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specie C0,(101) which can re-radiate at 2.7 um via 101>000 or at 4.3 um via
101+100, %he latter process is predicted to be a major nuclear effect at 4.3 )
um under certain conditions since theoretically it is predicted to occur more Ty
often than the former by ratio 20:1. A primary purpose of our laboratory vy
effort was to confirm this prediction, our initial results place a lower limit e
of 10:1 on the branching ratio. This low precision result can be enhanced by
utilizing simple techniques that were not within the scope of the initial
effort, namely by the use of (1) well documented techniques for improving %
laser frequency stability, (2) a cooled 2.7 um filter mounted in the detector «y
dewar, (3) a multiple pass fluorescence cell, and (4) faster electronics for ”
recording the 2.7 um signal. Implementation of these techniques should im- (3
prove the precision of the measurement by more than 2 orders of magnitude. é:
Additionally, the initial effort has demonstrated the applicability of the Y
laser source and peripheral vacuum and electronics equipment for the high pre- N
cision measurements of quenching & vibration transfer rate coefficients. /In e
this effort a precision rate for the quenching of CO2(v3) by Argon was déter- ’
mined as was a rate for rapid resonance vibration transger between the natu- e
rally occurring isotopic species of COp and Nj. r?}

The data evaluation project included two tasks. First, to improve our exist- '
ing model for auroral zenith spectral radiance to include N20 and CO in addi- .
tion to COp and to exercise the improved model against rocket borne CVF y
spectrometer data in the 4.5 to 4.6 um region that were obtained in auroral X
conditions on 12 March 1975. 8

Highlights of the study were as follows, (i) prompt auroral N20 and/or CO
emissions might explain in part the data near 4.5 - 4.6 um provided that
severe constraints concerning the observability of the ambient radiance of
these species can be satisfied, (ii) spectral radiance data near 4.42 um can-
not be explained via C02, NoO, or CO emission, (iii) potential mechanisms for
prompt auroral N20 and/or CO emission include (1) N2(A) + 02 + N20(001) + O, i

and (2) NO*(v) + {gso}»N0+(v-l) + {23?&2?%’}; but these are not exclusive,

{ (iv) the 4.3 um data taken on 12 March 1975 are consistent with our model for
' C02 emission.

To achieve a better understanding of the 12 March 1975 CVF data in the 4.4 to
4.7 um region it will be necessary to (1) examine the spectral data obtained
12 March 1975 in more detail, (2) examine data from related experiments, and
(3) include NO* in the spectral model.

The second data evaluation task was to subject absorption data obtained in a
prior laboratory fluorescence experiment which used a chopped blackbody 2.7 um
source to a detailed analysis in order to resolve apparent inconsistencies
that a previous, simpiified analysis of these data had suggested. The
detailed analysis included the effects of detailed radiation transport, wall
reflectivity, temperature difference between the fluorescence and absorption
cell, spatial diffusion of excitation within the fluorescence cell, and
finally, atmospheric absorption on exposed optical paths adjoining the system
components.
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1.0 INTRODUCTION

) »
This report documents our coordinated laboratory and data evaluation research

efforts which are relevant to the DNA program for developing capability to pre-

dict nuclear enhanced atmospheric infrared background radiance.
1.1 The Fluorescence Experiment

The laboratory effort is aimed at achieving confirmation of the CO2 2.7 to 4.3um
pumping mechanism. The mechanism has been predicted theoretically by James and

Kumer (1973a) The mechanism involves excitation via CO2 absorption of 2.7um

radiation
5 - ‘021’
nv2.7 um + 002 (coc} - co 1201 (1-1)
felloved by fluorescence
02y o201 _ , .
€0 108 ~ %2 loof * "3 (1-2)

The 002 can also decay and emit 2.7 um radiatiown via

{o21)

€0 1301}

~ €O, (000) + hv2‘7 un _ (1-3)

James and Kumer (1973a) theoretically predict that the radiative decay of co,

021
101

radiation via process (2) and about 5% likely to occur by re-emission of 2.7um

CO2 {15-} 1is approximately 95X likely to occur by fluorescent emission of 4.3um

radiation via procesa (3). The mechanism is theoretically predicted to dominate

the formation of the 4.3um earthlimb near the tangent altitude 80 km.

The mechanism is also predicted to contribute to major brightening of the 4.3um

earthlimb at points far removed from a nuclear detonation for long time periods
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(=100 sec.) under certain conditions. These nuclear implications were first
addressed by James and Kumer (1973b) and were reviewed at the Falmouth, Mass.,
DNA IR data review meeting by Kumer (1977). The James and Kumer theoretical
prediction that the probability is =95% that the CO2 levels 101 and 021 should
decay by emission of 4.3 rather than 2.7um radiation is an essential element of
the nuclear mechanism. There is a second potential nuclear effect in which

the 002 branching ratio for emission to 4.3 rather than 2.7um from the states
CO2 {ggi} plays a major role. Namely these CO2 species have been mentioned as
potential candidates for the upper state of a possible long lived 2.7um auroral
emission which has been noted in the ICECAP data by Mitchell (1977). 1If there
is indeed a long lived component of 2.7um auroral emission, them it would have
profound implications for the nuclear case. Since the CO2 2.7 to 4,3um pumping

mechanism may impact on both 4.3um and 2.7pm nuclear interference it is essen-

tial to obtain laboratory confirmation.

A major complication in achieving a laboratory confirmation of direct CO2
2.7 to 4.3um fluoresence via processes (1-1) and (1-2) and in measuring the
branching ratios for 4.3um emission by process (1-2) compared to 2.7um emission
by process (1-3) is the existence of a competitive mechanism which indirectly

produces 4.3um fluorescence, namely

021) {020)

+ €0, (000)'Y co

1-4

€05 f101§ 2 100§ * G0p (001) a-9
followed by

co, (o01) ~ co,, (000) + hw, 3w, (1-5)

This mechanism is not important at high altitudes in the atmosphere where

the low CO, number densities favor processes (1-2) and (1-3). However, the

o ———
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mechanism does impose severe restrictions on performance of laboratory studies
of processes (1-2) and (1-3). For example, the use of a chopped black body
2,7um source to study processes (1-2) and (1-3) has been shown impractical
since this source is not intense enough to produce a detectable signal for CO2

partial pressures low enough so that the processes (1-2) and (1-3) are

competitive with the process (1-4).

In this report wé document our initial efforts to study the processes (1-2),
(1-3) and (1-4) by the use of a Chromatix CMX-4 and Infrared Accessroy CMX-4/
IR-V laser system which is tuneable <1 the 2.7um region and which provides a
2.7um sourcze intense enough so that CO2 partial pressures can be reduced to the

point where the processes (1-2) and (1-3) are competitive with (1-4).

