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Electron-impact excitation of the second positive band syster(C °I1,—B 3119) and the C °I1,,
electronic state of the nitrogen molecule

John T. Fons, R. Scott Schappend Chun C. Lin
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Absolute optical emission cross sections have been measured for the second-positive band system of N
C3,(v')—B 3Hg(u”), forv’'=0,1,2,3,4 and” as large as 9 produced by electron impact with the nitrogen
molecule for incident-electron energies from threshold up to 600 eV. The relative cross sections fof each
family are in good agreement with the theoretical values. From the measured optical emission cross section, the
apparent excitation cross sections for the=0,1,2,3,4 vibrational levels of th€ 3Hu electronic states are
determined. A comparison of these apparent cross sections with the relative direct excitation cross sections
predicted by the Franck-Condon principle suggests that the population 6f Thg, state in an electron-beam
experiment for they’=0,1, and 2 levels is primarily due to direct excitation with minor contributions from
cascade. For the’=3 and 4 levels, the direct excitation cross sections are much smaller so that a larger
percentage population is attributed to cascade. The relative intensities of the varige/§ bands in the
electron-beam experiments are also compared with those observed in a dc discharge.

PACS numbsd(s): 34.80.Gs, 34.50.Gb

[. INTRODUCTION the cascade into the particular vibrational level. An analysis
of the apparent excitation cross sections for the various vi-

Electron excitation of the nitrogen molecule plays an im-brational levels allows us to address the issue of deviation
portant role in atmospheric phenomena and laser physic§om the Franck-Condon approximation. The relevant
One of the most predominant emission characteristics of thelectron-excitation and radiative processes are shown in Fig.
nitrogen molecule is the second positive band corresponding: 3 3 N _
to the C °I1,—B °II; electronic transitior{1]. While the The C “I1,—B "Il transition moment as a function of
electron-impact cross sections for the various vibrationafh® intermnuclear distance has been given in the comprehen-
bands of the second positive systems have been measured by
researchers in several laborator{@s-9], considerable dis-
crepancies exist in the published data.

Most of the earlier measurements of the optical emission .
cross sections were made for<2. In particular, the papers 12]
by Jobe, Sharpton, and St. Jdi#}, by Burns, Simpson, and ]
McConkey[2], and by Shaw and Camp§8] have reported ]
cross sections for a large number of these bands. Substantial 10 +
disagreement, however, is found for the cross sections given ]
therein. The bands with'=3 and 4 are much weaker and
fewer measurements have been reported for these bands. A
recent study of the electron-impact excitation of vibrational
levels of theC 311, state of N suggested a significant de-
viation from the Franck-Condon approximatif@.

In this paper we report a comprehensive measurement of
the optical emission cross sections of i#e,v"”) bands of 4
the C °I1,—B °Il, transitions produced by electron impact ]
with v'=0,1,2,3,4;v"” as large as 9; and electron energy up ]
to 600 eV. The results of our optical emission cross sections 24
are compared with those from other laboratories. Since the ]
C— B transition is the only radiative decay channel of the ]
C 311, state, summation of the optical emission cross sec- 0
tions of the(v',v”) bands ovew” gives the apparent elec- S —
tron excitation cross section of th@ I (v') vibrational 1.0 15 20 2.5
level, which represents the sum of the direct excitation and Internuclear Seperation (A)
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FIG. 1. Electronic energy curves of the nitrogen molecule,
*Present address: Department of Physics, University of Soutlkhowing the relevant energy levels for electron-impact excitation of
Alabama, Mobile, AL 36688. the second positive band system emissions.
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sive work of Gilmore, Laher, and Espdy0] so that the

transition matrix element connecting ti&>II,(v') to the Calibrated source
B 3Hg(v") vibrational levels can be evaluated without re- (0]
sorting to the Franck-Condon approximation. If one adopts V==

the Franck-Condon approximation, the theoretical values of
the relative transition probabilities of the',v") are gov-
erned entirely by the Franck-Condon factors and the wave-
lengths. In Sec. IV we compare the measured relative cross
sections with the theoretical values of the transition prob-
abilities calculated with and without the use of the Franck-
Condon approximation. M.

A common way to determine the emission cross section of
a weak transition is to utilize the fact that the intensity ratio

of the (v',v}) to (v',v}) transitions in a discharge experi-

ment is equal to the ratio of the respective transition rates, I j’“‘ﬂ
independent of the mechanisms of populating the upper level

v', and therefore is the same as the intensity ratio observed

in an electron-beam experimdrtl]. Suppose in an electron-

beam experiment the’,v ;) emission cross section is mea- £ 2. Optical layout of the electron-beam experimay, is a
sured but thdv',v.ﬁ) band is too weak to detect. One can rgtatable plane mirro, is a spherical mirrorW is the uv grade
then resort to a discharge where all the emission bands agfartz window on the collision chambén’ is the compensating
much brighter than in an electron-beam experiment so thagindow, ands is the optical stopM; is rotated 90%dotted con-
the intensities of both the',v ) and(v',v ) bands can be figuration for absolute calibration.

measured. This allows us to determine ff#€,v},) cross
section from the ratio relation, if one can assume that the

