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INTKODUCTION 

'l'his report covers the research carried out under ONR Contract 

N00014-71-C-0366, which was funded under ARPA Order No. 1859, Program 

Code 1F10.  The work has been successfully completed and the results 

have been prepared for publication.  Because this article contains a 

description of the work and the results, we are attaching it as the 

main technical part of this final report.  In the interest of sim- 

plicity, the body of the report is therefore limited to an explanation 

of the motivation for the work, and some comments concerning the 

usefulness of the results. 
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THE  RESEARCH  EFFORT 

This   ruKuarcli cl'lorl,  was  primarily experimental   in nature,   and  was 

aimed  al  a   reliable determination of  the natural,   or  radiative,   lifetimes 

of several  vibralional   levels  of  the A2n    state of N,,   which decav  to 
u -' " 

the N2(X
2y, ) ground state, emitting the Meinel bands.  This information 

is needed for the proper interpretation of Meinel band observations in 

the upper atmosphere, as well as for excitation studies in the laboratory, 

sone of which are currently being carried out at Utah State University 

under an Air Force contract. 

Due to the long natural lifetimes (near 10 ^sec) of the A2n levels, 

their determination can be most accurately made under the collisionless 

conditions that can be achieved using a time-of-flight method.  Such an 

apparatus had been constructed In our laboratory several years ago.  We 

had in fact made the first quantitative lifetime measurements on the 

Meinel system in a brief trial experiment in 19681.  More refined mea- 

surements wore not made at that time because of lack of funds. 

The present work has been carried out on essentially the same ap- 

paratus used earlier, but several important modifications were made that 

substantially increased its efficiency and improved the reliability of 

the data.  The results are gratifyingly consistent.  They have been 

analyzed by D. C. Cartwright to determine the dependence of the transl- 

a- 
tion electronic moment on the N-N  internuclear separation. Dr. Cartwright's 

work will be published as a companion paper to ours, and the two will 

furnish a definitive description of the N„(A2n ) radiative transition 
u 

i  ■> -* \ 

to N„\X"r .  Our results are in excellent agreement with measurements 

on \ - 2-5 recently made by Holland and Maler at Los Alamos, and re- 

ported" during the course of our work.  They also used a time-of-flight 

method. 
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Showunsky and Bi'f>aH fVM»< 4   „„ 

13.3  ± 0.7  ttSec.     The Moeedl„ely sood  internal ^^ ^ ^   ^^ 
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aBreo.e„t .lth „„uan. ana Ma.er (.ho used a dlfferent  tlme.of.n 

oonIisuration),   glve a hlgh level of con£idenoe ^ ^^^ ^ 

justify the effort Spe„t  in obtaining them. 

Close co„,.„nlcatlon .as „alntalne« .„„ Dr.  Cartwrlght durlng the 

oennse of the e.perlnents,   to pe^lt hlm to feed „e. data   lBto his 

-lysis,     .his cooperatio« .as heneflclal to hot,, efforts.     Oar orlB- 

insl research goals .ere „oai.le,, .hen Cart.rlght .as ahlo to sho. that 

an extension of the study to Include higher v' level. . e    r v    levels .as more Important 
than  .mproving the accuracy of the  v/=  i  ^^^^     ^^ ^^^  ^  ^ 

-e  v = 0 an.   1  liietimes  depend on electronic ^^   ^  ^^ 

separations   R that are common to the v'- 2 anri h-   H       , 
xne  v - 2 and higher  levels,   and  the   R 

dependence can be more accurat*1„ *„< 
accurately determined  by utilizing data   from 

- the analysis    than   .„„id bo for „„Xy the fevels v'= l-5,     Iherefore 

- levels  e,   7,   and a  .ere also studied.     The  flaal  array of data  oovlr- 

** the levels v'= 1 to s has no. hoen analy.od hy Dr.  Cart.rlght,   .,,„ 

-s heen ahfe to ohtaln a good definition of the ahsolute value of the 

electronic moment and   Its  dependence on  B. 
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TIME-OF-FLIGHT DETERMINATION OF LIFETIMES* 