Our initial effort has shown the branching ratio for process (1-2) rather

than (1-3) is greater than or equal to approximately 10:1. This low precision
lower limiting result is not completely satisfactory, however the precision can
be vastly improved by utilizing a number of simple techniques that were not in
the scope of our initial effort, namely the use of (1) well documented techniques
for improving laser frequency stability, (2) a cooled 2.3 um filter mounted in
the detector dewar, (3) a multiple pass fluorescence cell, and (4) faster

electronics for recording the 2.7 uﬁ signal.

Additionally, the initial effort has demonstrated the applicability of the laser
source and peripheral vacuum and electronics equipment for the high precision
measurements of quenching vibration transfer rate coefficients. In this effort a
precision Argon quenching rate was determined as was a rate for rapid rescnance

vibration transfer between the naturally occurring isotopic species of 002 and Né.




1.2 THE DATA EVALUATION EFFORT

The data evaluation effort included two tasks, (1) the evaluation of auroral

zenith radiance data in the 4.5 to 4.6um region (Stair, 1977) that were 4
obtained by a rocket mounted CVF spectrometer on 3/12/75, and (2) a detailed

evaluation of laboratory data obtained in a previous effort (Kumer and James, 1977)

which utilized a, chopped black body 2.7um source and attempted to utilize a

CO2 absorption cell to discriminate the weakly self absorbed direct 4.3um

fluorescence formed by process (1-2) from the strongly self absorbed

indirect 4.3um fluorescence that is formed by processes (1-4) and (1-5).

FIELD DATA EVALUATION: The 4.5 to 4.6um spectral region may become important

for some potential systems applications and the apparent presence of an

; auroral signal in this spectral region indicates a requirement to identify
a mechanism or mechanisms in order to facilitate extrapolation to the nuclear
case. Our previous model (Kumer and James, 1977) for auroral zenith spectral

radiance near 4.3um included just CO2 as the emittor and, therefore, predicts

essentially no auroral signal in the 4.5 to 4.6um region. In this effort we
X attempted to explain the 4.5 to 4.6um data by the inclusion of NZO and CO into

our spectral model.

Highlights of the study were as follows:

o Prompt Nzo and/or CO emissions might explain in part the data near 4.5 -

4.6um provided that severe constraints concerning the observability of

the aibient radiance of these species can be satisfied.

3 R -
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o Spectral radiance data near 4.42um cannot be explained via COZ’ NZO

or CO emission

o Potential mechanisms for prompt auroral N20 and/or CO emission include
N,0

+ N,0(001) + 0 and (2) NO*(v) + {C2

2 1N0T(v-1) +

1) NZ(A) + 0

N,0(001)
{CO(v=1) }; but these are not exclusive.

2

o The 4.3um data taken on 3-12-75 are consistent with our airglow and

auroral models for 002 emission.

To achieve a better understanding of the 3/12/75 CVF data in the 4.4 to 4.7um
region it will be necessary to (1) examine the spectral datz obtained 3/12/75

in more detail, (2) examine data from related experiments (HIRIS and SPIRE

for example) and, (3) include No¥ in the spectral model.

Ty

LABORATORY DATA EVALUATION: 1In a previous laboratory effort which used a

chopped black body 2.7um source (James and Kumer, 1977), a CO2 absorption cell
was employed in an attempt to distinguish weakly self absorbed direct 4.3um
fluorescence from the strongly self absorbed indirect 4.3um fluorescence.

The scope of the effort permitted just a preliminary evaluation of these data
which assumed a single absorption and reemission for each photon and which

assumed black walls for the fluorescence and absorption cells. The results of

this analysis were not consistent with our independent analysis of the behaviour
of these dats as a function of source chopper frequency, and were also not

consistent with pertinent data reported by other authors (Finzi and Moore, 1975).

Our purpose then was to subject these absorption data to more detailed scrutiny

in an attempt to resolve the apparent inconsistences. To this end we quanti-

tatively examined the effects of detailed radiation transport, wall reflectivity,




1 temperature difference between the fluorescence and absorption cell, spatial

diffusion of excitation within the fluorescence cell, and finally, atmospheric

5 absorption on exposed optical paths adjoining the system components.

————

Taken individually each of these effects nudged the interpretation of the

absorption data towards consistency, however, the sum of the effects is still i

not sufficient to resolve the inconsistency., Additionally, the absorption
2 measurements are also inconsistent with our most recent laboratory data

obtained with the 2.7um laser source. We can only conclude that although we've }

quantitatively tested every effect that was obvious to us, there is still some key

effect, perhaps geometric, that needs to be accounted for to resolve the \

apparent inconsistency of the absorption data.

|
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2.0 THE FLUORESCENCE MEASUREMENTS

The laboratory effort proceeded in a logical order of increasingly sophisticated
tasks. It began with the establishment and implementation of procedures for
tuning the 2.7 pm laser system output on to absorbing CO2 lines, this task is
discussed in Section 2.1. The next step was to set up and use equipment to
record the 4.3 um fluorescence data, and to sensibly interpret these data, this
effortis describéd in Section 2.2. The final and most sophisticated task
involved setting up, testing out, calibrating, and utilizing equipment to
simultaneously record the laser pumped 002 emission at both 2.7 and 4.3 um,

and to extract the branching ratio for emission at 4.3 um relative to 2.7 pm

from these data, this final effort is described in Section 2.3.

2.1 Laser System Description

The basic characteristics of our laser system are summarized in Figure 2-la.
The laser consists of a Chromatix CMX-4 Flash lamp pumped dye laser plus an

optical parametric oscillator consisting of a LiNbO, crystal in a temperature

3
regulated oven., The visible output of the dye laser is dependent on the particular
dye selected. For a particular dye, the output is tuned over the allowable
spectral interval for that dye by the rotation of a birefringent filter placed
between two polarizers, The resultihg output has a total bandwidth of about

3 cm-l. This output can be further narrowed by means of etalons which are

vlaced within the laser cavity, the particular etalon desired being placed in
position by rotation of a filter wheel. With a low finesse etalon in place,

the output can be narrowed to 0.25 to 0.35 cm'l, and with a high finesse etalon

in place the output can be narrowed to 0.1 to 0.15 cm-l.
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The output from the CMX-4 laser is then passed through the Optical Parametric

A S e

i Oscillator (OPO) with the result that the visible beam is split into two

infrared beams which satisfy the energy conservation equation mp =ugt oo

i g

where mb is tne visible pump frequency and W and w; are the signal and idler

frequencies (which are the shorter and longer wavelength infrared beams

R ey - 2

respectively). Tuning is accomplished by varying the temperature of the oven

containing the ILiNbO, crystal. Figure 2-lb shows examples of the variation

3
of the idler wavelength vs. the visible pump wavelength for two different
temperatures, Our experiments were done by selecting a visible wavelength
and oven temperature which produced infrared output near the R(18) line of

the 101-000 band of 002. The infrared output wavelength was determined by

means of a small Jarrell-Ash monochromator, ]

Our experiments were most successful using the low finesse etalon in the CMX-4,
* . Corresponding to the 0.3 cm-l envelope of visible output, the output at

s ’ -l

2.68 microns was calculated to be about 0.15 cm = by using the information

contained in the tuning curves (Figures 2-1b), From the spacing of the cavity

Y
.

