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Radiative lifetime measurements of 13 vibrational levels of the B 3Hg state of N, have been obtained at 50 eV
incident electron energy and 30 mTorr N, gas pressure using a 50-usec electron excitation pulse. Two radiative
decay components with lifetimes of approximately 5 and 25 psec are observed in each case. The short-lived com-
ponent is identified as the contribution from direct excitation of the B 3ﬂg state. The long-lived cascade contri-
bution is observed to decrease from 37% of the total B 3Hg — A 3} (v',v") radiation for the v’= 0 vibrational
level to 15% for the v’ = 12 level and is consistent with theoretical predictions by Cartwright et al.

I. INTRODUCTION

Electron-N, collision processes have particular
significance in terrestrial atmospheric science
because of the abundance of molecular nitrogen
in Earth’s atmosphere. A knowledge of absolute
transition probabilities and lifetimes for the elec-
tronic transitions of N, is also important in many
problems in astrophysics, plasma physics, chem-
ical kinetics, and laser studies. In the present
experiment, time-resolved spectroscopy has been
used to study electron-impact excitation of the
B*Il, states of N,. Lifetime measurements of 13
vibrational levels of the B’Il, electronic state are
obtained by observing the temporal decay of the
first-positive band system corresponding to B3Il
—~ A3z (v, v") transitions. (A partial energy-level
diagram of N, and N} is shown in Fig. 1.)

Several investigators' ™ have previously mea-
sured the lifetimes of vibrational levels of the
B®Il, state of N,. In addition, Chung and Lin*
have calculated the electron-impact excitation
cross sections of the B3I, state and found that
the calculated cross sections were about one-
half that of the experimental apparent cross sec-

tions®'® corrected for cascade from the C3II, state.

Meanwhile, theoretical calculations by Cartwright
et al.”'® indicate that radiative cascade from high-
er vibrational levels of the W3A, and A%Z], states
could play a significant role in populating the low-
er vibrational levels of the B3Il, state and hence
change the character of its apparent excitation
cross sections. In the present work, lifetime
measurements of 13 vibrational levels (v'=0-12)
of the B®[l, state are obtained at 50-eV electron
impact energy, 50-usec electron excitation pulse
width, and 30-mTorr N, gas pressure. A signifi-
cant long-lived cascade contribution is observed
for each vibrational level and is consistent with
theoretical predictions by Cartwright et al.”*®

II. EXPERIMENT

A. Apparatus

The experimental apparatus shown in Fig. 2
utilizes a version of time-resolved spectroscopy
developed at the University of Arkansas.® Spec-
troscopically pure nitrogen gas passes into the ex-
citation chamber through a VACOA precision gas-
metering valve. The gas flow is held at a constant
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FIG. 1. Partial energy-level diagram of N, and N,.
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rate, corresponding to a N,-target-gas pressure
of 30 mTorr. The N, gas pressure is measured
by means of a well-trapped McLeod gauge while
the residual background pressure is determined
to be ~107® Torr by means of a calibrated ion
gauge.

A 6EM5 beam-power tube of pentode design is
used to produce a gated electron beam which acts
as the primary excitation mechanism. The pulsed
electron beam has an incident energy of 50 eV, a
peak current of 0.01 A, a duration of 50 usec, a
repetition rate of ~2 kHz, and a cutoff time of less
than 7 nsec. The energy distribution of the elec-
tron beam was determined as <5 eV by means of
the retarding-potential method. The pulsed elec-
tron beam passes into a field-free excitation re-
gion through a 0.3-cm-wide by 1.8-cm-long slit
and is collected in a deep cylindrical Faraday
cup (6 cm in length, 4.3 ¢cm in diameter). The
excitation region is surrounded on three sides
by electrically grounded walls producing an ef-
fective excitation chamber of dimensions 2 cm
lengthxX2.5 cm width X2 cm height. The modu-
lated light signal passes out of the collision cham-
ber at a right angle to the electron beam through
a 1-in.-diam quartz window placed immediately
adjacent to the excitation region.

