1,") bands with N"=2,9, 10, and the signal dependence on pressure. We have also checked
the (2,4) band were all masked by other N, bands, there- the pressure dependence of the x--a'( 1,8), (2,0), and
fore we do not report the cross sections for these bands. (2,8) emission signals. The emission signals of all of these

The variation of the x--a'(2.0) emission cross section
with respect to the incident electron energy is shown in dependence of the (1,7) signal on electron beam current at

Fig. 3. The excitation function exhibits a peak at about 32 eV has been measured over the current range 50-400

32 eV. The x -a'(2,0) data has been corrected for over- 32 an ha t heasigna epen line on bea

lap by the a -- X(4, 12) band. The stimated uncertainty cA. and we find that the signal depends linearly on beam

in the values of the (2,0) emission cross sections relative current in this range. The x ma' emission cross sections
to te pak alu isabot 10,"cin he nery rnge reported in this paper were measured with electron beam

to the peak value is about 10% in the en ergy range currents of less than 350 pA. We have checked the po-
20-100 eV and about 15% at higher and lower energies. larization of the (1,7) emission at an energy of 32 eV, and
The (2,0) band signal at 500 eV wvas indistinguishable wefnnodtcaeplrito.

from the background. Also included in Fig. 3 is our mea-

sured excitation function of the x-a'(1,7) emission C. o3 I1. state
band for energies up to 150 eV. The shape of this excita-
tion function agrees very well with that ofthe x-a'(2,0) In Fig. 4 we show our measured excitation function of
band. The x-.a'(1,7) band is contaminated by the the o3-a (0,0) band. The curve has a broad peak at
c4--a(4,4) band which contributes appreciably to the about 75 eV and decreases slowly at higher energies.
observed emission signal at energies above 150 eV. Be- This band is contaminated by the A -. X(5,9) band; how-
cause of the uncertainty associated with correcting for eser. the emission from the A -. X(5,9) band is probably
the band overlap using method B, the x-a'( 1,7) emis- not observable in our experiment due to the long lifetime
sion cross sections above 150 eV are subject to a higher of the A state. We have looked for emission signals from
percentage error and are not shown in Fig. 3. the A -X(5,5) and (5,6) bands, but the emission signals

The dependence of the x -. a'( 1,7) signal on N, pres- of these two bands are not distinguishable from the back-
sure and electron beam current has been investigated, ground signal. The value of the o--*a(0,0) emission
and the polarization of the (1,7) signal has been mea- cross section at 75 eV is (0. 40±0.15)X 10

- it cm 2. The
sured. The pressure dependence of the (1,7) signal has estimated uncertainty in the values, plotted in Fig. 4, of
been measured at 32 eV with a beam current of 300 MA the (0,0) emission cross section relative to the value of the
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ic state X 11; to the three Rydberg states corresponds to
4 the one-electron transitions In,- -

3p r u, lr -, 4p a,
1.00 03 a (0,0) j and l1T,---- 3sog. The dipole-allowed character of the

1X -..03 In. transition is reflected in the shape of the

> 0 .7 5 - 13 excitation function of the 03 -- a emission band in Fig. 4,
, i.e., the broad peak and the slow decline at high energy.
,o aThe X 1X.---y 11, transition is an electric quadrupoleCr 0.50 o -

S0.0transition. Thus the excitation function of the y-.a'jr emission (Fig. 2) shows a narrower peak (compared to the

0.25 03--a excitation function) and a characteristic IIE
1 dependence at high energies. The x119 state differs

from y tInl in that under the Born approximation, excita-
0.00 ... too 20 300 ,o 500 tion from the ground state (X 119) to x 17.- has zero

ELECTRON ENERGY (eV) cross section because of symmetry ( + - - ) even though
the one-electron transition I, -. 3p 7 , associated with

