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ABSTRACT

Quantitative optical measurements of the N21P, 2P and N2+1N and
Meinel systems, excited by electrons, have allowed measurements of
transition probebilities, excitation crossfsections, and afterglow effects.
This work is reported in twq parts. Thevexperimant and observations are
described in detail in this article., Absolute transition probabilities

have been derived for the N,1P and the N +M systems. Tables of values for

2 2

+
the N22P and N2 1N systems compiled from earlier measurements, are included

to provide a complete set for the four systems.
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ABSOLUTE TRANSITION PROBABILITIES

I. INTRODUCTION

Nitrogen bands are the most prominent features in atmospheric
emission spectra and have been studied extensively in the laboratory. How-
ever, there is still confusion with regard to some of the absolute
transition probebilities, and particularly the electron excitation cross-
sections. Lack of agreement in recent literature (cf, Part II) brought us
%o the conclusion that the discrepancies in the lsboratory work were
probably associated with different techniques employed in meking the
measurements and the limited scope of individual sets of observations.
Therefore, we have measured all of the necessary parameters from & single
optical-electron gun system in order to meintein continuity. This approach
has been extremely successful, not only in establishing the transition para-
meters, but in correlating the previous literaturé°

The purpose of this work was to measure and correlate emission

4
band intensities of the N, first positive (1P), second positive (2P), N,

2
first negative (1N) and Meinel (M) systems excited by electron impact. Since
the observations in this experiment were based on emission phenomena, before
a study of the excitation mechanisms could be successful, an understanding
of the emission characteristics was necessary; the accuracy of optical
measurements of relative population rates and total system excitation cross-
sections is ultimaetely limited by the accuracy of the estimated transition
probabilities for spontaneocus emission. A quantitative discussion of

excitation mechanisms would be geverely limited if the populations of excited

levels could not be accurately separated from the transition probabilities.




Transition probebilities of the N22P and N2+1N systems appear 1o
be well established, as we shall discuss below, but this is not the case for
the NglP and N2+M systems. The present observations have been applied to
the estimation of absolute probabilities for the latter systems. This
article describes the determination of these values. The experimental
arrangements for the measurement of other relevant quantities and details of
the observations will also be described below.

Estimates of the relative populations of the excited levels are
obtained as a by-product of the analysis of the observed spectra for the
determination of transition probebilities. These values, converted into
apparent relative population rates, have been examined and utilized in Part
II to determine the excitation and deactivation processes affecting the
N21P and N2+M excited states. Measurements at various gas pressures, electron
" energies, and electron currents indicated that there was not a simple rela-
tion between the observed relative populations of the vibrational levels
and the excitation rate of grcgnﬁ stgxe‘mgleaules.tg,thaée levels. The processes

affecting the excited states of both the N 1P and N2+M systems in fact

2
could not be interpreted without combined steady state and transient

+
measurements. Electron excitation cross-sections of the NelP, 2P and N2 M

4
systems have been determined relative to the well -established N2 1N cross-—

section and are presented in Part II.




II. INSTRUMENTATION

A diagram of the collision chamber containing the electron gun
is shown in Fig. 1. The electron beam apparatus was adapted from a
television picture tube gun. Some modifications to the electrodes were
made to obtain the desired configuration. Radiation from the filament was
prevented from illuminating the glassware and beam area by forming a shield
of black anodized aluminum around the gun body. The electron beam was
collimated with a longitudinal magnetic field generated by coils around the
glassware. The gun provided a beam with a diameter of about 1 mm and a
peak current of 500 uA. Observations were made in the 1 cm long drift
region between the energy control grid and the collector which were at the
same potential.
Schematic disgrams of the measurement instrumentation are shown
in Figs. 2, 3. Two grating spectrometers were employed in the observational
systems, one as an intensity monitor, and the other as & scanning spectrometer.
A 1/2-m Ebert-Fastie Aercbee flight instrument (Fastiel) served as the
intensity monitor, and was operated essentially as a tuneable photometer.
The detector for this instrument was a cooled (Broadfootz) EMR 541A (s-11)
photomultiplier. The scanning spectrometer (Broadfoot and Hunten3) was a
1-m Jarrell-Ash model T8-420, coupled to a cooled ITT FW1l8 (S-1) photo-
multiplier. At -60 °C the dark current from this tube was about 30 count/sec.
The grating was moved by a stepping motor through a sine-bar wavelength
correction linkage. The detectors and the peripheral apparatus were all
operated in the pulse counting mode. An acceptance cone equivalent to
gbout f-3 was established by the imaging opties in front of each spectrometer.
Two recording system configurations were used; one for spectral

scanning and one for lifetime measurements.