The collisional radiation is directed into one of
two alternate optical analyzing systems. The first
system consists of a lens to focus the light, with
unit magnification parallel to the entrance slit of
a plane-grating monochromator. A photomultiplier
tube is placed at the exit slit of the monochromator
to detect the light corresponding to the spectral
transition under study. A Jarrell-Ash 0.5-m
scanning monochromator with a grating blazed
at 6090 A and operated at a spectral resolution
of 8 A is used to isolate the spectrum in the re-
gion below A =8000 A. In the case of longer waye-
lengths, a Jarrell-Ash 0.25-m monochromator is
used. The latter instrument contains a grating
blazed at 1.3 um and is operated at a spectral
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FIG. 2. Block diagram of the experimental apparatus.
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resolution of 33 A. Two photomultiplier tubes,

an Amperex 56 TVP and a RCA 7102, are used

to monitor the spectral range from about A =5700
A toA=10600 A. The RCA 7102 photomultiplier
tube is cooled to dry-ice temperature, thereby
reducing the dark current by a factor of 15. Com-
binations of colored-glass transmission filters
placed after the collision-chamber window are
used to block unwanted second and third spectral
orders. In this manner transmission of light at
wavelengths below A =5200 A is reduced to less
than 1% of its normal value. Meanwhile, more
than 98% of the longer-wavelength light is trans-
mitted through the filter combinations. The sec-
ond analyzing system consists of a lens to render
the diverging light from the electron-beam excita-
tion region into parallel rays, a Baird atomic type
B-9 infrared interference filter (transmission
bandpass Ax=+100 fk), and a second lens to focus
the light onto a cooled RCA 7102 photomultiplier
tube with unit magnification.

The time-resolved photodetection system em-
ploys a sampling oscilloscope to analyze the decay
of the collisional radiation. The signal-to-noise
ratio of the sampling system is improved by a
factor of ~5 by use of a double-modulation detec-
tion scheme in which the 2-kHz pulsed collisional
radiation is modulated a second time at 85 Hz by a
mechanical chopper. The normally dc output of
the sampling oscilloscope therefore becomes a
modulated output which can be monitored by a
lock-in detector before being displayed on an
x-y recorder. The use of the lock-in detector
tends to reduce the uncertainties introduced into
the decay signal by noise and dc amplifier drift
present in the sampling unit. The resulting x-y
trace is a plot of light intensity versus time. The
lock-in detector signal is normalized to corre-
spond to the maximum vertical deflection of the
recorder, while the horizontal time axis is placed
on an absolute scale by monitoring a signal of
known frequency with the sampling system. Typi-
cal rms signal-to-noise ratios for the decay
curves lie in the range ~8-100 for the maximum
amplitude of the curve occurring before the ex-
citation cutoff and ~0.5-50 for the minimum am-
plitude occurring several lifetimes after the cut-
off time. The minimum response time of the sys-
tem was determined to be in the range 3-7 nsec,'®
a time interval much shorter than the B®Il, life-
times under study.

B. Data analysis

The lifetimes of 13 vibrational levels (v'=0-12)
of the B3I, state of N, are measured by observing
the first-positive band system corresponding to



4170

the B3I, - A®Z?, transitions. Relative-intensity—
versus—wavelength graphs of the N, spectrum ex-
cited by a 50-eV dc electron beam at a N, gas
pressure of 30 mTorr are shown in Fig. 3. The
wavelength scans are obtained at spectral resolu-
tions of 8 and 33 A for the wavelength regions

A =5700~6900 A and A =8600—10 600 .ZX, respec-
tively. The intensities displayed in Fig. 3 are
not corrected for differences in detector sensi-
tivity and are shown to indicate that although there
exists considerable overlapping of the first-posi-
tive spectral bands in the Av'=4 sequence, the
overlapping of bands diminishes as Av’ decreases

until finally at Av’< 1 the bands are well separated.