FIG. 4. Ratio of the optical-emission cross section Q to its this excitation is of electric quadrupole type. Electron-
value at 75 eV, Q(75 eV), s a function of the incident electron impact excitation of the x I- state can be pictured as
energy (excitation function) for the o3 -. a(OO band. the result of indirect coupling (by the incident electron,

of the X 11; state with the x lXg state via intermediate
states since direct coupling is symmetry-forbidden. (A
similar situation exists in the cases of the a' 'lu state of

emission cross section at 75 eV is about 25% between 35 N 2 and numerous states of the Ne atom. 4.i5) The excita-
and 150 eV and about 40% at higher and lower energies. tion function of the x -. a' emission in Fig. 3 has a peak
The high uncertainty in the o3-,a(0,0) emission cross similar to that found in the y--a' data in Fig. 2, but the
sections is due to the very weak signal and the uncertain- x ---a' curve appears to have a steeper descent at energies
ty in the corrections for overlap (method A ) by adjacent above 50 eV.
N2 bands. With the emission cross sections compiled in Table I, it

We have also attempted to measure the cross section of is possible to test whether they conform closely to Eq. (i).
the 03 -a(0, 1) band; however, this band is contaminated To this end we calculate Franck-Condon factors for the
by the y -w(0,5) band. The o, -a(0, I) band is a red- y -. w, y-.a', and x -a' transitions. In Ref. I a vibra-
degraded band and the y -v(0,5) band is a violet- tional potential (RKR type) is given for the a' state. We
degraded band, according to Ref. i. The combined have calculated an RKR potential for the v'=0-11 vi-
o3-a(0,1) and y-w(0,5) emission peak appears brational levels of the v state. These RKR potentials are
violet-degraded in our spectral scans, therefore we believe extended by joining them to the Morse potential func-
that a large part of the observed emission signal is due to tions with the correct dissociation energy for large values
the y -. w(0,5) band. To estimate the o, - a0, 1 ) cross of internuclear distance, R, and to a function b +a IR for
section we have calculated the Fiatick-Condon factors for small R values. The y state undergoes a homogeneous in-
the ol -a band system based on the RKR potential for teraction with the k 1l state. We have calculated an
the a i11, state given in Ref. I and the RKR potential for RKR potential for the t'=0.1,2 levels of the y state
the o, state given in Ref. 13. The Franck-Condon factors based on the deperturbed molecular constants
for the o;-a band system and Eq. (1) predict that the ra- r,, Oe. 6kx., B., a,., and T,, of they state and the term
tio of the o; -a (0,1) and (0,0) emission cross sections is values of the t'=0, 1.2 levels given in Ref. lb. Equations
0.24. This ratio and the value of the (0,0) emission cross (1), (4). and (5) of Ref. 17 were employed to calculate the
section at 75 eV. determined in this work, give an es- turning points of the vibrational levels. The RKR poten-
timeted value for the (0.1) emission cross section at 75 eV tial was extended to larger and smaller values of R by
of aoout 0. 1 X 10 2 cm2. The relative values ol" the joining a Morse function with a dissociation energy given
o -a 0, 1 1 and (0.0) bands, however, may differ by D,. = (t /4,x,. to each side of the RKR potential. A
significantly from the ratio predicted by Eq. ( 1) due to the similar procedure is used to determine the vibrational po-
interaction between the o3 1ll,,, b III ,, and c, Ill, tential futnction for the x state. The vibrational wa'e
states. functions for the u', ic. x. and v electronic states are cal-

culated hy a numerical solution of Schr6dinger's equation
IV. DISCUSSION based on Numerov's method, and the Franck-Condon

yoI states of N, are Rydberg factors are obtained b\ numerical integration. For com-
The x X- y ll, and llstesoparison, we have also constructed an alternative set of vi-

states with an N, ( A 2 11J ) ion core. Their electron MO brational potential functions for the x and y electronic
configurations are states based entirely on the Morse function and the

IaX )2( l u )2(20. )2(2a, )2(1 ir )3(3a, )2(R ) molecular constants r,, (t., and wex,, rather than using
the RKR approach. The Franck-Condon factors derived

where R=3pr, 4pa,,, and 3sa, for the x, y, and o from these new potentials for the x and y states (along
states, respctively. Excitation from the ground electron- with the RKR potentials for the a' and w states) will be
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TABLE If. Franck-Condon factors of the RKR type and Morse (Mt) type for the Y'll.: -w'A, y 'I, --u'',, and
x ',, -- a' 'Z band systems. ThLe RKR-type Franck-Condon factors were calculated using RKR potentials for the x. ". ', u', and a'

states. The Morse-type Franck-Condon factors were calculated using Morse potentials for the x and y ,tales and RKR potentials for
the u, and a' states. A blank in the entries means that the Franck-Condon factor is less than 0.001.