A. Spectrum Recording System

The arrangement of the spectrum recording system is shown in
Fig. 2. The intensity monitor provided a continuocus correction for
fluctuations of the beam emission intensity. The monitor was fixed at the
wavelength of a strong band, either the N,1PG (6,3) or N2+1N (0,0) for
almost all of the measurements. Photoelectron pulses from the monitor were
counted into & preset scaler and determined the scan and sample rate of the
spectrometer system. Each spectrum was recorded with a single slow scan.
The spectra were stored on digital magnetic tape, and analyzed with the aid
of a computer.

Calibration3 of the spectral sensitivity of the l-m spectrometer
was performed by observing a surface of uniform brightness which had been
calibrated against a black body. A large calibrated surface was used to
fill the field of view of the spectrometer and provide a brightness similar
to the observed emission. This emission source was a frosted glass screen
back-lighted with a tungsten lamp which was operated at a carefully
regulated current. The bulb was separated far enough from the screen to
establish essentially uniform brightness over the surface. Under these
fixed conditions the surface brightness was calibrated against a biack body
whose temperature was measured with a standardized thermocouple traceable
to N.B.S.

B. Lifetime Recording System

Lifetimes were determined both by measuring the decay time of
the emission after the electron beam was gated off, and by measuring
response to a 1 usec square pulse. Both spectrometers were used in this

configuration (Fig. 3(a)). The orientation of the spectrometers was such




thet the beam was perpendicular to the slit direction and the beam was
imaged on the entrance slit. The slit, imaged at the beam, was 1 cm long.
Again the monitor and preset counter determined exposure time per sample.
The beam was turned on and off at a 10 kc rate, and the signal from the
spectrometer was sampled with a 1 usec gate in synchronism with the beanm
rate. The relative phase of beam and sample gates was continuously
variable, so that the response to the driving function could be observed

as a function of time. The initial phase of the gates is shown in Fig. 3(b).
At the end of each integration intervael determined by the monitor, the

1l pusec gate was moved & fraction of & psec in the direction +T relative to
the beam gate for the next sample. A measure of the efficiency of the beam
and sample gates was provided by observing the decay of the N2+1N (0,0)
band. The lifetime of this emission is short, about 6.6 x 10"8 sec,h’5
compared to the gate transition times. The shape of the observed buildup
and decay curve was compared with the calculated curve for a square gate.

The lifetime of +this band was detected with low precision which gave us

confidence in the system for the lifetimes we were interested in measuring.




III. OBSERVATIONS

In order to estimate the relative population rates and
excitation cross-sections of a state, one must first have a measure of the
complete set of transition probebilities. This generslly requires a
combination of experimental measurement and theoretical computation, since
in most cases the entire system is not experimentally observable. We regard
earlier estimates of the transition probabilities of the N2+1N (Broadfoot6)
and N22P (Nicholls7) systems as well established values, for reasons which
will be pointed out below. The N2+M and N21P transition probabilities were not
as well determined. The accuracy of the present measurements, coupled with
the use of accurate synthetic spectra for data reduction, warranted the
re-measurement of these two systems. Observations of the entire 5000 R -
10,500 Z spectral region were therefore conducted to determine a set of
transition probability tebles. The reduction of the spectra for the
determination of transition probebilities automatically yields estimates
of the apparent relative population rates (gv,) of the upper state
vibrational levels. Measurements of 8yt where thereby obtained at the same
time as a function of pressure, electron energy and current. Once the
relative population rates and transition probabilities were determined, the
excitation cross-sections were measured by observing selected bands of the

+
N.1P, 2P and N *M systems relative to the well measured N, 1N (0,0) band.

2 2

The steady state measurements were accompanied by observations of
transient excitation, not only to determine absolute transition probsbilities,
but to ebtain a sensitive measure of processes other than direct excitation

and spontaneous emission, affecting the populations of the upper state.