In the present experiment, all of the lifetime mea-
surements except that of the (v'=0-~ v”=0) transi-
tion are obtained with the central transmission
wavelength of the monochromator set at the max-
imum intensity feature of each band and at the
previously indicated spectral resolution. In the .
case of the (v'=0- v"=0) transition the A=10500 A
spectral band is isolated by means of an infrared-
transmission filter. In addition, the v'=2-20v"=1)
lifetime measurement is also obtained using a fil-
ter-analyzing system to examine the effects of the
optical field of view upon the measurements.

The observed radiative decay curve correspond-
ing to each B3Il vibrational level is analyzed as a
superposition of exponential decays. The instanta-
neous light intensity is expressed as

0 g
I(t:O);Z Cie™ht,

where C; and A; are, respectively, the amplitude
and the radiative-decay constant of the jth com-
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ponent, and 33, C;=1. The unknown parameters,
C; and A;, are determined by a least-squares
analysis of the experimental data. The computer
program used to analyze the radiative lifetime
data obtained in the present experiment is the
BMDX85 nonlinear least-squares fit.!' It obtains
a least-squares fit of the function I(¢)/I(¢ =0) to the
data values {; by means of stepwise Gauss-Newton
iterations on the initial estimates of C; and A; ob-
tained by graphical analysis of the radiative-decay
curve. The computer-program output includes the
last-fitted parameters, estimates of fitting errors,
the original data, and the computer-generated fit
to the experimental data. For each vibrational
transition the data from at least ten individual de-
cay curves are included in the computer analysis.
Values of C; and A; are computed, corresponding
mean values are obtained, and standard deviations
of the respective mean values are calculated. The
over-all experimental error present in the mea~
surements of C; and A; is estimated to be within
+20%. Our estimate considers errors introduced
by (a) the experimental technique, (b) the analysis
of the x-y recorder plot, and (c) the computer fit.
Analysis of the B%Il, - A®27, radiative-decay
curves yields a short-lived decay constant of
~2.5x10° sec™, and a long-lived component cor-
responding to a second decay constant of ~4x10*
sec™ . The larger decay constant is identified as
the sum of the B3Il,-state natural-decay constant
and the decay constants corresponding to compet-
ing excitation processes. The natural lifetime of
the B®Il, state is the inverse of this sum after the
latter contributions have been subtracted from the
total. The second decay constant is associated
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with the population of the B®Il, states by radiative
cascade from other electronic states and also is
affected by competing excitation processes. These
assumptions concerning the origins of the decay
modes and the effects of secondary excitation and
deexcitation processes upon the decay constants
will be discussed in detail in Sec. III. A computer-
generated semilogarithmic plot of a typical radia-
tive decay curve is shown in Fig. 4.

IIl. RESULTS AND DISCUSSION

A. Secondary excitation processes

The secondary excitation and deexcitation pro-
cesses considered in the present analysis of the
B3I, - A®%7, radiative decay are (i) population by
radiative cascade, (ii) wall-collisional depopula-
tion controlled by diffusion, and (iii) volume-col-
lisional depopulation. Other secondary population
processes such as radiation imprisonment and col-
lisional excitation of ground-state molecules are
neglected in the present analysis because of the
relatively low concentrations of excited-state
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FIG. 4. Computer-generated semilogarithmic plot
of light intensity versus time for the A=8722 A band
corresponding to the (2,1) transition of the N, first
positive system observed with a monochromator analyz-
ing system: error bars indicate reproducibility and
reading errors present in the data acquisition process.
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molecules produced under the present experimen-
tal conditions.

The present experiment was conducted at a N,
gas pressure of 30 mTorr and an estimated oper-
ating temperature of 600°K. Under these condi~
tions the ground-state molecular density (p) is
approximately 5% 10 molecules/cm?, the average
molecular velocity (7) is calculated to be 6.7x10*
cm/sec, the concentration of B3Il, states produced
by direct excitation during the 0.01-A-50-pusec
electron pulse is estimated to be ~10° molecules/
cm? and the gas-kinetic collision time is estimated
to be comparable to the B3I, lifetime. Because
of this latter fact, it is important that the effects
of volume-collisional depopulation upon the B3Il
radiative-decay constant be investigated. The
volume-collisional contribution to the observed
decay constant is given by the product pvo, where
o is the effective collisional cross section for
volume depopulation of the B3Il, state. Using
the value 0= 3x107* e¢m? reported by Johnson
and Fowler,? the collisional contribution to the
B®ll, decay constant is estimated to be 1x10*
sec™, which is ~4% of the total and within the
experimental error of the present investigation.