V11
, Type 0 1 2 3 4 5 6 7 8 9

Y Illg,-u, 'A,
0 RKR 0.226 0.291 0.227 0.135 0.068 0.031 0.013 0.005 0.002 0.001

M 0.254 0.298 0.220 0.126 0.060 0.02o 0.010 0.004 0.001

RKR 0.386 0.049 0.021 0.115 0.147 0.1 18 0.0-o 0.043 0.022 0,011
M 0.433 0.025 0.044 0.137 0.146 0.104 0.0W0 0.030 0.013 0.0t

2 RKR 0.274 0.090 0.155 0.025 0.010 0.068 0.102 0.095 0.070 0.045
.! C.254 0.186 0.129 0.002 0.041 0. 1 W 0.107 0.081 0.049 0.02b

yl -11. a' ' _

0 RKR 0.177 0.265 0.231 0.155 0.088 0.045 0.021 0.010 0.004 0.002
M 0.202 0.276 0.228 0.146 0.080 0.039 0.017 0.007 0.003 0.001

RKR 0.355 0.089 0.002 0.074 0.129 0.127 0.0Q4 0.059 0.034 0.018
M 0.407 0.061 0.013 0.098 0.138 0.118 0.079 0.045 0.023 0.010

2 RKR 0.301 0.036 0.154 0.059 0.035 0.082 0.096 0.083 0.060
M 0.295 0.106 0.156 0.023 0.011 0.069 0.101 0.093 0.066 0.040

x
0 RKR 0.159 0.252 0.232 0.163 0.097 0.052 0.025 0.012 0.005 0.002

M 0.160 0.253 0.232 0.162 0.096 0.051 0.025 0.012 0.005 0.002

RKR 0.343 0.108 0.060 0.121 0.127 0.099 0.065 0.038 0.020
M 0.346 0.107 0.062 0.122 0.127 0.098 0.064 0.037 0.020

2 RKR 0.307 0.021 0.155 0.073 0.001 0.027 0.076 0.096 0.086 0.064
M 0.307 0.023 0.157 0.071 0.001 0.029 0.078 0.097 0.086 0.062

referred to as Morse type and the set of Franck-Condon sities of the y---w and y--a'(v',v") bands are
factors mentioned earlier will be referred to as RKR significantly affected by the interaction of the y Il and
type. These two sets of Franck-Condon factors are given k 11l9 states. Let us think of the perturbed y(v') state as
in Table I. The Morse and RKR potentials for the x the unperturbed y(v') state plus an admixture of the
state are virtually identical; therefore the two sets of k(') state. The perturbed y--w(v,v") transition mo-
x -a' Franck-Condon factors are nearly the same. The ment is likewise partitioned into an unperturbed y-.w
Morse and RKR potentials for the y state are slightly term and a k--w admixture term. Because the y--u-
different, and the two sets of y-w and y---a' Franck- transition involves only one active electron, whereas the
Condon factors, where they are greater than 0.01, gen- k -uu transition involves two active electrons, the transi-
erally differ by less than 20%, as shown in Table II. tion moment of the k--.w transition should be much

Combining Eq. (1) with the appropriate Franck- smaller than that of the unperturbed y--w transition.
Condon factors yields approximate relative values of the For the purpose of calculating relative intensities of the
emission cross sections for the series of (v',v") bands of a y-wv,v") bands for a given v', one can therefore
given t. We normalize the cross section(s) of one (or neglect the admixture of the k fl9 state and simply use
more) member(s) of the series to the best available experi- the y(v') vibrational wave functions associated with the
mental values to obtain "Franck-Condon cross sections." deperturbed potential. The same holds true also for the
Two sets of such cross sections corresponding to the y--a'(v',v") bands. This conclusion is indeed borne out
RKR-type and Morse-type Franck-Condon factors are by the reasonable agreement between the experimental
presented in Table I. The experimental cross sections cross sections and the Franck-Condon cross sections.
that are used for normalization are marked by an asterisk The y Il state is capable of downward one-electron
in Table I. The agreement between the Franck-Condon electric-dipole transitions to the o3 i'll,, c4 -, w "k,
cross sections and the experimental cross sections is, in and a' 'I states. The Y--03 and y---c transitions are
most cases, within the experimental uncertainty and the in the infrared (X- 1. I/tm) and are therefore very likely
variance between the two sets of Franck-Condon factors. to have much smaller transition probabilities than the