H 4 n sl
populations of the ; andv y, are sufficiently low so that the been evacuated to a background pressure 1G5 ® Torr

effect of photon reabsorption on the intensity ratios can bFémd then filled to a pressure of about 4 mTorr with research
neglected. Observations of possible dependence of the 'nteafade nitrogen gas. With the use of leak valves and pumps,

H H ! n ! n H
S|tydr;:_t|os 0; the(lk)) 'V a) 10 (vté;Zti) _tl)_ands on thethd_lsche_lr?e the nitrogen gas is allowed to slowly flow through the cham-
conditions have been repor - 10 examing this point, o 44 prevent the build up of contaminants or atomic nitro-

we have mea;ured the Intensity ratlos_for the secor_u;i POSItivEan  Careful adjustment of the valves allows the pressure to
band system in a discharge under different conditions an

th lts with th f lectron-b emain very stable over many hours of continuous operation.
compare the resuits wi OS€ of our electron-beéam Expefiry, o pressure of the gas within the chamber was continuously
ment. Our data, which cover a wide rangev6ffor both the

: . _ onitored and recorded. As the electron beam passes
electron-beam and discharge experiments, provide a che

) ; " & rough the collision region, electron impact of the mol-
on the relative theoret_|cal transition probabilities and theecules results in excitation of the,as. The excitation can
Franck-Condon approximation.

be electronic, vibrational, or rotational; however, in this work
we are primarily concerned with the excitation into the
vibrational-rotational levels of th€ 311, electronic state.

Figure 2 shows the apparatus used to measure the optical The radiation emitted by the electronically excited mol-
emission cross section, which is similar to the one used bgcules through theC °I1,—B 3Hg transition, the second
Filippelli, Chung, and Lin13]. Detailed descriptions of this positive band system, is monitored in order to determine the
apparatus can be found in Ref43] and[14], thus only a  optical emission cross sections. In Fig. 2 the limiting sBp
brief discussion of the experimental methods is given here. Alefines the solid angle that is used to collect the radiation
series of grids that make up an electron gun electrostaticallgxiting the windowW and reflected by mirroM . Mirror
accelerates electrons produced by an indirectly heated Ba®,, a 0.50-m focal length spherical mirror coated for en-
cathode. The electron beam produced is relatively monoertianced uv reflection, is used to focus the emitted radiation
ergetic,AE~0.6 eV, and is approximately 3 mm in diameter. onto the entrance slit of the 1.26-m monochromator. Typi-
The beam is collected in a Faraday cup, not shown in Fig. 2cally, the entrance and exit slits of the monochromator are set
and the magnitude of the current is continuously monitoredo give a triangular bandpass of 0.75 A full width at half
and recorded. The end plate of the Faraday cup has beemaximum, which does not allow for resolution of the rota-
biased to 81V, relative to the collision region, to help pre-tional structure of the bands. The radiation is then detected
vent electrons from reflecting off the base of the Faraday cujpy the photomultiplier tub€PMT) and the intensity of radia-
and reentering the collision region. This bias has been showtion divided by the electron-beam current and pressure is
to produce a negligible electric field in the collision region plotted as a function of wavelength. The PMT presently used
[15]. The presence of reflected electrons has been monitoraed a RCA 31034 GaAs tube that has been thermoelectrically
by the last plate of the electron gun system, adjacent to theooled to—25 °C to reduce the dark current. The area under
Faraday cup. The current on this plate has shown to be neghe intensity versus wavelength curve is measured, for a
ligible, less than 0.5% of the initial beam, which implies thatgiven (v’,v") vibrational band of theC °I1,—B 3Hg tran-
very few reflected electrons are returning to the collisionsition, and is proportional to the optical emission cross sec-
region. tion.

Chopper ==

The electron beam passes through a chamber that has

Il. EXPERIMENT
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By modulating the voltage on one of the grids in the elec-

tron gun, the electron beam can be electronically chopped at ol 5

a rate of 1 kHz, which allows photon counting to be very ]

effective. For low emission intensities, we have found that ] o (0,0

photon counting has proven to be far superior over the use of 081 e - (1,3)

a lock-in detector or analog methods. While the electron® ] at e (2,1

beam is on, gaté detects the signal that consists of dark @ 4] D%. 3.1)

current, background radiation, and the emitted radiation from‘“o'g 1 G

the collision region. While the electron beam is off, g&te O ] %

detects the signal that consists of the dark current and théd 041 . %ﬁ

background radiation. By subtracting the number of counts% ]

in gateB from the number of counts in gafe the radiation @& o2 . Dbnou

emitted from the collision region can be isolated from the 1 g ° o

background and dark current. Typically, 100—1000 s of con- 0ol 3 8° o g om
tinuous counting was done at each wavelength before ad- 0 "2 | 40 eo0 80 | 100
vancing the monochromator to a new wavelength. The entire Electron Beam Energy (eV)