A. Relative Band Intensities
In the case of the NalPG, five spectra were recorded from 5000
to 10,500 Z at 10 K spectral half-width. The monitor was set on the
N,1PG (6,3) band. The beam current was 10 pA. The pressure and electron

energies were,

P(w) 0.5 2 2 10 10

Energy (eV) 11.5 11.5 17 11.5 17

At 11.5 eV the emission wasalmost free of cascadé. from the C 3Hu state.
At 17.0 eV the cascade contribution to the lower ievels of the B 3Hg state
was evident. This is illustrated in Fig. 4.

The spectrum of the N2+M system was recorded from 6000 to 10,500 K
with a spectral half-width of 10 Zo The monitor was fixed on the N2+1N (0,0)
bend at 391k Z. One complete spectrum was recorded for each of five

pressures and currents with an electron energy of 100 eV.

P(u) 25 11 3 1 0.5

I(pa) 5 12 50 120 130

The spectrum obtained at P = 3u is reproduced in Fig. 5.
B. Relative Cross-Sections of the Band Systems
The volume emission rate differs in radial distribution depending
on the lifetime and the charge of the excited molecule. For this reason
the slit of the scanning spectrometer was oriented perpendicular to the

electron beam axis. The slit was 1 cm long end the beam, gbout L mm




diameter, was imaged across the center of the slit. Under some conditions
we found that A znu ions 4rifted to the walls of the chawmber.

4o
Relative intensities were measured for the N, 1N and M systems

2
et discrete electron energies up to 100 eV and for the NzlP, 2P, and N2+1N
systems at lower energies. Finally, the relative emission rates of each
system were measured as a function of electron energy, by making
observations at small energy intervals while maintaining a constant
current.

For the first group, N2+M and N2+1NG, a spectral scan from T700 to
8050 Z in the first order of the grating gave a good measure of the N2+M (2,0)
band; this same region in the second order, 3850 -~ 4025 Z, included the
N2+1N (0,0) band. It is important to note that the two regions of the
spectrum were recorded by changing an order sorting filter. No other
change in the system was necessary or in fact allowable if the beam was
to be observed under identical conditions in both spectral regions. The
spectral half-widths were 10 2 in the first order and 5 Z in the second order.

The monitor was fixed on the N +lN (0,0) band. A lifetime measurement of

2
the N2+M (2,0) bend was made under the same conditions for each set of
spectra. The following combinations of pressure, current, and electron

energy were used in the gun.

P(yu) I(ua) Energies (eV!
19 8 100, 59, 33
6 8 100, 33

2 50 100, 33




The scan region was moved to 7500 - 7850 R for observations of
the other group of band systems, NglPG, 2PG, and NglNG° The first order
spectrum included the N, 1P (3,1) and (2,0) bands, and the second order
the N,2P (0,2) and N2+1N (0,0) bands. The monitor was fixed on the
N,2P (0,0) band at 3373 Ze The spectra were recorded for the following

source conditons.

P(u) I(uA) Energies (eV)

8 2 32,8, 22,8
1.5 20 31.8, 21.8
0.5 20 31.8, 21.8
0.5 10 31.8

Lifetime measurements of the N21P (3,1) band were made after the

sbove spectra were recorded because cascad®@ . into the B 3H8 v =3 level

from the C 3Hu state could be minimized at lower electron energies. Life-
times were measured at E = 12.5 eV, P = 0.5, 9, 50 u, I = 3, 5, and 10 uA.
The monitor was fixed on the N,1P (6,3) band.

The relative excitation functions of bands of the four systems,
at energies other than the discreet values listed above, were made by
varying the electron energy while mainteining a constant electron current
and gas pressure, and by using the spectrometer as a photometer rather than
& scanning instrument. The electron energy was varied over the range of
the gun while control bands from each system were observed, N21PG (3,1),
2pG (0,0), N2+1NG (0,0) and M (2,0). These curves were put on an absoclute
scale with the cross-sections determined from the spectra above. Positions

of the excitation functions on the energy scale were determined in reference

to the threshold of the N,"1N (0,0) band.
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IV. SPECTRAL ANALYSIS AND RESULTS

The volume emission rates for bands of the systems of interest

here cen be written

T =Ny A yn (1)
vhere Nv' is the population density of the excited molecules and Av'v" is
the spontaneous transition probability of the band. In the steady state,

I n can also be written

viv
IV'V" = €v|Av|vn/Av, 9 (2)

provided radiationless deactivation can be neglected, where Byt is the
population rate, and Av' is related to the natural lifetime, Tt of the

state by

A,
n V'V

L vi=lﬁv. o (3)
v

The determination of excitation cross-sections depends on the evaluation
of Eq. 2. The validity of the equation is the subject of considereble

+ .
discussion in Part II in regard to the N,1P and N2 M systems. In particular,

2
&

we argue that the equation is invalid for the N2 M system at any pressure

in the present experiment, and was very likely applied erroneously to all

of the previous cross-section work. We do not suggest that Eq. 2 is invelid

for the determination of the relative &, values et any pressure. But even

in this case where we do not require an absolute - the equation gives
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erroneous values at all but the lowest pressures for the N2+M system, due
to differences in the deactivation rates of the vibrational levels.