OF N2(A
2n )~THE MEINEL BAND SYSTEM 

James R. Peterson and John T. Moseley 

Stanford Research Institute 

Menlo Park, California  94025 

ABSTRACT 

Radiative lifetimes of N£,(A
2n ) have been determined for vibra- 

tional levels v' = 1-8.  They decrease monotonically from 13.9 ±  1.0 

^sec for v' = 1 to 7.3 ± 0.5 usec for v' = 8.  A time-of-flight mot hod 

was used to overcome collisional and diffusion effects that have 

affected most other measurements. 
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INTRODUCTION 

Since its discovery in a natural aurora in 19501, the Meinel band 

system N,(A2n -» X2yi  ) has become recognized as an important red and near 2   u     g 

infrared component of auroral and other airglow emission spectra.  Although 

the molecular constants of the A2n state are by now fairly well established, 
u 

the radiative and collisional properties are not.  Quantities such as nat- 

ural lifetimes, excitation cross sections, and collisional quenching rate 

constants determine the flourescence efficiency and are useful in inter- 

preting airglow emission intensities in terms of the excitation conditions. 

In spite of a considerable amount of effort, laboratory experiments have 

generally failed to give consistent values for the excitation cross sec- 

tions and the natural lifetimes of the various bands.  The difficulties 

in laboratory measurements, which usually employ electron beams to excite 

N2 gas, can ultimately be attributed to either the long natural lifetime 

and attendant collisional quenching and space charge or diffusion effects, 

or in some cases, to interference from overlapping bands of the N2 first 

positive system. 

In 1963 a value in the vicinity of 3 ^sec was first tentatively placed 

on the natural lifetime by Sheridan et al.2, from an interpretation of the 

+ 
spatial diffuseness of Meinel band emissions compared to those of the N2 

first negative system excited by a proton beam.  Subsequently, O'Neil and 

Davidson3 obtained values near 6 ^sec using a pulsed electron beam method. 

However, Hollstein et al.4 in this laboratory obtained values near 12 ^sec 

using a time-of-flight method.  Barring some unusual cascade contribution 

in the latter measurements, which were carried out under collision-free 

conditions, the discrepancy would be attributed to collisional quenching 

or ditfusion losses in the pulsed beam experiment. 

-2- 



When natural radiative lifetimes are in the 10 y,sec range, either col- 

lisional quenching or diffusion losses (or both) are usually present at the 

pressures and in the observation volumes in which excited gases arc studied 

in the laboratory.  These problems are discussed in a recent paper by 

Shemansky and Broadfoot5, who note that the variations (by a factor of two 

or more) in the values of excitation cross sections reported by different 

workers can be attributed not only to collisional effects but also to the 

effects of various electric fields on the N„(A2n ) densities in the obser- 
^   u 

vation region.  They also noted that Meinel measurements are further com- 

plicated, when using electron beams to excite the gas molecules, by the 

fact that some bands are overlapped by bands of the N2 first positive sys- 

tem, which is simultaneously excited. 

Measurements using time-of-flight techniques do not suffer from any 

of the above shortcomings.  Thi3re are some problems related to intensities, 

beam focusing, and so forth, but there are no extraneous losses resulting 

from collisional quenching or diffusion, and there is no interference from 

first positive bands in a pure N2 beam.  Because our original time-of- 

flight measurements4 were made in a short exploratory study and were con- 

sidered to be preliminary in nature, and because of the general importance 

of the N2 Meinel system in atmospheric emissions and the lack of agreement 

that has existed among the different laboratory studies, we have made new 

measurements on the system, which we report here.  A time-of-flight melhod 

similar to our original one was used.  However, apparatus improvements and 

more extensive data have greatly increased the reliability and precision 

of the results.  Furthermore, a total of eight v' levels were studied to 

permit a definitive description of the absolute value of the transition 

moment. M(R) as a function of internuclear separation R.  An analysis of the 

data by D. C. Cartwright In the companion paper6 demonstrates the internal 

-:{- 



consistency of the results.  During the course of our work, Holland and 

Maier7 completed measurements on four vibrational levels of N2(A
2n ). 