spectra of interest, around a band to be investigated, was
e e e Seads 1 810% .5 e oxcaton ncion or (00, 1.9, 2
To determine the absolute intensity of the radiation emit-an.? (3;’1) Secr? rt')d %Os't've bands of ;NThe peak value is set to
ted from the collision region, mirravl , is rotated 90° so that tnfly for each band.
the radiation from a calibrated radiation source is directed )
into the monochromator throughandM,, as shown in Fig.  Off the plane mirrorM, passed through stop and was fo-
2. Window W’ is placed in the optical path of the calibrated CUSed by mirroM, onto the entrance slit of the monochro-
source to compensate for the absorption and reflection by tH@ator. The monochromator was scanned over a wavelength
exit window on the chambeWV. Ultraviolet grade fused 'ange that contains a givefn’,v") band and the intensity
silica has been used for bot’ andW to ensure that they Versus wavelength plot was made using analog methods.
have the same transmittance at all wavelengths. The ”grﬁhoton_co_untmg was not required due to the high intensity of
from the calibrated source is modulated by a mechanicain® emission from the discharge tube; however, it was used
chopper and again photon counting is utilized. Comparisoﬁo check thg results of some of the_ low-intensity bands. After
of the signals from the collision chamber and from the cali-compensating for any contamination of the spectrum due to
brated source at various wavelengths enables us to determif§!gnboring N emission bands, the area under the wave-
the absolute emission intensities and hence the optical emilength versus intensity curve, for a givén’,v") band, is
sion cross section of thé,0) band. The absolute cross sec- measur.ed and is used t.o_ determmg the rel_atlve intensities of
tions of the othelv’,v") bands are determined by measur- the various second positive bands in the discharge tube.
ing the intensities of thév',v"”) bands relative to th¢€0,0)
band. For this purpose a deuterium and a tungsten coil stan- Ill. RESULTS
dard lamps are used as the calibrated sources to measure the '
relative efficiencies of the entire optical system for the wave- The excitation functions of th@,0), (1,3), (2,1), and(3,1)
length range 2000—6000 A. bands were investigated at a pressure-6&10 “ Torr and
To determine the polarization of the radiation emittedthe results for electron energy up to 100 eV are shown in Fig.
from the collision region, a polarizer is placed near the en-3. The kinetic energy of the incident electrons is not neces-
trance slit of the monochromator. The standard lamps arearily equal to the energy corresponding to the applied volt-
then used to determine the relative efficiency of the opticahge as explained in Ref15]; the difference is known as the
detection system for both the parallel and perpendicular poenergy offset. This effect is compensated by setting the en-
larizations over the wavelength range 2000—6000 A. Theergy of the onset of the excitation function equal to the
relative intensity for a giveiw’,v”) band can then be deter- known energy difference between the initial and final states.
mined for both directions of polarization. The energy offset was found to be4.5 eV and for all en-
The emissions of the second positive bands from a dergies reported here, compensation has been made for this
discharge tube has also been measured for comparison withifference. The general shape of the various excitation func-
the results of the electron-beam excitation experiments. Théons is quite similar, with the exception of the onset value,
discharge tube is a quartz capillary tube approximately 6 inshowing no dependence of the excitation on the vibrational
long with an inner diameter of 5.0 mm. The, Mithin the = quantum numbev’. The energy dependence of the optical
tube was allowed to flow and the pressure of thewds  emission cross section for tli@,0) band in the range 12—600
varied from 200 mTorr up to as high as 2000 mTorr. In oureV is shown in Fig. 4.
experiment, the dc voltage across the tube ranges from 400 V In many cases, the absolute cross sections were measured
up to 1200 V and the current ranged from 2 mA up to as highat electron energies of 21 eV. Unless specified, all cross sec-
as approximately 30 mA. The discharge tube was positionetlons reported have been scaled to the peak of the excitation
along the optical axis of the standard larffig. 2) so the function. Figure 3 shows that &=21 eV, the cross section
previous relative optical efficiency measurements could b&o longer varies as steeply with the energy so that uncer-
used. The emissions from the discharge tube were reflectadinty in the electron energy due to a small change in the
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0.0001 — ———— remain relatively large at higher energies even above 200 eV
10 100 1000 [14,17.

Electron Beam Energy (eV) The optical emission cross sections that we measured in
this study are listed in Table I. The estimated uncertainty for
FIG. 4. Relative excitation cross section for @€'Il,— B 3Hg each cross section is also given. The uncertainty O(m .

: band is 13%, but for many other bands, the uncertainty is in
(0,0 band for energies from threshold to 600 eV. The error barsth iahborhood of 20%. F f fth K
represent the total uncertainty including both the statistical and sysr-) € neighborhood ot 0. FOr a lew cases ot ne very wea
tematic types. ands, the uncertainty becomes even larger. The largest

source of error in the data analysis arises from the determi-

energy offset would not cause a significant error in the absgdation of the area of the intensity versus wavelength curve.
lute calibration. The energy offset was monitored regularlyThe statistical and experimental uncertainties in this area
and any change in the offset was compensated, although p€asurement combine to give approximately 10—13 % error

should be noted the change in the energy offset over fpr intense bands with no contamination and up to approxi-
4-month period was-0.25 eV. mately 18—-20 % for weaker bands with little or no contami-