Most of the transitions of the cbserved systems fall into that
class, according to the criteria established by Fra.sera., for which the

equetion

Av’v" = \’v'v"3 Rea(E) Dyt (1)
may be written, where Vot is the wavenumber, qv'v;' is the Franck-Condon
factor, Re(E) is a measure of the electronic transition moment as a function
of internuclear distance and r is the r-centroide as defined by Fraser.

The Franck-Condon factor is well determined theoretically; but estimates of
Re(f’) are not satisfactory. Experimental steady state measurements of band
intensities must be used with Eq. 1 and 4 to determine Re(F). The resulting
relative transition probabilities can be placed on an absolute scale using
Eq. 3 with transient measurements of the natural lifetime. Variations of
the method have been used -extensively, and are described in detail by
Nicholls and his collaborators (cf. Nicholls’).

Band intensities were determined by use of accurate synthetic
spectra to separate blended bands (Shemensky and Vallance Joneslo, Shemansky .

ll)

and Carleton - In Fig. 5 synthetic spectra are plotted separately for

the N21PG and N2+M bands. This shows the overlap of bands of the two
systems as well as the blending of adjacent bands of the 1\121PG° When the
two synthetic systems were summed, for each wavelength interval, the spectrum

was almost identical to the observed spectrum except for atomic emission

lines. These synthetic spectra were generated with our final results.
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A. PFirst Positive System

At low electron energies the NZlEG can be generated without
exciting the N2+M system, which overlaps the NzlPG, or without exciting
the N22PG which cascades into the N21PG° This is illustrated in Fig. 4
and 5. Fig. 4 curve (a) is the N,1PG emission due to 11.5 eV electrons,
and is free of contamination. Curve (b) is due to 17 eV electrons and shows
the effect of cascadé&:: by the N22PG° Fig. 5 was generated at E = 100 eV
in the region of the peak production rate of the N2+M system.

An initial synthetic N21PG spectrum was generated using the

3

transition parameters of Ref. 10. The B Hg vibrational levels were initially

assumed to be populated from the N2 ground state in proportion to the
Franck-Condon factors for the (B 3Hg—X 12 * v = 0) transition. Adjustments
were made by inspection until a good fit was obtained.

The intensity of the bands in the synthetic spectrum were Known
accurately and could be easily related to portions of the observed bands.
Unblended portions of observed bands and the same portions of the synthetic
bands were measured in order to determine the total intensity of the observed
bands. Intensities of 32 bands were obtained in this way for the
computation of the Re(F) curve, Fig. 6, with Eq. 1, 4. Band intensities
from each vibrational level were scaled to give a single smooth Re(;)
curve; this scaling factor is a measure of the relative population of the
vibrational levels, Nv'°

The lifetime of the v' = 3 vibrational level was measured by
the decay method described in Section III and was found to De 13 = 6,5 usec.

This determined Re(;) on an ebsolute scale. The complete set of A , ,,-values

in Table I were then calculated. Franck-Condon factors and r-values used in




the calculations were obtained from Albritton and Za.re;12 their Franck-Condon

factors were similar to those calculated by Benesch et al.l3

Wavelengths
listed in Table I are calculated band origins.
B. Meinel System

The synthetic spectrum in this case was composed of the sum of
the N2+M and NzlPG with a cascade component of the N22PG° A great number
of NzlPG bands were clear of blends with the N2+M bands which allowed a
good fit to the NalPG intensities over the entire spectrum. It was thus
possible to predict the NalPG intensity contribution to each' wavelength
increment through the use of thersynthetic spectrum and thereby remove the

contribution to the N +M'bands. The synthetic N +M spectrum was constructed

2 2
using the data of Ref. 10 to define the rotational structure. The temperature
was determined by fitting to a measurement of the (1,0) band obtained with
a spectral half-width of 53. Segments of spectre containing each N2+M
band were integrated, and matching sections from the synthetic spectra were
used to determine the band in’tenéities° The absolute scale of/Re(f) vas
determined (Fig. T) from extrapolated lifetime measurements by O'Neil and
Davidson, rather than from our own estimates. The scale is uncertain and is
considered to be an upper limit to the real value., A detailed discussion
will be given in Part II. The Av'v" values calculated using the Aty
and r values of Ref. 12, are given in Table 2. The corresponding wavelengths

are band origins.
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V. DISCUSSION