‘A i mirrors in the OPO and the refractive index of the LiNbO3 crystal, it can be
| calculated that the infrared output at 2.7 um consists of modes with a spacing
of 0.027 cm-l. Thus, under the conditions of our experiments, the infrared
output consisted of something like 5 or 6 modes. In order to observe fluores-
cence, it is necessary to place these individual modes on a 002 absorption line.
This can be done by slight changes in the OPO mirror spacing which will shift
j the mode pattern. Changing the mirror spacing by one-half of the wavelength

results in a shift of the pattern by one mode spacing. The method we have used s

ft to tune the infrared output onto a CO2 line will be discussed following a general

1 n
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description of the experimental setup which we used to initially observe: the

fluorescence at 4.3 um.

In our initial attempts to observe the fluorescence at 4.3 um, we used the same
geometrical arrangement which had been successful in our earlier studies using
a blackbcdy source, namely the exciting beam directed along the axis of a
cyrindrical fluorescence cell and the detector for 4.3 um radiation also
viewing along this direction. This is shown in Figure 2-2. We also chose a
co2 pressure of 1 torr as we had been successful in detecting 4.3 um fluorescence
at this pressure in our earlier studies. In order to be sure of obtaining a
signal we used a considerably higher Argon pressure in the absorption cell,
This was done so as to broaden the CO2 absorption lines sc that if the

envelope of infrared frequencies was centered on an absorption line that we
could be assured that an individual mode would fall within the absorption line
profile. From the pressure broadening coefficient for 002 + Ar the full width
of the line at half maximum intensity is of the order of 0.0k et at 300 torr

of Argon. Thus this pressure assured us that some of the individual modes

would fall within the absorption profile.

The ase of such a large Argon pressure results in fairly rapid quenching of
the 4,5 pm fluorescent signal so that it was necessary to be able to measure
the signal on a short time scale. At 300 torrof Argon the 4,3 pm fluorescent
signal can be expected to have a lifetime of the order of 65 microseconds.
The observed signal from an InSb detector was passed through a pre-amplifier
and amplifier which had a time constant of the order of 10 usec. This signal
was then fed into a Hewlett-Packard Model 5421A signal averager which 1ad the

capability of sampling the input signal in 10 usec intervals. Actual tuning

13
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of the infrared output from the OPO onto a 002 absorption line was done by
monitoring the output from the pre-amplifier and amplifier on an oscilloscope

as the visible wavelength into the OPO was varied.

Although initially we had a number of difficulties in observing and maintaining
a good fluorescgnce signal at 4.3 um, improvements in the Chromatix system
which resulted from replacing certain faulty components plus experience gained
in operation of the system resulted in acquiring data on the signal averager
which had excellent signal to noise, even though the system was still erratic
on a pulse to pulse basis. The analysis of this data obtained with axial
viewing geometry as shown on Figure 2-2 is described in the following section
along with the analysis of additional 4.3 pm data which were obtained via side

viewing geometry.

In the process of working with the laser we became more adept at acquiring and
maintaining a fluorescent signal. Our procedure is to take the 3 cm-l broad-
band output of the CMX-l4 visible laser without the etalons in place and

adjust that wavelength so that for the operating temperature of the OPO, the
infrared output of the OPO is centered near the line R(18) of the 101-000 band
of 002. Once this has been fixed, £he low finesse etalon is put in place in
+he CMX-4., Since this narrows the output in the infrared to about 0,15 cm—l,
additional tuning is necessary to place this infrared output on a CO2 line
since the CO, lines are separated by about 1.6 cmnl. This tuning is
accomplished by tilting the etalon which results in a scan of the visible

output across the broad 3 cm-l envelope with & resultant change in the infrared

wavelengths.
15
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By observing the output from the InSb detector on an oscilloscope, we
determine when the infrared output is coincident with a Co, absorption line
by observing fluorescent pulses., Additional improvements in the signal could
be made by slightly tilting the La'.NbO3 crystal which has been shown by 3
Hordvik and Sackett to result in a swoothing out of the distribution of the {
output between the various modes. Slightly tilting one of the OPO cavity {
mirrors results in slight changes in the mirror spacings which produced shifts 3
g in the mode pattern. By this process of making minor adjustments we found 3

4 that we could improve the magnitude and stability of the fluorescent pulses.

We have found that after several days of use, the stability of the system

decreases considerably which is presumebly due to the deterioration of the
Dye over a period of time. Failure to adequately consider this was the cause
of some of our initial difficulties with the operation of the system. We

still have problems in that the fluorescence is not stable on a pulse to

pulse basis. Some of this may be due to mechanical vibrations and the fact
that individual modes are unstable in frequency and/or due to shifts in the
output between various modes so that the amount of energy going into a parti-
cular mode which is coincident with a C02 line is varying from pulse to pulse.
Steps which we might take to improve this stability are described later in

this report.
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2.2 TFluorescence at 4.3 um

2.2.1 Background Characterization at 4.3 um

There are sources of background signal that need to be characterized in urder

to extract the fluorescence signal from the data. These backgrounds arc¢ shcwr

on Figure 2-3. The background labelled beam blocked is obtained by blocking

.ne laser beam and then making a 1000 pulse run., The run is performed with the
detector — preamp — amplifier — HF 5421A Signal Averager configuration functioning
43 shown m Fig. 2-1 and triggered by the laser electronics but there is no laser
~elated light allowed to fall on the detector. In this case the electronics are
seen %o produce what might be thought of as a "DC offset” as shown by the background
curve labelled "beam blocked” on Fig. 2-3, This background curve may be the
result of random noise in the electronics, background photon fluctuations on the
letector, or perhaps room lights. Its level is found to be slightly dependent on
the amplifier gain setting, Our analysis was restricted to data obtained with

the gain set to 100, the curve '"beam blocked" on Fig. 2-3 was obtained at this

setting.

Note that the number of signal averager units in the first bin, O to 10 usec,

is depressed with respect to that in subsequent bins. This seems a consistent
feature which is independent of whether or not the beam is blocked and whether
or not there is fluorescing CO2 in the cell., To avoid complications we excluded

data in the first bin from our analysis in all cases.

Also shown on Figure 2-3 are two curves labeled "preprocessed empty cell."