They also used a time-of-flight method, but in a different configuration 

than ours.  Their results agree exceedingly well with those reported hero. 

Because the theoretical relationships between the natural lifetimes, 

transition probabilities, and the electronic moments have been extensively 

discussed elsewhere, and are further discussed and referenced in the com- 

panion paper by Cartwright, we avoid the redundancy of repeating them 

here.  We merely discuss our experimental work and the results. 



EXPERIMENTAL METHOD AND PROCEDURE 

Apparatus 

The lifetime measurements were made by observing the optical emis- 

sions from particular vibrational levels of the A2^ state of N2
+ as a 

function of the ion time-of-flight between two observation poinL  The 

apparatus used is shown in Figure 1.  N2
+ ions are produced in a hot- 

filament dc discharge by electrons with a maximum energy of 100 eV.  A 

substantial fraction of the N2
+ produced by this source is in the A*n 

state.  The ions are accelerated to the desired energy, mass selected, 

and directed into the observation chamber.  The intermediate chamber in 

Figure 1 contains a charge transfer cell, which is used for measurements 

on neutral species.^«,* To increase the N2
+ intensity in the observa- 

tion region, the beam path length from the source was shortened by re- 

moving this chamber for most of the measurements reported here; the 

observation chamber was attached directly to the mass analyzer chamber. 

In the observation chamber, two identic^ front surface mirrors, 

oriented at 45° and 135° to the beam direction (see Figure l), sanlpi0 

light from two 2-cm segments of the beam at positions separated by 15.3 cm. 

Centered between these mirrors is a third, larger mirror that can be ro- 

tated to direct the light from either sampling mirror vertically through 

a quartz lens and a quartz window in the vacuum wall, through an optical 

interference filter, and onto the cathode of a Freon-cooled photomultiplier 

tube (RCA31000E).  The reliiiv« Hn-^ . * 
;   ine relative light intensity from each beam segment is 

determined by counting output pulses from the photomultiplier. 



The total ion current is monitored at the end of the observation 

chamber by a double collector arrangement.  The first collector has an 

oval aperture 0.7-cm wide and 1.5-cm high that is centered on the beam 

axis.  Maximizing the current to the second collector so that most of the 

beam passes through the aperture in the first collector assures that the 

beam is properly directed and collimated.  For most of the measurements 

reported here it was possible to focus and direct the bean» so that 70 to 

90$i of the total beam reached the second collector.  The observation aper- 

tures are 2-cm wide, assuring that essentially all of the beam was ob- 

served at both apertures.  A honeycomb light, baffle is located just in 

front of the beam collector to prevent fluorescence at the collector 

surfaces from producing an optical signal. 

Method 

The lifetime  T  for a particular vibrational  level  is  determined  from 

the relation8 

T  =  - -  rin^/lj   +  In  rv]   » (l) 

where v is the beam velocity, b is the distance between observation 

points, Ij and I2 are the observed photon intensities from the two beam 

segments, and a  is the ratio of the photon collectiOi-« efficiencies for 

the two light paths.  If data are obtained over a range of velocities, 

then a plot of ln(l2/l1) vs. b/v yields a straight line of slop (-l/t) 

and intercept (-.In a). 