A. N, Second Positive System (c 3nu -~ B 3ng)
Absolute transition probabilities are available for this band
T 14

system. Nicholls used the intensity measurements of Wallace and Nicholls

and lifetime measurements of Bennett and Dal‘byh in his calculations. More

p 5)’

recent measurements by Tytel , and also Jeunehomme and Duncan16 (cf. Hesser

agree well with the intensity measurements and lifetime measurements

7

respectively. The Nicholls' table was prepared using Franck-Condon factors

derived from Morse potential models. Later calculations by Benesch et ala,l3

with more accurate Franck-Condon factors, show no significant differences

with the Nicholls tables for those transitions which are, for practical

T

purposes, measureble (cf. Broa.dfoot”)o The Nicholls table has been

reproduced here for completeness, Table 3.
22 +)
g
but Broadfoot6 could not

B, N2+ First Negative System (B 22u+ — X

This system was also treated by Nicholls7
reproduce his results. Broadfoot has assembled most of the pertinent date
on this system and gives a table of absolute parameters. Again this work
was referred to Franck-Condon factors calculated from Morse potential models,
but the use of real potentials does not have a significant effect on the
Franck-Condon factors of measurable transitions. Broadfoot's table is
reproduced here for completeness, Table L.
C. N, First Positive System (B 3ng —a 3zu+)

Transition probsbilities for this system have gone through several
modifiéations, Turner and Nicholls18 reported band intensities for the

N21PG and found the intensity distribution was strongly affected by the

electronic transition moment. These measurements were later placed on an
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9 19

gbsolute scale by Nicholls. Zare, Larsson, and Berg

%

used more accurate
Franck-Condon factors with Turner and Nicholl's intensity measurements and
concluded that there was no real evidence for variation of Re(i")o
Jew.mc-‘ahommeeO used lifetime measurements of 11 vibrational levels to compute
Re(§) as a second order polynomial in r. The resulting curve was in good
agreement'with that obtained originally by Turner and Nicholls. Recent
calculations of Franck-Condon factors (cf. Ref. 13) based on real potential
curves differ somewhat from the old numbers calculated by Nicholls, mainly

3

+
because of more accurate molecular constants for the A Eu state. However,

although the new factors changed individualyAv,v,, values, the Re(E) curve
remained essentially unchanged (Ref. 20). Shemansky and Vallance Jones®
re-calculated the transition probabilities using the Jeunehomme Re(;) curve
end the more accurate Franck-Condon factors. The results from the completely
new set of observations described here do not differ substantially with the
values given by Ref. 10, with the exception of some transitions in the higher
v' levels. The present work extends the tables to include the v' = 12

level.

The curve for the variation of Re(E) with T, calculated here, is
given in Fig. 6. The error bars represent statistical errors in the
intensity measurements only. The curve was calculated on the basis of a
best fit linear function to all of the measured progressions. The fit to
a straight line seems justified; most of the bands lie within 20% of this
smooth approximation. The slope is determined by bands from individual
upper vibrational levels. Relative populations were derived from the shift
required to superpose the Re(;) values on a common curve, The apparent

relative & values determined from the populations are discussed in Pert II.
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A few individual bands deviate markedly from the Re(f) curve such as the
(4,4) and (3,3). There is no suggestion that the entire v' = 3 or v' = 4,
v''-progressions deviate from the general trend since the predicted
relative lifetimes of the levels are consistent with the direct measurements
as discussed below., Incidence of individual deviation from the general
trend of Re(§) are not surprising since the method of calculation is
approximate and may simply be the consequence of the separation of the
electronic and vibrational eigenfunctions (Ref. 8).