These are the results of runs for which the fluorescence cell is evacuated and

for which the laser beam enters the cell unobstructed. The runs differ in that

a larger fraction of the laser beam is subtended by the detector in onec case

than in the other, this is done by slightly tilting or offsetting the detector

17
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with respect to the beam. The large enhancement in the first few bins is the

result of leakage of 2.7 um laser light through the wings of the 4.3 pm filter.

pi

The laser light pulse duration is approximately 1 usec, inspection of the

curves labelled "preprocessed empty cell on Figure 2-3 indicates the electronics
are much slower than 1 psec, Also, inspection of the curves "preprocessed

empty cell" and "beam blocked" suggest the former might be the sum of the latter
plus a component that is the response of the electronics to a very fast pulse
input Subtraction of the latter from the former results in the curves labelled
"processed empty cell signal” which can be considered the electronics response
to a very fast pulse imput at the detector. This response looks like the sum

of three simple exponential curves with time constants which are approximately
T ¥ 10 usec, T, w529 usec, and Ty % 1447 usec. The normalized electronics
response Re to_a. fast pulse at the detector is given by the sum

R, = i}i R, exp (=t -r;l) vhere R, = ,98922, R, = 6.83 x 10™° and

Ry = 3.96 x 107,
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2.2.2 Fluorescence Analysis, 1 Torr CO., 300 Torr Argon

On Figure 2-4 are shown data (the curves labelled data cases) taken in several
runs of 1000 pulses and with 1 Torr 002 and 300 Torr Argon in the fluorescence
cell. The runs were taken under conditions of moderately consistent fluores-
cence as determined by methods described above. The runs were taken with the
detector considerably more offset from the laser beam than was the case in
generating the curves labelled "preprocessed empty cell"on Figure 2-3, These
curves and the "beam blocked" curve are reproduced on Figure 2-4 for comparative
purposes. Even though the beam is further offset from the detector than was

the case in generating the "preprocessed empty cell" background characterization
curves shown on Figures 2-% and 2-I, the presence of the fluorescence produces
an increase in signal over these cases by about 500 to 1000 signal averager

units in the range t = 50 to 100 usec.

To analyze these data we subtract the "beam blocked"” curve from the data and
fit two components to the remainer which is the curve labelled "processed data"
on Figure 2-5, One of the components should be due to laser light leakage and
should have temporal dependence identical with the "processed empty cell" curve
shown on Figure 2-3. The second component is due to fluorescence of 002 at

4,3 um, This latter component is considered to produce a detector signal which
decays like e where q is the quenching rate of 002(v5) by argon,

q = k,[A] where k, > 1.5 x 107 cm5/sec (James and Kumer, 1977)

and [A) = 1,06 x lO19 cm-3 since there is 300 Torr of argon in the cell, hence
qg=1.59 x lo-z/usec. The finite response time of the electronics modifies is

the fluorescence signal F so that it ultimately is given by

20
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F(t) = iéi Ry T;l / (q - T;l)(exp (-t ) -exp(-qt))

The temporal dependence of the "processed empty cell" component is given by
Re(t) and of the fluorescence compcnent by F(t), the "processed data" Qp(t)
may be fit by a sum Qp(t) = A Re(t) + Ag F(t) where

the coefficients AR and AF are determined by a least Squares fit technique.
The least squares technique used to obtain AR and AF proceeds as follows,

define

Q Z(D,(5)) = A B (8) - Ay F (£)

then set

9 _ o -
Uy

; (2-1)

FB

and solve for AR and AF' To obtain AF and AR as illustrated by Figure 2-5,
Jjust the first 40 signal averager bins &n < 400 used'Were utilized., The fit
is not particularly good in the region t 2 300 usec bub fhis is to be expected
since the form of equation (2-1) preferentially weights the points associated
with the largest value of pp(t).

It is possible to use the data Qp(t) to determine kA as follows, set

- A &
Qp = Mg R, SA T+ 8ady dq (2-2)
and solve for'AR,'GAF and 8q by a least squares fit technique in order to
determine new values for AF'and q, namely AF - AF + 6AF and q » g + 6q, iterate

until convergence is achieved. The results of application of this technique

to the processed data set Qp(t) are shown on
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Figure 2-6, the value q = 1.65 x 10-2 / usec achieves the best fit to the data.
Results of applying the technique to'brocessed data" obtained in two additional

1000 pulse runs at 1 Torr CO, and 300 Torr Argon are shown on Figures 2-7 and 2-8.

2
The values of q that best fit these data runs are q = 1.55 x lO-2 and

1.66 x 10-2 / usec respectively. From analysis of these three runs we find

g = (L.62+ .05) x 102 / psec

this high precision determination of q is consistent with the literature value

for kA'

In summary, our first recorded fluorescence measurements were performed in the

geometry shown in Figure 2-2 since we were initially most successful in observing
fluorescence on the oscilloscope when this geometry was employed. The high argon
pressure 300 Torr was used in order to broaden the CO2 lines to facilitate tuning

the laser light onto the absorption lines. The absorption line full width half

max is == 0.0k cm-l and the spacing between the lines about 1.6 cm-l.

A fluorescence signal with large signal/ncise was clear.y evident in the three
runs that were selected for analysis. The background was found to be both
consistent and simple to characterize. It was possible to exiract the quenching
rate q of 002(v5) by argon to better than L% precision from the data that was

analyzed.

2.2.3 Side Looking Geometry

In preparation for the ultimate branching ratio measurement a second intermediate
step involving side viewing of 4,3 um fluorescence needed to be taken, The main

purpose was to demonstrate that good signal to noise could be achieved at 4.3 pm

24
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with side viewing geometry for C02 partial pressures PCo low enough so that

2
the time constant 72 7 for decay of the CO2 laser pumped excited states 1ClL and
021 by the process { O%} + 000 - {égg} + 001 should be long compared to the
1

021
duration (= ). usec) of the laser pulse. The time constant is reported (Finzi

and Moore, 1975) to be 72'7 = 0,25 u.sec/Pcoe where PCO2 is measured in Torr, {
Hence it was necessary to show that good 4.3 um signal to noise could be achieved 4

3 for partial pressures P, of the order .025 Torr or less such that 7 >> 1 usec.

002 2.7

To this end we describe the analysis of some 4,3 um fluorescence data obtained with

the side viewing geometry and the electronics that are shown on Figure 2-9, i
and with P002 > 30 Torr. The electronics employed in the side viewing configura-

tion shown on Figure 2-9 were identical to those described above in Section 2.l.2, 1
The cell was designed so the laser light could be passed as shown on Figure 2-9 i
; through diametrically aligned sapphire windows of radius = 9 mm, In this way it

could also be possible to simultaneously view the fluorescing region from both sidas

of the ce.l,

1 2.2.4 Apalysis for 0.03 Torr CO, and 50 Torr A

Two side viewing preprocessed data cases, with 0.03 Torr 002 and 50 Torr A in
the cell, are shown on Figure 2-10 in comparison with the "beam blocked" and
"preprocessed empty cell" data that were shown previously on Figure 2-3 above.
For v » 70 usec these preprocessed data show the presence of fluorescence over
and above the large 'preprocessed empty cell" signal that was obtained for the
I direct laser beam/detector incidence geometry that is illustrated by Figure 2-2

above,
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On Figure 2-11 one set of the processed data are shown fit by the sum

AR Re(t) + AF F(t) where the quenching due to argon is given by

q = (50/760) x 2.69 x 10'2 x 1.5 x 107/ 10° = 2.65 x 102 psec™. We

see that (i) the fit is excellent, an indication that side viewing geometry
reduces the amplitude of the "processed empty cell" signal but does not
change its temporal dependence, and that (ii) the 4.3 pm fluorescence
component dominates the processed data. The fit to & second set of the
processed data is shown on Figure-2-12 and reinforces the conclusions (1)

and (ii) above. The first set is seen to have a somewhat larger fluorescence
component, the fluorescence amplitude A == 900 and 630 signal averager units
(SAU) respectively for the two runs. The "processed empty cell" amplitudes
are similar in both cases and are reduced from that observed for the geometry
of Figure 2-2 by a factor 10 to 4 dependent on the laser beam/detector

offset.