For a given transition, data for Ij and I2 were obtained over the 

velocity range from 3 x 10G cm/sec to 12 x 10G cm/sec.  At each velocity, 

10 to 100 separate observations of I, and I2 were made.  To obtain I, 

-(?- 
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 1UPlU'r-   '""   ""-■ ''"—"".. «I- -„.,„„,:„,,   ,,)r „„, slBlli,1   ,.„„„„_ 
l..B .r™ uBl,t s„ul.cos othc, th0„ Ulo lon boam  Tho ^^^^ ^^   ^ 

«as typically „ear 25/Sec.  Total countlag ratea ranged fro.  5o/aec to 

loVaeo.  Tho counts wore taken over oqua, tl»,o intorvala ranging Tron, 10 

to 300 aoc, depending on the count rate, „hlch varied »1th beam energy 

and the particular band being observed. 

Fro» the values of I, and I,, the ratio I,/:, and its standard devia- 

tion were calculated.  This procedure .as repeated for each of 10 to 16 

velocities, and then a computer .as used to determine a least-s,uares fit 

to the equation 

ind,/!,, =.i£.lna . (2) 

Illustrative data are sh„.„ i„ Pigure 2, .bich gives a semilog plot of 

ljl„  versus b/v, for (3,1) band data.  The straight line represents 

the computer fit.  ,„ the fitting procedure each point .as .sighted by 

the inverse scuare of its standard deviation.  The statistical errors in 

the coefficients T- audio o.ere calculated using standard statistical 

procedures...  m this method, . is treated as a parameter that is assumed 

to remain constant during a set of measurements on a given band.  ,t .as 

found that o could be altered by a physical change along either the sepa- 

rate or the common light paths,  .f any such change .as made, the no. data 

«re handled separately and a ue. value of =, „as sought,  it .as inter- 

est lug to „ote that „■ often changed by a fe. percent .hen only the inter- 

ference filter .as changed for the study of a different band,  .ppareutly 

the „onuniformity of the photocathode .as .avelength dependent, and the 

-7- 



beam images from the two sampled sections (resulting primarily from op- 

tical asymmetries) were  sufficiently different to cause the net change in 

a.     Nevertheless, during a series of measurements on a given band over a 

wide range of energies (150 to 2000 eV) ry remained constant, as can be seen 

from the linearity of the data in Figure 2.  The double-collector system 

mentioned above was designed to facilitate the focusing to collimate the 

beam well at all energies so that the beams always had similar physical 

shapes, and thus to stabilize a  for each set of measurements at a particular 

wavelength.  During the course of all these measurements, rxremained be- 

tween 0.90 and 0.96, except for the (l,o) measurements where its value was 

1.10.  The (1,0) bandhead wavelength of 9182 A   is near the long wavelength 

limit of the photocathode sensitivity.  In this wavelength region the aver- 

age quantum efficiency is strongly dependent on wavelength, and it is also, 

apparently, subject to local variations across the surface of the photo- 

cathode.  These factors caused a,   for the (l,o) measurements, to lie out- 

side the normal range of values.  This threshold characteristic could also 

render Q, very sensitive to the intensity distributions of the beam images 

on the photocathode, and may have added to the fluctuations in the data ob- 

tained for the (l,0) band. 

Our two-mirror technique effectively normalized the signal at the 

second aperture to that at the first, and observed the decay of the A  state 

levels as a function of transit time from the first to the second aperture. 

An alternative procedure is to observe the photon intensity I at a fixed 

single position as a function of beam velocity.  If it is assumed that the 

fractional population of a given vibrational level is directly proportional 

to the total ion beam current y then the lifetime can be determined from 

the slope of a plot of In (vl/^) vs. b/v.  That is the method employed 

by Holland and Maier.7  Tests with the ion source used in this research 

revealed that under a wide variety of source conditions the fraction of 

ions extracted in the A*^  levels was a function of the discharge voltage. 



Further, the residence time of an ion inside the source before extrac- 

tion is unknown, and may contribute a significant error.  We observed 

that the population of the A2n levels relative to the total ion cur- 

rent did not remain constant as the extraction voltage was varied.  None 

of these uncertainties arise in the two-mirror technique, and as a re- 

sult all measurements reported here were obtained using this method. 