The relative transition probabilities (Table 1) were placed on an
absolute scale with the present lifetime measurement of the v' = 3
vibrational level. The lifetimes of the remaining levels were then determined
from the summation of the Av'v" values in the Teble. It was necessary to
extrapolate the summations for v' > 5 due to the truncation of the Franck-

Condon factors at v'' = 13. The extrapolated lifetime follows the equation

0.332
L ro/(l + 0.542 v') . (5)

A comparison with other lifetime measurements is shown in Fig. 8. The
measurements are in remarkably good agreement, apart from the Fowler et alel
values. We wish to emphasize that the relative lifetimes given by Table 1
were determined by steady state intensity measurements. The good agreement
with the directly measured lifetimes suggests that the transition probaebilities
were well determined, and that the calculated Re(E) epplied to all of the
observed v''-progressions. Some uncertainty would otherwise have been
associated with the higher v''-progressions since in those cases as few as

2 bands closely spaced in r, were available for the estimation of the

variation of Re(f‘)°
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" 2 2. +
D. N, Meinel System (A n,—-X Zg )

Accurate transition probabilities for this system have not been
availeble, mainly because of a lack of adequafe laboratory data. Nich011522
calculated relative probabilities based on Morse potential Franck-Condon

23)

factors (Fraser et al , and an electronic transition moment determined

2k 9

from auroral spectra obtained by Omholt™ . Nicholls” later placed this

data on an absolute scale using a crude lifetime estimate by Sheridan et alzs°
The probabilities were subsequently recalculated by Shemanskyes, using more
accurate Franck-Condon factors (NichollszT) based on improved molecular
constants (Mullikenae)° However, the electronic transition moment was
determined from the same (Ref. 24) auroral spectra. The Franck-Condon
factors (Ref. 12) applied to the present work do not differ significantly
from those given by Ref. 27. However the relative transition probabilities
(Table 2) differ somewhat from the earlier estimates, presumably because of
inaccuracy stemming from the photographic suroral measurements. We consider
the use of synthetic spectra for the analysis of these systems essential

for the accurate measurement of intensities, even in pure N2 discharges.

The sbsolute values given in Table 2 differ by an order of magnitude with
the Ref. 9 values and by roughly a factor of 3 with Ref. 26, This is due
nostly to the present use of more recent lifetime measurements. The
difference arising between the Ref. 9 and 26 values stems largely from a
mistake made by Nicholls in which the transition probability for the (2,0)
band was equated to the natural damping constant for the v = 2 level.
However the present values remain somewhat uncertain. The absolute scale of
the numbers in Taeble 2, as mentioned above, is based on the extrapolated

lifetimes measured by O'Neil and Da,vidson29° The present lifetime measurements
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and those of Ref. 29 are considered lower limits to the real value. Time

0 (4 = 12 psec) are about a

of flight measurements by Hollstein et al
factor of 2 larger than the values in Table 2. The Ref. 30 values should
in principle be more accurate than the other estimates, but are not

compatible with the present electron cross-section measurements. A

detailed discussion of the lifetimes is delayed to Part II, tecause of their

importance to the determination of the excitation cross-sections.
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TABLES
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Transition Probabilities
Transition Probabilities
¢ 7
After Nicholls'.
Transition Probabilities

# 6
After Broadfoot .

of the N2 First Positive Systen.

of the N.' Meinel System.