The quenching that best fits the two data sets was determined to be

3.1 x 10-2 ;.tsec-l and 2.61 x lO.2 psec-l respectively, these compare well

with the quenching q = 2.65 x lO-2 u..s:ec-l that is computed above from the
15 3

literature value kA= 1.5 x 10 cm /sec for the rate coefficient for the

quenching of Coe(vs) by argon.

2.2.5 Apalysis for 0.3 Torr QOE and NE' and 50 Torr Argon

Several runs at 0.3 Torr CO2 and N2 and 50 Torr argon were performed. These
runs were performed to demonstrate the utility of our equipment for obtaining
accurate measurements of very fast rate constants such as the vibration

transfer rate constant kvv for the reaction
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CO,(vy=1) + N, = CO, + N, (v=1) (2-3)

To demonstrate this utility we will go through a simple minded analysis of
a sample of this data. The scope of our effort does not permit a detailed
analysis of all these data. The processed data from one of the runs is
shown on Figure 2-13. The least 3quares fit analysis Eqn. (2-2) is used
to determine an effective quenching g that yields a best fit to the data.
The analysis was applied to the data bins 2 through 1L which are located
approximately on the time interval 15 € t &€ 135 usec., During early :imes
the effective gquenching should be given approximately by

9= k,A]+k_bIN,] where b = exp (-(hc/k) AE/T) and where AE = 18 em™t

12016 11+N2 (ve1)

is the energy defect between the O2 (OOl) state and the
state. At late times however, when the vibrational temperature of nitrogen
approaches that of CO2, the effective gquenching should be approximated by

a = k,[A] ({C0,]/((cO,] + [R,1)).

The interval t & 135 usec was selected for application of the least squares
analysis given by Eqn. 2-3 since this time == (kvv[N'z]b)-l = 157 psec is
approximately the time that is required for the vibrational temperature of
the nitrogen to approach that of -the 002. An effective quenching

q=6.4 x 10-5 usec-l is found to best fit the data in the time regime

t & 140 psec. It is possible to determine the rate constant kvv from these
data as follows, Let Xl and X2 represent the populations of vibrationally

excited 002 and N2 respectively. The time dependence of these species then

obey the equations
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X = KA X -k IN] X 4k bleo,] X,
<y k. [N,JX -k _b[CO,] X. -
at "2 v 2 . Vv 2° "2

The notation is streamlined by defining q = kA[A] and v = kW[
two eigenvalues

of the quantities defined by

o = (qA+v(l+b)) /2
and

% = %\/qi +(v+v)?ao ay v(1-p)
as

al = aA+AB
and

G = %%

The unnormalized solution for X1 is given by

ot %t

e +ye

X1

wherey=(qt-qA-V)/(qA+V'ae)

Now we can compute

-1
o]

1n (x1 (0)./ xl(too )

from Eqn. (2-6) where to = 140 usec.

36

N

1.

@, of the linear first order Egn. (2-4) are given in terms

The

(2-5)

(2-6)




R

The result is q’ = 6,36 x lO_5 ;Lsec-l if we assume the literature value
v = 6 x 1075 en sec™. This compares within 1,5% with the value

q=6.U6x lO-5 usec-l that is determined from the data as described above.
In order to determine Koy from the data we set

o gt d9”
= a + TN2] GKvv dv

and solve for. §k __ and then set k=6 x 1078 cmj,sec + 8k__. The result
2 vV vv

. .. !-l- ‘15 3 . -1 - '13 3 -1
is K, = 6.4 x 10 cem” sec . The literature value kvv>6x10 em” sec .

To further demonstrate the potential accuracy of the technigue for determining
rate constants consider the late time (t 2 300 usec) data, these should

decay like e— t. To check this cne can use a ruler to draw a straight line
through the late time processed data as is shown on Figure 2-13, The slope

of this line gives a time constant T > 810 psec for the late time data decay
zime which is in good agreement with the value 051 =~ 881 usec that one may

calculate by the use of Eqn. (2-5) and the value k= 6.4 x 1072 cm5 s.ec-l

as dervied from the early time data.

This sample analysis suggests that the accuracy which may be achieved by this
technique in the determination of kvv is remarkable, particularly or considera-
tion that (i) the fluorescent cell and/or vac system may have been leaky,
thereby admitting atmospheric N, at some undetermined rate, and (ii) the "beam
blocked" and the "processed empty cell” functions that were used ir the data
analysis had been determined from data taken several days prior to the day on
which the 0,3 Torr CO2 and N2 and 5O Torr A data that are discussed here were

~waken. If measurement of kvv had been a primary gcal of the experiment

it would have easily been possible to make the effort that is required to

37
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neutralize these deleterious effects, Even so, the work we report here has
served to demonstrate that our equipment is suitable for making highly

accurate measurements of fast vibration transfer rates. In particular, the
equipment could be used to measure kvv for reaction (2-3) for the mincr 002

(15016

isotopes 636 02), 628, and 627. This would provide input that is

nacessary to more accurately calculate the altitude dependence of the

P

atmospberic response time near 80 km to nuclear events for co, 4,3 pm
) emission due to processes similar to those discussed in the report DNA 4250F

(HAES Report No. 57, or see J. Geophys. Res. §g, 2203), The use of a refrigerated

P SO NS LN N

filuorescence cell would permit measurements of kvv at temperatures including
realistic mesopause temperatures for all isotopic species of 002. Similar

vibration transfer measurements between Né and NO, N2O, CO could also be

T T e e

performed with this equipment. It is not inconceivable that some adaptation

L

of the equipment could be ised to study quenching and vibration transfer

;i +
2 for short lived species such as OH and NO .
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2.3 Preliminary Measurement the 101-100 and 101-000 Branching Ratio

In this section we describe initial efforts to measure the 4.3 um/2.7 pm
branching ratio by simultaneously measuring the signal at 2.7 um and 4.3 umw

following absorption of the laser pulse at 2.7 upm.