Uncertainties 

With the technique used, possible sources of systematic error are 

minimized.  Only the distance between observation points and the beam 

velocity can contribute to systematic errors.  The distance is 15.3 

± 0.05 cm.  Retarding potential measurements of the beam energy and energy 

spread showed that the uncertainty in the energy of the ions was always 

less than 1^  of the mean beam energy.  These two factors can contribute 

at most a ± 0.1 |j,sec uncertainty to the lifetime measurements. 

The statistical errors depend on the intensity of the band under 

consideration, the background noise level, fluctuations in the ion cur- 

rent, and possible changes in the counting electronics.  The magnitudes 

of these uncertainties were determined from the data distributions using 

standard techniques10 and are consistent with observed variations in the 

results. 

Results 

The results are presented in Table 1, which also lists the particular 

band studied for each v level, and the wavelength of the bandhead.  The 

lifetimes range from almost 14 |j,sec for v ' = 1, to 7.3 asec lor v' =8, 

and arc consistent with a smoothly varying dependence of the A2n - X2n 
u     g 



electronic moment on internuclear separation.6  For v' = 5. both the 

(5,1) and (5,2) bands were measured; the two results were in {-ood agree- 

ment, and have been combined in Table 1.  Sufficient data wore taken on 

most bands to reduce combined statistical and estimated systematic errors 

to 0.5 ^sec or less (as is indicated in the table).  The v' = 1 level was 
1 

the exception.  As a result of a low production efficiency in the source 

(due mainly to a small Franck-Condon factor from ground state N,(x2v+. v=o) 
g 

and low photocathode quantum yield near 9182 A,   the counting rates I, and 

I2 were very low and sufficient data were acquired only to reduce the 

combined uncertainties to 1.0 u,sec.  We had initially intended to reduce 

these uncertainties by acquiring more extensive data, but the analysis 

of Cartwright indicated that it would be more valuable to extend the 

measurements (which initially covered only v' = 1 through 5) to higher v' 

levels.  The reason for this is that the range of electronic moments ap- 

propriate to the v' = 0 and 1 transitions are in the same range as those 

for the levels v' = 2 and higher.  Thus. Cartwright's analysis could pro- 

vide reliable values for v' = 1 and 0 if the other levels were well mea- 

sured, and more information on the R-depondence of the electronic moment 

M(R) could be obtained by extending the measurements to higher v' levels 

than by measuring the lowest ones.  We therefore measured lifetimes (or 

v '= 6 through 8. 

Discussion 

A comparison of our results with those of Holland and Maier,7 which 

are also presented in Table 1, demonstrates the exceedingly good agreement 

obtained in the two time-of-flight experiments.  It also appears that the 

uncertainty of 0.7 sec estimated by Holland and Maier is probably a little 

larger than standard deviations from the mean.  With these measurements. 

10- 



we feel that the natural lifetimes of the v' = 1 through 8 levels of 
+ 

N2(A
2n ) are reliably defined.  The analysis of Cartwrighte further estab- 

lishes the lifetimes of the v' = 0 and I levels as well as ihe dependence 

of the N2(A
2n - x2v ) transition moment on the internuclear separation. 