Some of the second positive bands are overlapped bgation. Bands that appeared to be contaminated typically had
other N, or N,* emission bands. The first negative band@n additional uncertainty of 5—-15 % due to extrapolation of
system of N* (B 23 [ —X 23, &), for example, contaminates the contaminating band. The standard lamp and the determi-

a number of the measured second positive bands at higher
energies. To eliminate this contamination and othgt dbn-
taminating bands, the electron energy at which the absolute
cross sections were measured was reduced from 21 to 19 eV,
which were below or very near the onset of most Nands
[14]. This would also increase the signal from the second
positive system, thus making the,N contamination even
more negligible. To remove extraneous signals that have a 30
similar onset as the second positive bands, such as thg 1
Gaydon-Herman band systet® ; —a 'Ily) or any other 5 ]
interfering N,* bands, a visual extrapolation of the spectral g
shape of the bands was taken and the area under the intensif¥
versus wavelength plot was adjusted accordifd®. =z
The dependence on the electron-beam current and targe% 1
pressure of the intensity of tH@8,0) band was examined and £ 10
the results are shown in Figs. 5 and 6, respectively. It can be I
seen that the intensity of the signal has a linear dependence |
on the electron-beam current, but shows a definite nonlinear ¢

40

20

dependence on the pressure at values above 2 mTorr and ' ‘I T 8 10
electron-beam energies over 100 eV. The pressure depen- Pressure (mTorr)

dence is probably due to electrons undergoing multiple col-

lisions at higher pressure and/og bbllisions with electrons FIG. 6. Emission intensity as a function of, l¥ressure for the

produced in the formation of N. The ionization cross sec- C 3[1,—B ®I14 (0,0 band for electron beam energies of 20, 100,
tions have been shown to typically peak above 100 eV, buénd 250 eV.
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TABLE |. Optical emission cross sections for the second positive band sy&t&H,(v')—B 3l'Ig(v”)
(in units of 107 cn?) at incident electron energies corresponding to the peak of the excitation functions. The
numbers in parentheses are the uncertainty in the cross sections.

v” v'=0 v'=1 v'=2 v'=3 v' =4

0 10.9(1.9 7.03(1.2 0.93(0.19 0.036(0.01)

1 6.87(1.17 0.30(0.059 2.32(0.39 0.50(0.12 0.060(0.012
2 2.73(0.46 3.16(0.63 0.17(0.040 0.41(0.078 0.37(0.12

3 0.88(0.18 3.02(0.5) 0.32(0.062 0.20(0.040 0.12(0.02

4 0.23(0.050 1.12(0.23 0.88(0.19 0.096(0.028
5 0.042(0.01) 0.35(0.079 0.58(0.10 0.16(0.030

6 0.15(0.03) 0.21(0.04) 0.17(0.032 0.030(0.00%
7 0.032(0.010 0.13(0.030 0.13(0.023 0.054(0.014
8 0.034(0.007 0.055(0.01) 0.041(0.01)
9 0.024(0.005 0.018(0.00%

nation of the relative efficiency of the optics and detectorand approximately 10% fos'=4. The apparent cross sec-
introduced uncertainties generally less than 5%. The remairtions so obtained are given in Table II.

ing experimental and statistical uncertainties for measuring The polarization of the radiation was investigated on four
other quantities are smaller and have been included in abdf the second positive band,0), (1,0), (2,1), and(3,1) and
reported values. The cross sections reported here are the vak various electron beam energies 15, 21, 50, 100, and 500
ues at the peak of the excitation function; the measured crossV. The magnitude of the polarization, as defined in Ref.
sections at all energies have been scaled using the excitatiph5], was found to be typically less than 0.04 for all four
functions given in Fig. 3 with allowance for the slightly dif- bands and five energies.

ferent onset for different’ levels.

Since theC— B transition is the only channel for radia-
tive decay from the B (C 3II,) state, the apparent cross
sectioanpp for excitation into a given vibrational levél ')
of the C °II,, electronic state can be obtained by summing
the optical emission cross sectio@gv’,v") of the second
positive bands oves” for a givenv’, i.e.,

IV. DISCUSSION
A. Energy dependence of the cross section

Most of the excitation functions of thé),0) band that
have been previously reported show significant discrepancy
from our data in the relative values for energies above ap-
proximately 50 eV. The excitation functions published in
Refs.[2—4,7] do not decrease as quickly as ours for energies
above 30 eV. If we compare the relative excitation functions
_ ) ) reported by different groups, normalizing the peak value to
The_apparent cross sections is the sum of the _dlrect Crogfhity in each case, the results of Ref2—4,7] at 90 eV are
section into theCv" level and the cascade from higher lev- pnearly a factor of 4 larger than our results. The excitation
els. For each’ the Q(v',v") cross sections not reported in fynctions shown if2,3,7] have been investigated at pres-
Table | have been estimated by using the Franck-Condogyres typically above 1 mTorr, whereas the present results
factors. However, the contribution from these missing opticalyere obtained at pressures below 0.5 mTorr. Upon repeating
emission cross sections to the apparent cross sections is ggx present investigation at a pressure of 4.0 mTorr, it was
more than 1% fow'=0,1,2, no more than 4.5% far'=3,  found that the excitation function more closely resembles the