A signal originating from the radiation from the 10l level via 2.7 um
emission decays extremely rapidly due to rapid exchange of v3 excitation

on collision with ground state C02. The quenching rate of this level at a
pressure of 1 Torr is L.5 106 sec-l wnich corresponds to 0.217 usec lifetime.
This rapid decay requires that we have fast response detectors and pre-
amplifiers. In order to be able to separate the fluorescence from scattered
background at 2.7 um which originates from ithe initial pulse, it is necessary
to work at pressures well below 1 Torr. Working at lower pressures increases
the lifetime of the 101 level which in addition to permicting the 2.7 um

fluorescence to be time resolved from the scattered input radiation also

relaxes somewhat the requirement for fast electronics.

While lowering the partial pressure has the advantage of increasing the
iifetime of the 10l level, the loss in signal associated with working at
lower number densities eventually places a lower limit or the usable pressure.
Our experience with measuring the 4.3 pm fluorescence at 0.03 Torr (30 pm)
showed that we had a strong signal at 4.3 um with excellent signal to noise.
Therefore we decided to try even lower pressures of 0.02 and 0.0l and

.05 Torr to see if we could still observe the 4.3 um fluorescence on an
oscilloscope so that we could manually tune onto a CO2 line. 1In all of

these cases we were able to observe 4,3 Um fluorescence on an oscilloscope

after amplification.,
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Since we were able to obtain a good 4.3 um fluorescence signal at 5 ., we

decided to use this pressure for our branching ratio measurements. We had
made some earlier attempts at 10 um of CO,, but those results were unreliable
due to large noise signals in the Boxcar integrator (to be described later)

and will not be discussed.

The procedure used in our effort to measure the branching ratio was to

manually tune the laser output onto a CO2 line as evidenced by observable

4,3 um fluorescence on an oscilioscope. Once the fluorescence was observable,

we then simultaneously measured the signals at 4.3 pm and 2.7 um using two
detectors and the same fluorescence cell. Figure 2-14% shows a diagram of
the experimental arrangement. We simultaneously monitor the signals at

4,3 ym and 2.7 um, The 4.3 um signal was measured with an InSb detector
and a preamplifier., The preamplifier is shown on Figure 2-15. This same
circuit was used except the 510 pf capacitor in parallel with the load
resistor was replaced by a 15 pf capacitor and the load resistor was 680 Ka.
This should give the preamplifier about a 10 usec response time. The output
of this preamplifier was then amplified using the AC amplifier in a Keithly
model 840 lock in amplifier, The bandwidth of this amplifier was only a
few hundred kHz so that the input pulse from the preamplifier was broadened

to approximately 15 usec,

In our experiments to simultaneously look at the 2.7 um fluorescence and
the 4.3 um fluorescence, the Hewlett-Packard signal averager which we had
used in the 4.3 um runs was not available as it was out for repair. 1In its
place we used a Tracor Northern Model NS-570A signal averager which has a

time resolution of 20 psec per channel. The experiments were done with
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50 Torr of Argon in the fluorescence cell with a corresponding decay rate
of 376 psec for the 4.3 pm signal. The Tracor-Northern signal averager
therefore had time resolution which was more than adequate for measuring

the 4.3 um fluorescence under these conditions.

At a partial pressure of 5 um of COp the lifetime of the 101 level is

approximately 43 usec, so that a faster response amplifier was desirable.
In order to increase the response of the preamplifier we used the same
circuit as described above except that we reduced the load resistor to
240 K. However we found that a larger capacitor was required to prevent
ringing. The capacitor used was 56 pf which gave the preamplifier a

response of the order of 13 usec.

The signal from the 2.7 um detector-preamplifier was amplified by a factor
of 5 using the vertical output of a Hewlett-Packard Model 1715A oscilloscope.
This signal was then further averaged using a Tektronix Model 1121 Amplifier
with a 17 MHz bandwidth and a gain of 100. The signal was then fed into a

PAR Model 160 boxcar integrator.

The 2.7 um signal had a large scattered component from the initial laser
pulse. We found that in order to obtain a stable boxcar output we had to
look at a portion of the 2.7 pm fluorescence pulse which was quite a way
away from the initial laser pulse. We found that by using a window from 7O
to 12C usec away from the main laser pulse, we could obtain fairly stable

boxcar results,




ﬁ The scattered pulse from the laser was reduced significantly by using a

filter in front of the 2.7 pm detector which had less than 1% transmission
at the laser wavelength and transmitted the P Branch of the 101-000 band.

This filter is shown in Figure 2-16,

In the cuse of the 4.3 um signal, it was possible to eliminate all of the

scattered radiation by using a 4.3 ur rilter and carefully masking arcund

the detector. The fraction of the 2.7 um band transmitted by the 2.7 um )
filter was about 1/3 of the fraction >f the 4.3 band transmitted by the

4, . um filter.

wigure 2-17 shows the results cf “he 4.3 um fluorescence obtained on the
TRACOR signal averager. Th¢ results ~ere plotted from the digital readout
whick is displayed on the signal averager cathode ray tube. This figure
also shows the results for the 2.7 um ooxcar signals obtained for each v

4.3 um Fluorescence curve plotted. 2

The boxcar integrator was set with a 50 usec window, as mentioned previously,
and a time constant of 30 msec. Since the pulse rate was 5 pps and only

50 usec are sampled in each pulse it took several minutes for the 2.7 um
signal to build up to its final value. This is illustrated in Figure 2-18

in which a signal received by the boxcar is changed as a result of placing

e Vg

a card in front of the laser output. This shows that it takes on the order

e

of 2 minutes for the boxcar to reach its final value. This figure also
i
fi indircates that the boxcar output was noisey with fluctuations of the order ;“
4 of 1 mv on a time scale less than 1 minute. This source of noise is not

complete.y understood by us, and it did limit the precision of our results.
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T

Figure 2-19 shows the boxcar outputs obtained after 2048 pulses from the
laser. The values for the 2.7 um signal are taken from the average value

:n the last three minutes of each run. While the signal to noise in <hese
runs *s rather poor, there is nc doub® that the boxcar signals corresponding

tc 2.7 um flucrescence are real as can be seen by comparing runs in which

fluorescence was observed with runs in which there was no fluorescence.

The factors which are required to calculate tine branching ratio are
summarized in Figure 2-20. The relative response of the 2.7 and 4.3 wn
detectors was determined using an infrared industries tlackbody source to
compare tre two detectors at both wavelengtis, The relative response also
takes into account the different load resistors used for each preamplifier
and “he response ratio refers to the voltage responsiviiy to a given number
of photons. The gain used for measuring the 2.7 preamplifier signal was

a factor of 5 greater than that at 4.3 um.

The factor of 1/3 in the relative transmission of the 2.7 and 4,3 um bands
has been mentioned previously. Finally thc resulting boxcar signal at
2.7 pm is reduced from the peax 2.7 um signal by an amount which depends
on the distance (in time) away from the laser pulse and the width of <he

window. This is the last factor .shown in the second line of Figure 2-20.