Since the y--w and y--.a' Franck-Condon cross sec- y-.w and y-.a' transitions'(X-0.22 tim). An optical
tions are based on a deperturbed vibrational potential for transition from y 1ll1 to c3 1l1. is also possible, but since
the y state, one must examine whether the relative inten-
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it involves two active electrons, it should be much weak- APPENDIX
er. Thus we expect y -w and y -- a' to be the major ra-
diative channels of the y state. An estimate of the ap- The y

parent excitation cross sections of the y(v') state can be by an unidentified molecular band. The combined excita-

obtained by summing the y--.w(v',v") and y-*a'(v',v") tion function of these two bands peaks near 16 eV and de-

emission cross sections over v,". This yields 3.8X l0 - , creases rapidly between 16 and 32 eV. Between 32 and
8.2X 10-20, and 1.4X 10- 20 cm 2 for v'=0, 1,2, respec- 100 eV the combined excitation function has the same en-

tively, at 32 eV. Similarly, we argue that radiative decay ergy dependence as the excitation functions of the

of the x state proceeds mainly through the x--a' transi- y-.w(1,3) and y-*a'(1,3) bands. Above 100 eV, the

tion. Our estimate for the apparent excitation cross sec- y-w(0,2) emission signal appears to be influenced by
tion of the x(v'=2) level is 5.7XI0- 20 cm 2 at 32 eV. the N, + D -. A (5,4) band; the combined excitation fune-

The apparent excitation cross section is the sum of the tion exhibits a small, broad, secondary peak at around
direct excitation cross section and cascade from the 200 eV, in contrast to the excitation function of the
higher levels. Our experiment does not provide informa- y -a'( 1,3) band shown in Fig. 2. The appearance of the
tion about the relative magnitudes of the two contribu- y -u,(0,2) band shape in our spectral scans of this band

tions. The o3 state is optically connected to the ground also differs in the three energy ranges indicated above.

state X 1,; thus the o3 -. X transition (), -760 AL) is ex- Below 32 eV, the y-.w(0,2 band appears to have a

pected to be the major radiative decay mechanism. We stronger emission band with a narrower bandwidth su-

are unable to estimate the apparent excitation cross sec- perimposed on it. Between 32 and 100 cV. the

tion of the o3 state from our o,a optical data because y -- tw(0,2) band shape is very similar to the band -shapeof the nearby y---w(l,3) band. Above 100 eV, the
of the very small branching ratio of the 03 -a emission

as compared to that of the o--X emission which is not Y -w(0,2) band again appears to have another emission
band of similar intensity superimposed on it. The value

measured in our experiment. The very small peak emis- o hy-w02 rs eto itda al a nasioncros sctin o th o. -a0,0 bad dterine in of the y --w(0,2) cross section listed in Table I was mea-sion cross section of the o1 --a(O0) band determined in sured at 32 eV. Based on the similarity of the band

this work (0.4X 10-21 cm 2 ) as compared with the much
shapes of the y--w(0,2) and y--w(1,3) bands at 32 eV

larger 03 -- X(0O) and (0,2) emission cross sections observed in our spectral scans and the similarity of the
(2.4X 10-19 and 1.8 10 -i cm , respectively at 200 eV) y-.w(0,2) and y---w(1,3) excitation functions between
reported in Ref. 6 confirms that the branching ratio of 32 and 100 eV, we believe that less than 10% of the ob-
the o3---a emission is very small. served emission signal, at 32 eV, of the combined

y-w(0,2) band and unidentified emission band is due to
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