results of Refs[2—4,7]. At energies of at least 100 eV and

TABLE Il. Apparent excitation cross sectiofis units of 10 * pressures greater than 1.0 mTorr, as shown in Fig. 6, the
cn?) for the C *I1,(v") vibrational levels Qqy, (Cv'), at incident  jntensity of the second positive band emissions begins to
energies corresponding to the peak of the excitation functions. Thgyhinit ‘a nonlinear dependence on pressure. The nonlinear
relative values of _these cross sections in the third column are Combressure dependence of the emission intensity at high energy
pared to the relative Franck-CondRC) factors. The last column ., so5 the tail of the excitation function to be artificially
gives the relatlve,total emission rate from 18’1 ,(v') level in a raised. Shemansky and Broadfd8i have given the excita-
discharge 4(Cv"), as defined in Eq.7). tion function of the second positiv®,0) band up to 50 eV.
Their excitation function does not decrease as quickly as

QapdCv')=2 Qv",v"). (1)

Relative Relative Relative ours
2 QudCv’)  QapdCv’) FCfactors las(Co’) Other notable excitation functions have been reported by
0 21.7 1.00 1.00 1.00 Aarts and De Heef5] and by Imami and Borsf6]. The
1 15.2 0.70 0.57 0.64 normalized excitation functions given in Ref$,6] are very
2 5.57 0.26 0.19 0.29 similar to each other and show a closer resemblance to our
3 1.76 0.081 0.055 0.27 data than do the results of Ref2-4,7,9. The results of
4 0.88 0.041 0.014 0.19 Ref.[5] have been obtained at pressures less than 1.0 mTorr

and Imami and Bordi6] have studied the excitation function
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at pressures Iess.thgn 0.5 mTorr. . . Q(v'.wh) [MCv'—Buyp) 3 a(Cv’'—Buy)
The optical emission cross section for electron-impact ex- —= , = , —, 3
citation of theD °3 ; —B °Il, (0,1) band of N, reported in Q(v',vp)  [MCv'—Bvy)| q(Cv’—Buy)

Ref. [13], shows an inverse-cubic energy dependence

QxE > above 60 eV as expected on a Born-Ochkur-typgyhere\ is the wavelength ang is the Franck-Condon factor
theoretical consideration for excitation from a singlet groundor the transition inside the parentheses. The optical emission
state to a triplet electronic staf#8]. This inverse cubic re- cross sections summarized in Table | allow us to compare
lation, however, is not seen in our cross section data for theur experimental results with theory according to E2j.and
second positive ban@Fig. 4), which corresponds approxi- its approximate version Eq3). In Table Ill, we group to-
mately to an energy dependence of approximaely=> at  gether the transitions for eaoti with variousy” and list the
high energies. We have repeated the measurement of the enelative cross sections within each group, setting the largest
citation function at lower pressuré8.25 mTory and have cross section to unity. The values of the Einstein coefficients
found no change in the energy dependence. Imami and Borgnd Franck-Condon factors used in the third and fourth col-
[6] reported a cross-section energy dependenceHike for umns are taken from the work of Gilmore, Laher, and Espy
their data between 20 and 200 eV, but the magnitude of thELO].

exponent decreases as the energy increases. Likewise, AartsGenerally the measured cross sections show good overall
and De Hee(6] estimated that the cross section has an en@greement with theoretical values based on both Eysind
ergy dependence likE 1. Imami and Bors{5] have indi- (3). Where there is significant difference between the two

cated the possibility of admixture of a singlet component toS€tS Of theoretical values in Table lll, the present results, in
the wave function of th€ 311 state. so that the cross sec- Most cases, tend to match more closely the predictions of the
u ’

H !
tion does not decrease as strongly with energy as for a pu'rgore exact expression, E(p), except for the case of =4.

tiplet ~state. Observations of the Tanaka syste. it B CERRS B ECr (B L B on based
(C°M,—X '={) in absorption[1] indeed suggest singlet P pp

. 3 on the approximate theory of E(B) than those based on the
mixture to theC “II, §t2a3te. However, our data shovx{ an en- eyact theory of Eq(2), this anomaly may be attributed to the
ergy dependence d& “ from 30 to 600 eV. The singlet- ,cortainty in the transition moment used to calculate the
t”f’;%t mixing is unlikely to explain the deviation from the ( 5nsition probabilities in Eq(2). The C— B transition mo-
E~" dependence because if the singlet-triplet mixing iSment function shown in Ref10] was obtained by fitting the
large enough to affect the energy dependence at 30 eV, oRgeoretical values of the transition moments calculated by
would expect the singlet component of the wave function towerner, Kalcher, and Reins¢h9] for five internuclear dis-
play a more dominant role on the excitation function at 600tgnces between 0.95 and 1.4 A to a Gaussian function.
eV, pushing more closely to the characterigfic* In(E) or  Werner, Kalcher, and Reins¢h9] indicate that their calcu-
E~! dependence for singlet states. We also believe that thiated lifetimes for the)’ =3 and 4 levels o€ %11, somewhat
energy dependence of tli@,0) band is not influenced much depend on the values of the transition moment at the inter-
by cascades because this band has large cross sections amtlear distances of 1.4 A, which is in the region where the
because cascades from the higher triplet states are expect€dand C’ states interact strongly. In this region, as pointed
to have the same kind of energy dependence as@i@®  out in Ref.[19], in order to obtain reliable transition mo-
band itself. Since th&€ >° dependence was derived by use ments, the relative weights of tf@ andC’ states must be
of the Ochkur approximation, itis possib|e that E_es'o rule accurately reproduced. Thus the transition probabilities cal-
does not have as strong of a theoretical foundation as conulated by using th€—B transition moments of Ref19]
pared to the Born-Bethe theory and is not as universall'e less reliable for the higher vibrational states than for the
applicable. Extensive measurements on triplet excitationP?Wer states, which have negligible amplitude in the region