Figure 2-21 shows the branching ratios calculated for the three data sets
shown previously. The uncertainties indicated are due to the noise obtained
in the be~car signals. The average value of the branching ratio obtained

is ~ 17.7. Due to the scatter in the data and the limited amount of data,
this i3 not a very precise number. It is clear, however, that a large

fraction of the radiative decay of the 101 level is via the emission of

48
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4.3 pm radiation rather than 2.7 pm radiation. From this figure it appears
that the branching ratio favoring 4.3 pm emission over 2.7 um emission can

safely be said to be greater than 10.
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3.0 DATA EVALUATION

3.1 FIELD DATA EVALUATION

, 3.1.1 Motivating Data

The zenitin spectral radiance data measured in the interval 4.5 to 4.0 um on

12 March 1975 by a rocket borne SWIR CVF spectrometer which was launcred inte
an aurora are shown on Figure 3-1 (Stair, 1977). A sample CVF spectrun
(Stair, 1277) obtained at 100.6 km on the uplez on 12 Marci 1975 is shown on
Tigure S=-2. A comparison of this data with a synthetic spectrur that ‘s
calculated on the basis of a mechanism in which the only radiating specie is
CO& is shown on Figure 3-3., The CO2 synthetic spectrum sh.own con Figure 3-3

is calculated by methods developed by Xumer (1277), Xumer and James {_977)

and Kumer et al. (1978). A CVF resolution element (units um) Ar = 0.01506 X =
0.0545 (Tom Condron, private communication 1977) was used in tne compuatation of tiw
synthetic spectrum. Thé spectral compariscn indicates that CO2 is not the

3 emitting specie that is responsible fcr the data in the 4.° to 4.6 um region.

The 4.5 to 4.6 um data on Figure 3-l clearly show a maximvm at altitude

z = 100 km, The corresponding 3914 A data which are shown on Figure %-4
(Stair, 1977) do not even show a hint of such a maximum occurring near 100 kn
altitude. We would expect that prompt auroral emission would resemble the
391k L radiance profile if the emitting specie is optically thin, however
comparison of the data in Figures 3-1 and 3-L shows that this is not so.

This dissimilarity is evidence that prompt emission by an optically thin
specles, such as NO+, is probably not responsible for the emission in the

4,5 to 4.€ um region,

53




T T e ST v e e e e e

(L£61 “41®3S °1 'y) wnt Gg'p aeau ejeg (§£-21-¢) Ledouny juaueddy 1-¢ ‘B4

(wriAW) SSINLHOI¥E ONVE

rAN| 0°L 8°0 9°0 ¥°0 z°o 0°0
08
I - N A T
x
x x oo 0
" " x ° T
X x °°* °* °
X x ° ° —196
5 u % o _m
" x oo ox ° = 1 2
x o ° > ) L
xe o Z I oot
x x }0 w 9
x ° 2 ° < >
x x* 8 4 4 >
° x © le -
x x o ©° < ° z m
« ¥o A %Z  _don &
X [ b4 (-] _' O
x Xo (-] w w) m
x x 9 o Hlﬂ. \W.II
» X ox 19° ot
A x, X x &W °
O"N < ©° °
g
x,
21 Ol NIvO MO x x °x o o —0El
: EL 9N NIVO HOIH o 1
! £80°0 = H1dIM ANV o
: ANVE [65°Y — ¥0G°¥ x
IN3IDSVY a1~ 20°61501 x o
L ‘ orl




;i

10

o

F-N

BRIGHTNESS (mrad/jm)
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One might also postulate that a mechanism such as

-'3 Lo \ -
W NG SN, Nzo(vﬁ, (2-1)

followed by
i Olv

5) = 0,0 vy o pm

./
2ight cocount for the data in the 4.5 to 4.6 um region., The radiance yrofil.
<sar 4,3 um that was alsc cbtained on 12 Marc: 1975 by the CVF is shown on

Tlogure =5, t is fairly well cstablished that this dats is dominated oy

{0, =mission and that the excitation is provided by vibrational transfor
[

frexm .itrationally Lot N2, via

1‘* + e — (:.—"‘\
N+ CO, < N, + cog(vB) (7=2)
whiclr is analogous to process {3-1) above. The conzlusiorn is tnat *f the data

on Figure 3-1 are the result of process (3-1}, and if the atmospheric 120 is
optically thick below 100 km as is required by the data on Figure 3-1. then
she altitude dependence of 4.3 um data should resemble that of the 4.55 um
data which are shown on Figure 3-1. This is not the case, strongly suggesting

that the process (3-1) is not responsible for the 4,55 um data that arc shown

on Tigure 3-1.

3.1.2 Approach

Initial consideration of the MWIR CVF spectral dota and of the 391k i vhoto-
meter that were obtained 12 March 1975 suggest that a puzzling auroral feature
near to L4.55 um, which appears to be real although it had not been readily
observed in previous CVF data of somewhut lower resolution, is probably not

the result of emission by COa, by N0+, by NéO which is excited by process (3-1),
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(R4

cr by U) or any other specie excited primarily by & procass sinilar tc '3-1),
namely vibration transfer from vibrationally hot Né. However, consid:sration
»f the 4.5 to 4.6 um radiance altitude profile shown on Figurc 3-1 andé ot the
391h4 A radiance altitude profile shown on Figure »-4 suggests that a prompt
suroral =xcitation of a species that emits rear 4.55 um, und for which the
atmospriere is optically thick below = 95 km, might explain the 3Jata ootained
near 4.5% um on 12 March 1975. The optically thick requirement is driven by
the oxistence of the maximum rear 10C km in the 4,55 um zenith radiance data,
svek o maximum would occur in the zenith radiance profile of a prompt emission
ir riove i3 gppreciable absorption below 100 km, In this task our goal is to
thoroughly explore this postulate, tc test consistency ard tc establish the
ronstraints such a postulate imposes on the 12 March 1375 CVF data in
particular, and on other infrared dats obtained, or scheduled to be obtained,
under the AFGL/DNA auroral measurement program in general. The approach was
to include the two candidate emittors NEO and CO into our model for computing
ambient and auroral MWIR synthetic spectra (Kumer and James, DNA LUOOF,

HAES Report No. 70). Previously just 002 had been included as the radiating

specie in the model.