The diffusion of excited-state molecules affects
the radiative-decay analysis in two ways: (a) wall-
collisional depopulation controlled by diffusion and
(b) removal of the excited states from the field of
view of the optical system before their decay is
detected. The latter process would appear to be
especially significant when the optical field of
view is restricted, as in the case of the mono-
chromator analyzing system.

In the present experiment the diffusion time
constant (7) is calculated for the geometry of a
parallelpiped whose sides a, b, and ¢ correspond
to the dimensions of the optical field of view.
When an optical interference filter is used to iso-
late the collisional radiation, the field of view of
the optical system is determined by the dimen-
sions of the exit window (~2.5-cm diam), the filter
(~2.5-cm diam), and the photocathode (~3-cm diam).
In this case the field of view is much larger than
the width of the electron beam and comparable to
the dimensions of the excitation chamber. Under
these conditions wall-collisional depopulation may
affect the measured decay constant. The diffusion
constant (D), reported by Winter,'? and the dimen-
sions of the excitation chamber are used in the
formula,’®

2 2 2
Lo (2 (32
T a b c
to obtain an estimate of the amount that wall-col-
lisional depopulation contributes to the observed
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decay constants. The wall-collisional depopula-
tion mechanism accounts for approximately 4% of
the B3Il -state total decay constant and up to 22%
of the decay constant representing the long-lived
decay.

In the case of the monochromator analyzing sys-
tem, the optical field of view is determined by the

width of the monochromator entrance slit (<1 mm).

The diffusion time for an excited state to leave the
1-mm section of the electron beam viewed by the
monochromator analyzing system is calculated to
be 1.8x1077 sec. Therefore, there exists the
possibility that excited-state molecules will dif-
fuse out of the optical field of view before their
decay is detected. However, because the ratio

of the electron beam width to the field of view is
large (= 4), there also exists the possibility that
similar excited molecules may diffuse into the
field of view as they decay. This assumption is
supported by the fact that lifetime measurements
carried out on the (v'=2- v”=1) transition with
both filter and monochromator analyzing systems
produced the same values of the two decay con-
stants to within the reported experimental error.
In addition, the amplitudes C, and C, determined
by analysis of the semilogarithmic decay plot are
observed to be independent of the type of optical
analyzing system used ih the measurement. These
facts appear to indicate that the effects of diffusion
processes upon the excited-state decay constant
and relative population lies within our experimen-
tal error and cannot be accurately determined.
Therefore, the effects of excited-state diffusion
will be neglected in the following analysis of the
B?Il, population decay.

The remaining secondary excitation mechanism
which can play an important role in populating the
B?®Il, state is radiative cascade. In particular,
the present work will investigate the apparent
long-lived decay component (~25 psec) observed
in the time-resolved spectra of the B®II, - A%,
transition. The analysis will be carried out as-
suming (i) that the only secondary processes of
importance are radiative cascade and volume-
collisional depopulation of the B3I, vibrational
levels and (ii) that the vibrational levels of the
several electronic states which can experience
radiative cascade to the B2Il, state are populated
only by direct excitation. Under these assump-
tions, the constants C; and A; appearing in Eq. (1)
can be identified as follows:

A, =1/7 +pov, A,=1/7,,

L
2 ’
TZ

__1-=Nr
Tl-T/7,

C,=N¥ -C C,

where 7, is the natural lifetime of the B’Il, state,

7, is the effective lifetime of the group of states
which experience radiative cascade to the B3I,
state, Nxis the fraction of the total B3I, popula-
tion resulting from direct excitation, and 1 - N}
is the B®Il,-state population fraction resulting
from radiative cascade transitions.