cross sections at high energies for other atomic and molecyvhere theC andC’ states interact significantly.
lar systems should prove interesting. Of the previous works cited earlier, measurements of the

(v',v") emission cross sections with'=0,1,2 and numer-
ous values of)” have been reported by Jobe, Sharpton, and
St. John[3], by Burns, Simpson, and McConkgg], and by
Shaw and Campd¢]. The relative cross sections from these
three papers are included in Table Ill. In general, our relative
cross sections are much closer to the results of R&fg]
than those of Ref[3] As to the agsolute values, ourlgeak
I / " cross sections 0f10.9+1.4)x10 ~° (7.03+1.20Xx10 "°,
QW ’vf}):A(Cv _)BU;‘/‘), (2) and (2.32:0.39x10 '® cn?, respectively, for the(0,0),
Q(v',vy) A(Cv'—Buy) (1,0, and(2,1) can be compared to the corresponding values
of 10.8x10 78 8.6x10 '8 and 3.10 78 cn?* from Ref.
[3]; 11.8x107 8 6.5x107 18 and 1.9<10 ! cn? from Ref.
whereA is the Einstein coefficient for the transition within [2]; and 11.%10 '8 8.72x107*% and 2.9x10 '8 cn?
the parentheses. If we use the Franck-Condon approximdrom Ref.[7]. For absolute cross sections witi>2, we
tion, neglecting the dependence of e+ B transition mo- have found only the work of Stewart and GabathUkl,
ment on the internuclear distance of the Molecule, the which covers th€3,3), (3,5, and(4,4) bands. Their reported
above equation becomes values at 35 eV are about 90—-170 % higher than ours at the

B. Relative emission cross sections
It is well known that the ratio of the emission cross sec-
tions for two transitions with a common upper level is equal
to the ratio of the respective Einstein coefficient$§)], i.e.,
for our case
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TABLE lIl. Relative optical emission cross sections for edehv”) series of the same’.The second
through sixth columns give the results of the present work, the theoretical values according(2p, Bt
theoretical values according to E@®), the experimental values of Jobe, Sharpton, and St. John, the experi-
mental values of Burns, Simpson, and McConkey, and the experimental values of Shaw and Campos. The last
column shows the relative optical emission cross sections measured in a discharge tube basdd)on Eq.

Present  Theory Theory Jobe Burns Shaw and Discharge
Band results Eqg. (2) Eqg. (3) et al.[3] et al.[2] Campod 7] tube
(0,0 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0, 0.63 0.67 0.60 0.79 0.64 0.64 0.63
0,2 0.25 0.27 0.22 0.41 0.23 0.24 0.27
0,3 0.081 0.082 0.065 0.11 0.10 0.071 0.081
0,9 0.021 0.022 0.016 0.031 0.016 0.017 0.020
0,5 0.0039 0.0053 0.0037 0.011 0.059 0.0035
(0,6) 0.0012 0.00081 0.0009
(1,0 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1, 0.043 0.049 0.049 0.058 0.054 0.047 0.046
1,2 0.45 0.47 0.47 0.36 0.44 0.38 0.47
1,3 0.43 0.41 0.41 0.36 0.40 0.26 0.39
1,9 0.16 0.20 0.20 0.26 0.22 0.14 0.18
1,5 0.050 0.075 0.048 0.070 0.075 0.058 0.067
(1,6 0.021 0.023 0.023 0.030 0.016 0.016 0.020
,7 0.0045 0.0065 0.0038 0.014 0.0061 0.005
(2,0 0.40 0.39 0.45 0.34 0.41 0.48 0.52
2,2 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2,2 0.073 0.079 0.059 0.063 0.095 0.079 0.088
2,3 0.14 0.17 0.13 0.11 0.15 0.14 0.20
2,9 0.38 0.40 0.28 0.31 0.39 0.29 0.42
2,5 0.25 0.31 0.20 0.31 0.20 0.27 0.24
(2,6 0.091 0.16 0.096 0.14 0.14 0.12 0.11
2,7 0.055 0.061 0.036 0.066 0.049 0.048 0.059
2,8 0.015 0.020 0.012 0.044 0.022 0.023
(3,0 0.072 0.072 0.092 0.076
3,2 1.00 1.00 1.00 1.00
3,2 0.82 0.81 0.72 0.84
3,3 0.40 0.39 0.28 0.33
(3,9 0.016 0.012 0.01
3,5 0.32 0.32 0.19 0.33
(3,6 0.34 0.41 0.23 0.30
3,79 0.25 0.28 0.14 0.20
3,8 0.11 0.13 0.066 0.10
3,9 0.048 0.054 0.025 0.04
(4,0 0.002 0.004
(4,2 0.16 0.14 0.19 0.13
4,2 1.00 1.00 1.00 1.00
4,3 0.32 0.33 0.31 0.28
(4,9 0.26 0.41 0.26 0.30
(4,5 0.014 0.007 0.010
(4,6 0.081 0.11 0.065 0.074
4,7 0.15 0.26 0.14 0.12
(4,8 0.13 0.23 0.11 0.14
(4,9 0.05 0.14 0.064 0.055