Figure 3 permits a graphical comparison of most of the lifetimes that 

have been measured either in the laboratory or obtained by semi-empirical 

methods.  O'Neil and Davidson's pulsed electron beam study3 was mentioned 

earlier.  Shemansky and Broadfoot5 measured electron-impact excitation 

cross sections and relative band intensities under electron beam excita- 

tion, and used the latter, with RKR Franck-C -ndon factors, to calculate 

the variation of electronic moment with R.  However, some low pressure 

anomalies connected with quenching, diffusion, and space charge effects 

prevented them from obtaining the radiative lifetimes, so they normalized 

their relative values to the results of O'Neil and Davidson.3  Popkie 

and Hennecker11 used the relative band intensities obtained (under electron 

beam excitation) by Stanton and St. John 12 to determine the R dependence 

of the transition moment, and used experimental lifetime data of O'Neil 

and Davidson3 and also the preliminary time-of-flight measurements4 to 

establish the absolute magnitude.  Only those measurements based on the 

latter data are shown in Figure 3.  Their lifetimes fall off relatively 

more rapidly with increasing v' than the present results.  The value of 

9.2 ±  2.0 psec for v' = 2 was recently obtained by Gmy, Morack, and 

Roberts13 using pulsed electron beam excitation.  The results of Holland 

and Maier7 for v' = 1-5 are in clear agreement with this work.  Their more 

recent measurement14 of 6.2 ± 0.4 usec for v' = 10 is also apparently 

consistent. 

It is clear that all pulsed electron beam measurements have yielded 

lifetimes that are shorter than the natural N„(A2r' ) lifetimes, because 
u 

of collisional quenching or diffusion  losses  of  the  type described  earlier. 

-11- 



At the low pressure limit of such experiments, the thermal ions move about 

0.5 cm in one radiative lifetime without the influence of space charge 

fields, and in most apparatuses this is a sizable fraction of the diatance 

from the beam axis to the edge of the observable volume.  Thus, normal 

diffusion will usually shorten the lifetimes at low pressures, and the 

effects become more complex when space charge forces are included,.  Con- ■- 

sequently, many of the electron beam experiments should probably be re- 

interpreted.  Clearly, the results should be reexamined that led Shemansky 

and Broadfoot to conclude5 that lifetimes as long as these were inconsistent 

with their excitation cross sections.  The determinations of electron- 

impact excitation cross sections by Holland and Maier7 are doubtless con- 

sistent with these results in view of their agreement on the lifetimes. 

However, their technique is not ideal for obtaining absolute excitation 

cross sections. Thus, further excitation and quenching measurements using 

electron beam excitation should be carried out in experiments that are 

designed with the knowledge of these radiative lifetimes.  One experiment 

is currently underway at Utah State University.14 

These lifetimes, when combined with accurate quenching and excitation 

cross sections, should enable considerably more reliable interpretations 

of airglow measurements to be made than are now possible.  They also 

indicate that N,(A2n ) may often be present in ion beams produced in con- 4   u 

ventional ion sources.  The long natural lifetimes plus the high initial 

ion fraction (Holland and Maier7 estimate that 40^ of the ions produced 

by 100-eV electrons are in Azn } are responsible,  N2 beam experiments 

in which the flight times to the interaction (or observation) area are 

less than 20 y.sec should be analyzed with this possibility in mind. 

12- 
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Table 1 

N^A2!! ) MEINEL LIFETIMES 

Vibrational 
Level of Bandhead 

Lifetime T (usec) 
Holland 

N2 A State Band Wavelength This Research and Maier7 

v' (v',v") 1 
1 (1,0) 9183 13.9 ± 1.0 

2 (2.0) 7854 11.9 ± 0.4 12.28 ± 0.7 

3 (3,1) 8083 10.7 ±  0.4 10.70 ± 0.7 

4 (4,0) 6124 10.08 ±0.7 

(4,1) 7065 9.7 ± 0.4 

5 (5,1) 7264 9.1 ± 0.4^ 
(5,2) 6286 9.14 ± 0.7 

6 (6,3) 7473 8.4 ± 0.5 

7 (7,3) 6634 7.8 ± 0.5 

8 (8,3) 5974 7.3 ±  0.5 

Combined results from measurements on (5,l) and (5,2) 

/£ 



FIGURE CAPTIONS 

1. Diagram of the apparatus. The central section containing the charge 

transfer oven is normally used for the production of excited neutral 

beams and was removed for most of these measurements. 

2. Plot of the data taken for the (3,l) band.  The curve is a lenst- 

squares fit to the data points and yields T = 10,7 p,sec.  The data 

show a 0.3 i^sec standard deviation from the mean, which has been 

increased by 0.1 y,sec to include possible systematic errors. 

3. Comparison of lifetime determinations for the Ng Meinel System. 
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