B. B 3Hg -state lifetime measurements

In Table I, the results of the present measure-
ments of the B3I, lifetimes are compared with
those reported by Jeunehomme' and by Johnson
and Fowler (JF).® In the JF experiment, a short-
excitation electron pulse (i.e., pulse width between
two and three times that of the B3Il lifetime) was
used to minimize the population of possible long-
lived excited states. Although JF measured the
B3I, lifetime as a function of N, gas pressure
and extrapolated to zero pressure to obtain the
natural lifetimes given in Table I, the lowest
pressure at which they carried out measurements
is comparable to the 30-mTorr gas pressure used
in the present experiment. In addition, JF did not
observe a significant pressure dependence of the
B3I, -state lifetimes at gas pressures below ~200
mTorr. Therefore, the present results and those
of JF appear to be in reasonable agreement, es-
pecially considering the £25% errors reported by
JF and the ~+20% errors estimated in this work.
In a somewhat different approach, Jeunehomme!
used a pulsed rf discharge as the excitation mech-
anism to obtain measurements of the B3Il life-
times over a pressure range of 4~50 mTorr and
extrapolated his results to zero pressure to ob-
tain estimates of the natural lifetimes. His re-
sults are displayed in Table I as 7(J) at zero pres-
sure.

C. Cascade analysis

The average lifetimes and fractions of the long-
lived cascade contribution for each of the 13 vi-
brational levels of the B®Il, state measured in the
present experiment are summarized in Table I.
The long-lived cascade contribution from higher
levels to the B3Il, state is observed to decrease
from 37% of the total B3I, (v'=0) population to
15% for the B®I, (v'=12) level. Jeunehomme!® al-
so analyzed the observed B°®Il, - A3Z" light decay
as a superposition of several exponential decays.
The computer analysis of the v'=7 vibrational lev-
el of the B3I, state is examined as an example of
the two experimental procedures. The results of
the least-squares computer fit assuming a two-
mode decay model carried out by Jeunehomme!
yields 7, =6.00+1.56 usec, 7,=25.10+3.97 usec,
C,=(73.66+10.04)%, and C,=(26.34+9.69)%. These
values are compared to the present results of
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TABLE I. B %M, lifetime data.

Long-lived cascade contribution
observed in the present

Vibrational B3I, lifetimes experiment ?
level Ty (this work) P T(JF) ¢ 7(3) 9 T, % of long-lived
v) (usec) (usec) (usec) (usec) cascade
0 4.9+0.5 8.0 23.5+2.0 37.1£7.2
1 4.5%0.5 7.5 25.1+4.6 37.3+3.8
2 4,6+0.7 7.1 25.0+2.0 34.2+5.2
3 4.7+0.4 3.3 6.8 24.9+2.8 36.1+ 3.0
4 5.56+0.4 4.0 6.5 26.0+1.4 33.1+3.6
5 5.1+0.8 3.5 6.2 24.2+1.7 32.3+£5.3
6 5.5+0.8 4.0 6.0 23.7+3.2 33.4+7.8
7 5.0+0.5 4.3 5.3 23.6+1.6 30.3+6.1
8 4.5x0.5 4.0 5.1 20.8+2.2 29.0+5.6
9 4,0+ 0.4 4.8 21.2+2.4 27.5+3.1
10 5.1+0.2 4.4 23.6+1.2 23.4+ 3.2
11 4.9+0.4 23.8+2.2 20.7+1.5
12 5.0+ 0.2 23.5+2.6 15.3+1.5

a1ifetime of long-lived cascade contribution uncorrected for volume and wall collisional

depopulation.

bp 31'1,g lifetime measured at 30 mTorr and corrected for the effects of volume-collisional de-
population: The errors represent the standard deviation of the mean lifetimes obtained by

computer analysis of ten radiative decay curves.

°B 31'Ig lifetime obtained by extrapolation to zero pressure by JF (Ref. 3).
i 3Hg lifetime obtained by extrapolation to zero pressure by Jeunehomme (Ref. 1).

7,=5.0£0.5 usec, 7,=23.6+1.6 usec, C, =(62+6)%,
and are observed to exhibit good agreement to with-
in the reported experimental errors.