same energy. Hirabayashi and Ichim{ieg have measured C. Relative emission intensities in a dc discharge
the emission cross sections of tt&2) and the(4,2 bands Let us consider, in place of the electron-beam excitation

relative to the(0,0) band, but no absolute cross sections wereexperiment, a nitrogen discharge and its radiation associated
reported. with the Cv'—Buv” transitions. Here the population of a
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particular levelCv' is generally due to a combination of of the discharge parameters.

several mechanisms rather than electron-impact excitation

alone as in the electron-beam experiment. The intensity ra- D. Apparent cross sections for theC °II,(v') levels
tios of theCv’'—Buv ; andCv’' —Bu |, transitions is equal to

the ratios of the respective emission rates, independent of tr]g
mechanism for populating th@v’ level. If the number den-
sity of the N, molecules in theBv” level is sufficiently low
so that one can neqlect tr),e reabsorption of ¢he —Bv” Qapd Cv)=Qu(Cv" )+ X Q(Kv—Cv'), (5
emission, then th€v’'—Buv"” emission rate can be taken as Ko

the ratios of the EinsteiA coefficients

The apparent cross sections for electron excitation into a
vel is equal to the direct cross section plus the total cascade
into that level from all the higher levels, i.e.,

whereKuv represents any upper lying level that decays to the

lgs(Cv'—Bv,) A(Cv'—Buv,) Q(Cv'—Buy) C 311, level. An example of the cascading stateEiss. |,
= = . . 3
| . (Cv'—Bov") A(Cv' —Bu. Co'—Bv.)’ which is about 1 eV abov€ °II,,.
aisl Cv vb) (Cu vp)  Q(Cu vb) (4) Under the Franck-Condon approximation, the direct exci-

tation cross section for the various vibrational levels of@he
wherel g refers to the photon emission rates observed in e§tate are related to the Franck-Condon factors between the

discharge. Equatio(®) furnishes a simple means to measure'”'t'al and final levels involved in the transitions as

the optical cross sections for some weak emission bands. As (Cv! X0—Cuv_.
mentioned in the Introduction, a very sm@b’—Buv f; op- Qi U‘?) _ 90—~ U"f) , (6)
tical emission cross section can then be obtained from the Quir(Cvp)  q(X0—Cuy)

appropriate intensity ratio measured in a discharge along

with the Q(Cv'—Buv ;) measured in the electron-beam ex- where X0 stands for the ground electronic-vibrational state
periment in accordance with E¢f). However, Tytd12] has X '3 g?(u =0). If the cascade is assumed to be small in com-
reported the relative intensities of tite’,v"”) bands of the parison with the direct excitation cross section, we can com-
N, second positive system originating from the saméevel  pare the apparent excitation cross section with the appropri-
and found the relative intensities to vary with the dischargeate Franck-Condon factors. The relative values of the
conditions. Their results therefore raise some question aboatpparent cross section and of the Franck-Condon factors as
the procedure of using relative intensities measured in a disshown in Table Il agree rather well fer' =0, 1, and 2 and
charge to determine the emission cross sections of weatkhe difference may be attributed to cascade. Ftdm2 to 3

bands. an abrupt decrease both in relative Franck-Condon fdotor
To investigate this point, we have measured the relativeéhe direct excitation cross sectjoand in the relative appar-
photon emission rates for ea@h ,v") series with a given' ent cross section can be seen. Cascade from the higher elec-