2

#
of the N2 Second Positive System .

#
of the N2+ First Negative System .




Table 1

Transition Probabilities of the “2 First Positive System

h 2 Extrap-
v\\q<' 0 1 2 3 " 5 6 7 8 9 10 11 12 13 [ S s i
10465.0 | 12316.6| 1s89u.5| 18739.1] 25082.9| 37522.0
© 6.25¢4 | 3.56+4 | l.12¢% | 2.47+¢3 | 3.97+¢2 | u.2u4l 1.12¢5 | 1.12#5
ges3.4 | 10179.0| 11878.1| 1s201.7 | 17s69.3| 22882.9] 32503.7 wows
: g.72+% | 4.12¢2 | 1.85+4 | L.we+d | S.69+3 | 1.40+3 | 2.27+2 1.28¢5 | 1.29¢§
5 7732.0 | 8695.3 | 990s.7 | 11470.9| 13572.1| 16538.8 | 21039.8 | 28671. | uuul7.6 Luzes | 1.u3es
4 by 6.17+4 1.25+4 2.68+3 1.05+4 7.2943 2.71+3 6.39+2 8.87+1 " °
s ces5s.2 | 7605.8 | 8516.0 | 9647.7 | 11092.0] 12997.%| 15624.1| 19473.2| 2568.7 | 37156.2 | 66089.9 Lsuss | 1.5ues
1074w | 7.73%u | 2.17+% | 2.85¢4 | 7.97+2 | 3.88+43 | 6.33+3 | 3.6843 | 1.2443 | 2.57+2 | 2.5441 . -
. 6173.1 | 6772.1 | 7usy.x | saws.7 | swos.e | 1073e.u | 12u70.6 | 1usos.s | 1sl2w.s | 23202.8 | 31932.9| S0u31.6 16205 | 1.5u¢5
1720:3 | 3.024% | 8.36%% | 1.5u43 | 2.9uen | 7.8ue3 | 1.93¢2 | 1.5243 | 3.74+3 | 1.8u+3 | 5.4u+2 | 9.0341 : .
s s621.6 | s11%.1 | 6688.7 | 7367.5 | 818l.0 | 9172.9 | 10407.7 | 11885.8 | 1u071.2| 16951.5| 21182.2| 27993.u4 | 40756.3 L7205 | 1.7345
7. 421 | 5.0843 | S.264% | 6.86+% | 3.02+43 | 1.91+#4 | I.szes | 1.30+3 | 1.02#3 | 2.81+3 | 2.13+#3 | 8.95%2 | 2.24+2 - :
s sse1.s | s056.7 | 660s.0 | 7255.0 | sozw.s | 8953.8 | 10097.5 | 11538.2 | 13w05.9 | 15920.7 | 19%83.8 | 24914.0 | 3MIT0.D | y gaug | 3 52es
307142 | 1.19+4 | 7.09+% | u.38+4 | 1.58¢% | 7.1043 | 1.76+4 | 5.11¢3 —— 1.u0+3 | 1.93+3 | 1.1743 | 4.2u¢2 : .
, ssu2.7 | so000.8 | 6529.7 | 71se.s | 787%.% | s7us.s | 9806.0 | 11123.1| 12800.7 | 15007.s | 18035.1| 22%34.21 ;1 a3.5 | 1.38+5
1707+3 | 2.1uek | 8.l0+s | 2.03+% | 2.88+k | 5.00¢2 | L.u3es | 8.39¢3 | 1.1243 | 2.31+2 | 1.2643 | 1.2243 . .
8 csou.9 | sews.7 | swss.e | 7osl.s | 7730.u | ssw7.s | 9s3i.1 | 1o736.9| 12287.%| 1ui91.7) 16781.3| 4 goug | 3. gses
2.3us3 | 3.2544 | 8.15+s | u.94+3 | 3.50¢% | 1.3843 | 8.11+3 | L.1544 [ 3.73+43 | 9.33¢1 | u.62¢2 - .
. c092.2 | suwss.0 | se93.9 | 6380.3 | s9u0.s | 7592.1 | e3se.3 | 9271.% | 10376.4 | 11733.1] 13856.8 | 5 gou5 | 2.0145
7.77+¢1 | u.29+43 | u.3844 | 7.31+w — 3.28+% | 7.66+3 | 2.44e3 | T.0u+4 | 6.u7+3 | 1.17+3 . :
10 soss.2 | sus2.0 | ssu2.5 | es0s.s | esu2.s | 7uss.9 | s177.6 | 9025.3 | 10038.9| 11268.91 ) 9545 | 2.07¢5
1.5942 | 6.92+3 | 5.38+4 | 5.86¢% | 3.99+3 | 2.uuen | 1.Su+s - 6.96+3 | 7.95+3 . .
’ sowe.s | sas7.o | s7ez.s | e23s.3 | e7w7.7 | 7330.5 | soou.5 | 8791.8 | 9721.0
1 28242 | Tootew | 6.114% | w.iwew | 1.33+4 | 1.38en | 2.09+u | 1.58+3 | 2.98+3 1.68¢5 | 2.13+%
s022.1 | s$362.8 | s7%3.s | 6171.7 | 6655.6 | 7206.6 | 7838.5 | B568.8
1 6.59+2 | 1.38%4 | 6.49es | 2.u8+s | 2.37+4 | 4.86+3 | 2.1944 | 6.03¢3 1.6045 | 2.18+5
v"
A (A)
v'