Several papers*® 781415 haye previously com-
mented on the origin of the long-lived cascade
contribution to the B®II, state. Benesch and
Saum®® have studied the W~ B and B—- W transi-
tions and concluded that the intrasystem cascading
effect is important in the W= B process, i.e., the
W -~ B process must contribute, at least to some
degree, in the emission of the first-positive band
system. In principle, intrasystem cascading can
occur in band systems where the vibrational levels
of one state at least partly overlap those of another.
Gilmore'* has pointed out that the Franck-Condon
factors of the AL, state favor excitation to the
vibrational levels around v'=10. These levels can
make radiative transitions to the lower vibrational
levels of the B3Il, state, which then experience
radiative transitions to the A2, state with the
emission of the first-positive bands. Cartwright
et al.”"® used electron-impact-excitation cross sec-
tions for the six lowest triplet states (4, B, W, C, E, D)
of N, in the coupled equations of statistical equilib-
rium to obtain the vibrational population of each of
the B®Il, states. In their calculations, all of the
Franck-Condon factors connecting the electronic
states were those calculated by Zare'® and by Al-
britton et al.'™ All direct-electron-excitation cross
sections, exceptthose of the W state, used in the cou-

pling equations were the same as those reported by
Cartwright.!® Inthe caseofthe W statethedirect-
excitation cross sections used by Cartwright were
those reported by Chutjian et al.'®* However, Cart-
wright ef al.’s calculations indicated that radiative
cascade from higher vibrational levels of the

W3A, and A®Z, states are significant in populat-
ing the lower vibrational levels of the B®Il, state.

Long - Lived Cascade Contribution (%)

L 1 i s L 1

o 2 4 6 8 10 12 14
Bsﬂg Vibrational Level

FIG. 5. Percentage contribution to the total population
of the vibrational levels of the B3H£, state from long-
lived cascade processes: (—) the sum of A=} and
W3Au cascade contribution predicted by Cartwright
et al. (Refs. 7 and 8); (¢@@) long-lived cascade contri-
bution (1 —N#) obtained in the present experiment in-
cluding estimated reading error.
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Meanwhile, Covey et al.?° have pointed out that
there exists a large spread in the natural life-
times of the metastable W3A, vibrational levels.
They estimated (to within 50% estimated error),
that the lifetimes of the W3A, vibrational levels
varied from 16.7 sec for the v'=0 vibrational level
to 54 psec for the v'=7 vibrational level. In ad-
dition, one might expect that the lifetimes could
possibly be even shorter for the higher vibrational
levels. The lifetime of the v'=0 vibrational level
of the A%Z, state has been estimated to be 1.36
sec by Shemansky and Carleton.?® However, since
the A®Z; state is also a metastable state and like
the W3A, state has a significant overlap of its vi-
brational levels with those of the B®Il, state, the
lifetimes of its higher vibrational levels could also
be shortened as drastically as those of the W3A,
state. Unfortunately, at the present time there
are neither theoretical estimates nor direct mea-
surements of the A%, high-vibrational-level life-
times. The long-lived cascade contribution to the
total population of the B3I, state observed in the
present work may most likely be due to a combin-
ation of several radiative transitions from the
W3A, and A3Z, states. Figure 5 shows the per-
centage contributions of the long-lived cascade
contribution to the total B3Hg population observed

in the present experiment. These measurements
are compared with the theoretical estimates of the
total percentage cascade contributions from the
W3A, and A%, states to the total B3I, -state vi-
brational populations reported by Cartwright
et al.”®

Chung and Lin* have calculated the direct-excita-
tion cross section of the B®Il, state. They found
that their calculated cross section (~0.24a2 at 35-
eV incident electron energy) was about one-half
of the experimental apparent cross section®'®
(~0.5542 at 35 eV) obtained after subtracting an
estimated cascade contribution from the C3Il4
state. However, if the significant long-lived cas-
cade contribution to the total population of the
B3Il state observed in the present experiment is
taken into account, the discrepancy between the
theoretical and experimental values will be re-
duced by as much as 30%.
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