in a discharge. The results obtained by operating the distronic states into the variou3(v ') vibrational levels are not
charge at a pressuthl,) of 380 mTorr and a current of 7 mA expected to show the same kind of abrupt change from2
are shown in the last column of Table Ill. The agreemento 3 because this abrupt change is the result of the Franck-
between the relative intensities observed in the discharge ar@ondon factors between thelig and theC *I1,, states. If
in our collision chamber experiment is remarkably good. Un-the cascade into theé(v') vibrational levels has a more even
der our experimental conditions, the signal from the dis-variation withv', then thev’ =3 and 4 states should have a
charge tube is typically about 50 times stronger than in thénigher percentage cascade contribution to the apparent exci-
collision chamber. We have monitored the relative intensitiegation cross sections than do thé=0, 1, and 2 states be-
of selected bands as we increase thephssure up to 2000 cause of the smaller direct excitation cross sections of the
mTorr and current up to 30 mA and found no change withinformer group. This explains the larger percentage difference
the experimental uncertainty. At these extreme conditionshetween the relative apparent cross section and relative
the signal from the discharge is typically about 500 timesFranck-Condon factors in Table Il fer' =3 and 4 compared
brighter than in the collision chamber. to v'=0,1,2. In this regard our findings are quite different
It is difficult to make a quantitative comparison of our from those of Hirabayashi and Ichimuf&]. Our relative
measurements with those of Tyte because of the difference icross sections in Table Il show less deviation from the
the discharge tubes. Tyte's measurements cover a widdtranck-Condon factors in going from/=1 and 2 tov'=3
range of current density, but his data points show much scathan the data in Ref9]. Also the data in Ref{9] indicates
ter around a straight line plot of the intensity ratio versus thehat thev’'=3 cross section is more than five times larger
logarithm of the current density. Nevertheless, our experithan thev'=4 cross section, whereas we find only a factor of
ment demonstrates the constancy of the intensity ratio in EQR for the same ratio in our experiment. We believe that the
(4) independent of the discharge parameters within a wid@eviation of the apparent excitation cross sections from the
range of current densities and gas pressures and thus verifiesanck-Condon relation is consistent with the cascade de-
the validity of using Eq(4) to obtain relative cross sections. scription and does not necessarily signify a breakdown of the
However, if the discharge produces a significant quantity ofFranck-Condon picture. In the case of a discharge, the popu-
molecules in the lower levels of the transitions so that reablation of theCuv' levels are due to direct excitation as well as
sorption is not negligible, the intensity ratio observed in theother more complicated mechanisms and are therefore not
discharge may not be equal to the ratio of the Einstein coefexpected to show a correlation with the Franck-Condon fac-
ficients. In such measurements, it is important to monitor theors in Table II. To illustrate this, we define the total emission
observed intensity ratio to ensure that they are independemnate from theCv’ level in a discharge as
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on the internuclear distance. The larger discrepancy for the
laf(Cv') =2 las(Cv'—Buv"), (7)  v'=4 bands may be due to the interaction between the
v" C 3I1, and C’ 311, states, which has not been taken into
account in the calculations of the transition moments.
We have also measured the emission intensities of the
(v',v") bands observed in a gas discharge with pressures
ranging from 200 mTorr up to 2000 mTorr and current of 2

. .
::rllosel totthatbof the '=2 I_evel,tlnTﬁpnFraclj§t t? thfh rﬁﬁgg of mA up to 30 mA. The intensity ratio of two emission bands
€ electron-beéam experiment. This Indicates thatu originating from the same upper state, i.&,’,v}) and

and 4 levels are populated primarily by processes other th v, is found to be independent of the gas discharge

electron_im_pact excitation. On the other handz the re'_ativebondition and equal to the ratio observed in the electron-
total emission rates for the’=0,1,2 observed in the dis- beam experiment, as one would expect if secondary pro-
charge track very closely to the results of the electron-bearggses such as reabsorption of the second positive band emis-
experiment. In other words, the discharge and electron-beag)ong are absent. These results confirm the validity of using

experiments show nearly the same relative population for thgne intensity ratio observed in a discharge to determine the
v'=0, 1, and 2 levels of th€ °II, state. Information of this optical emission cross sections of weak bands.

kind is useful toward understanding the detailed mechanisms \ye have determined the apparent excitation cross sections
for populating the excited electronic states in a discharge. 5. the C 311 (v') electronic-vibrational levels for
u
v'=0,1,2,3,4. Since the direct excitation cross sections are
V. SUMMARY AND CONCLUSIONS proportional to the Franck-Condon factors connecting

3 ’ : :
We have measured the optical emission cross sections 6 u(v’) to th? ground vibrational level of the ground
electron-impact excitation of th@',v") vibrational bands of elegtro_nlc stat E@J(.o)' wecompare our relative apparent
the second positive system of the, Nmolecule for excitation cross sections with these Franck-Condon factors.

v'=0,1,2,3,4:v" as large as 9: and electron energies up tO_Reasonany good agreement is found #6-0,1,2, indicat-

600 eV. The emission cross section for 1Be0) band shows N9 that cascade makes only a minor contribution to the
an energy dependence Bf 22 for electron energies from 60 population of these levels. The discrepancy is much larger

to 600 eV. Since the cascade population into theforthev’=3 and 4 levels. This is explained on the basis that

C 3M,(v'=1) level is small, the observeli 22 relation the direct excitation cross sections for he=3,4 levels are

also closely represents the energy dependence of the dir ch smaller than those for the€=0,1,2 Ievels_bec_ause of
excitation cross section and differs from tEe° depen- the unfavorable Franck-Condon factors resulting in a much

dence for excitation from a singlet to a triplet electronic tran-larg(";]r p_ercentagﬁ contnbutéon from the other populating
sitions found in other systems. mechanisms such as cascade.

Except for some of the bands with =4, the ratio of the
cross sections for thé&',v}) to the (v',v ) bands are in
excellent agreement with the theoretical Einstein coefficients This work was supported by the U.S. Air Force Office of
calculated using a transition moment function that dependScientific Research.

analogous to the apparent excitation cross section in(Bg.
and list the relative values df;(Cv ') in Table Il. Here the
emission intensities from the’=3 and 4 levels are rather
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