viv®




Transition Probabilities of the N2+ Meinel System

Table 2

v}&<' 0 1 2 3 4 5 6 7 8 9 T usec g;Av'v"
11088.4 | 14612.3 | 21269.9 | 38576.5 .
9.53+4 | 3.34+4 | 3.50+3 | 1.0+42 7.6 1.32+5
9182.8 | 11474.4 | 15213.8 | 22402.7 | 41883.5
1.011+5 | 7.82+¢3 | 2.82+4 | 6.10+3 | 2.5+2 7.0 1.43+5
7853.6 | 9u71.3 | 11882.0 | 15855.7 | 23636.8 | 45709.0 - L 5ues
6.05+4 | 6.93+4 | 2.09+3 | 1.50+4% | 6.78+3 | 3.7+2 . .
6874.4 | 8082.9 | 9775.5 | 12314.5 | 16544.5 | 2u991.5 | 50202.9 61 1 6445
2.75+4 | 8.61+4 | 2.53+4 | 1.34+4 | 5.14+3 | 5.97+3 | 4.37+2 . .
6123.6 | 7064.5 | 8324.1 | 10096.9 | 1277u.8 | 17286.2 | 26486.4 | 55559.u - 17345
1.08+44 | 6.07+4 | 7.31+4 | 3.03+3 | 1.99+4 | 6.6+2 §.43+3 | 4.29+2 . .
5529.8 | 6285.8 | 7263.9 | 8578.1 | 10436.9 | 13265.4 | 18086.5 | 28142.7 | 62042.3 - L s2es
3.87+3 | 3.2u44 | 7.89+h | L.37+4 | 8.7+2 1.84+4 | 1.18+2 | 2.81+3 | 3.7+2 . :
sous.7 | se7l.u | 6us5.7 | 7473.3 | 8845.8 | 10797.0 | 13788.6 | 18951.1 | 29983.0 | 70018.3 | . . 1 8945
1.33+43 | 1.u8+4 | 5.62+4 | 7.58+4 | 1.73+4 | 7.82+43 | 1.27+4 | 1.36+#3 | 1.51+3 | 2.8+2 . .
v"
(=]
x (B)




Table 3

Transition Probabilities for the N2 Second Positive System

v;\q" 0 1l 2 3 4 -5 6 7 8 9
0 3371.3 35876.9 380u4.9 4059.4 4343.6 4667.3
1.11+7 7.27+6 2.83+6 9.33+45 2.54+5 5.11+4
1 3159.3 3339.0 3536.7 3755.u4 3898.4 4269.7 u574.3 4916.8
1.02+7 5.59+5 4.70+46 3.93+6 1.85+6 6.68+5 2.17+45 8.75+4
2 2976.8 3136.0 3309.0 3500.5 3710.5 3%43.0 4200.5 4480.2 4814.7
3.55+6 8.43+6 8.61+5 1.45+6 3.26+6 2.54+6 1.26+6 L.60+5 1.86+$§
3 2819.8 2962.0 3116.7 3285.3 3671.9 3884.86 4141.8 4u16.7 4723.5
4.64+5 6.40+3 L. U746 2.83+6 1.83+6 2.64+6 1.61+86 7.2445 2.98+5
Y 2814 .3 2953.2 3104.0 3268.1 3446.0 36L41.7 3857.9 4osu.8 4355.0
1.40+6 7.27+6 1.39+6 3.87+6 5.08+5 6.46+5 1.81+¢6 1.82+6 1.0+6
V"
A (A)
Vl
AV 8 V"




Transition

Probabilities for the N

Table 4

2+ First Negative System

v}\y" 0 1 2 3 4
0 3914.4 4278.1 4709.2 5228.3
1.07+7 3.50+6 7.99+5 1.67+5
1 3582.1 3884.3 4236.5 4651.8 51u48.8
5.46+6 4.28+6 4.27+6 3.08+6 4.35+5
2 3308.0 3563.8 3857.9 4199.1 4599.7
1.32+6 7.64+6 1.25+6 3.70+6 2.08+6
3 3298.7 3548.8
2.99+6 8.27+6
V"
©
A (A
vl




Figure 1.
Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.
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FIGURES
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(b) Initial Phase of Beam and Detector Electronic Gates
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Experimental spectrum: P = 3u
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100 eV

Electronic Transition Moment N2 First Positive System*
* R(T) = -2.25(r - 1.k1k) + 1.

See Text

Electronic Transition Moment N2+ Meinel System.

' Ré(?‘) = 1.30(r - 0.677) + 1.

See Text




Figure 8. Lifetimes of the Vibrational Levels of the N2 B Hg State
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