We also considered the species NO+ and luNl5N which might alsc emit close to
4.55 um, but our initial decision.was tc exclude them from the model for the
time being., The specie NO© is rejected since the high altitude (Z » 80 km)
atmosphere is optically thin for NO+ 4.3 um radiation. The point is that if
the emission mechanism near 4,55 um is prompt (as is thought to be the case
for NO+) then it must require that the 4,55 um emission originate from a
specie for which the atmosphere is optically thick in the altitude region

80 € Z = 100 km in order to produce the maximum that is observed in the
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4,55 um data on Figure 3-1 but that is not observed in the optically thin

391k A data on Figure 3-4. The specie 5y i rejected on the basis of

Bunker's (1973) calculstion for the HD vibrational oscillator strength fl2
and the fact that th lLILI\IJ'SN oscillator strength f(lh)(lS) should scale like
f(lu)(l5 ) = (1/11;)1" f, implies a radiative lifetime of > 30 years for
vibrationally excited thlsN. The Russian authors Gordiets, et al. (1976)
use = 50 sec for the radiative lifetime of vibrationally excited thlsN in
their calculations of upper a?mospheric infrared radiance. We believe the

‘ 30 year figure derived from Bunker's paper and data for the HD oscillator
strength is by Tar the more realistic of the two numbers, however it would

be useful to reinforce this theoretically based belief with some firm

laboratory data. For now we will proceed on the basis that the 30 year

11;N15

radiative lifetime for N vibrational decay is closest to reality in

which case lANl”N cannot be an important MWIR emitting specie in the upper

atmosphere,
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The basic ingredients of our spectral model prior to inclusion of N20 and CO

ire illustrated by the block diagram on Figure 3-6. The inputs Nj and fj refer
tc the altitude dependent optical depths and to the fractional upper state
excitation populations for the set of CO2 bands which are listed cn page 8

of the report (Kumer, DNA 4260 F, HAES Report No. 57). The calculaticn of

the Nj and fj is also discussed in the report DNA 4260F., 1In order to include

NEO and CO intc the mcdel it is necessary to calculate the appropriate Nj’

and fj’ for each specie (j' = N0 or co).

Calculation of leis trivial, it requires knowledge of the spectral para-
meters and reasonable models for the atmospheric number density distribu-
tions of the species NZO and CO, The N2O and CC mixing ratio models that we
used in the study are shown on Figure 3-7. The model for CO was deduced by
J. W. Waters et gl from their microwave data (Science 191,

1174, 1976). The model for N,0 is selected (1) to provide the absorpticn
between 10C km and 85 km that is required by the L,55 um data shown on
Figure 3-1 and, {(2) to join smoothly at lower altitudes to the NEO mixing
ratio that was recommended by the NASA UARS scientific working group (Banks

et al., 1978). Adequate spectral information on N20 and CO line positious

and strengths can be obtained from the McCiatchey tape descrited by McClatchey

et al, (AFCRL-TR-73-0096, 1973).
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Tig., 36 A schematic of our model for predicting CC, 4.% um spectral
zenith radiance.
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The calculation of the fractional excitation fi' of NQO(v5) and CO(v:l) is

[3

accomplished by mathematically treating emission i: the bands of NéO and CO

bands. This treatment is given by Kumer

similar to that in the weak C02 \)5
(1977) and is also skown on page 9 of the report DNA 4260F. An obvious modiri-
cation of the Qw approximation, which is also discussed in these references,

is also utilized.

The specific medification to Qw is obtained by adding the terms

7 -7 )
T k2j g3 (Aj /EJ., + klj/[M]) / (AJ. /EJ., + klj,[M] + kgj,[Ne])

to the right hand side of Eqn. (5) in the paper by Kumer (1977). The sum is

‘

over [j'] = [N203 and [COJ]. The quantities Aj' are the Binstein coefficients
for spontanecus emission

ANO
N20(001) _E’Neo + hv

and
co(v=1)-A£O»co +hy

The Ej’ are the escape functions for these photons (see Kumer, 1977; and Kumer

and James, 197L). 'The rates :',.,, k.., and kli; are defined by
1%}

23 23
k!, '
Nz#: + jl ‘_%u' Ng + J-l# : v
k2j' <
and by
klj' L/

j'* +M Y 30 M vir

where M is 02 or Né or O or H20, etc. These rate constants may be found in

the review by R. M, Taylor (1974), except for some of the klN o for these

2
we use the corresponding rate constants for COp.
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The solution fj' is given (directly analogous to Eqn. (8) in the paper by

Kumer, 1977) by

= N . [N -
fJ. v (kgj I‘NZ]fN + 'ﬂJ /) / (k2J /|.12J + li. /[MJ + AJ. /EJ. I) (5 3)

where the inhomogeneous term ﬂj, is the direct excitation of NZO(OOl) or

Co{v=1l). Some detailed discussion of potential candidate direct excitation

mechanisms is given below.

F . Finally, the modification to the inhomogeneous term nNQw for excitations of

N2¢ in the Qw aprprroximation is obtained by adding the terms

. 7
PX ] ]FNJ ’ ‘nJ ’

to the right hand side of Eqn. (7) in the 1977 paper by Kumer, where the

FNj' is given by

Koy /LN, ) Li1]

FN,jl = (

% [ + !
&2‘] ILNET li /[M] + AxJ IE] ’ [N




3.1.3 Excitation Mechanisms

Three mechanisms were considered. First, an ambient mechanism which includes

thermal collisions, absorption of earthshine and excitation by vibrational

transfer from N; that is vibrationally excited by the OH airglow (Kumer et al.,

1978; Kumer, 1976) via the vibration transfer process

-t * .
OH(v) + N, OH(v-1) + N

Second, a slow auroral mechanism, namely transfer of vibrational excitation

from Ng that is vibrationally excited by auroral precipitation. The slow

auroral excitation of N; is modeled on the basis of R, D. Sears' (1976) ground based

scanning photometric measurements of the spatial and temporal variation in the

auroral blue (4278 &) and red (6300 &) emissions. These measurements were
obtained continuously through the experiment on 12 March 1975 and were begun
many minutes prior to launch time. Details of the photometric data and the
method (Blue Red Input Model, BRIM) for using these data in order to predict
the altitude distribution of NZ are given in a previous report by Kumer

(DNA 4260F, HAES No. 57, 1976). Third, a prompt auroral mechanism, selected
with magnitude sufficient to produce an altitude profile of radiance near
4,55 pum that is generally similar to that shown on Figure 3-1. The altitude
distribution of the prompt volume emission is set approximately proportional
to that of the %914 & emission as determined from the data on Figure 3-k.
Absorption below 100 km that is necessary to form a maximum near 100 km,
similar to what is observed in the 4,55 pm zenith radiance data near 100 km,
Co

is the natural result of the model atmospheric mixing ratios XN 0 and X
2

that are shown on Figure 3-7.
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Comment ¢ the vessible ~wysical basis of the hypotuetical prompt wurcrgl
B ; yp P

mechan”sms 15 in order. Ry comparir,s the data snown on »lgur-—:s H-1

2
[
£

and cemembering that the aurcral fluorescence ::'ficicrc,; for produc .y

ol

301L A radiation is approximately 5.7 x 10 7, cne can =stirate that

producsion of approximately O.h4 NEO(OOI) per ionization overt would b

sutticiory e explain tue magnitude cf the radiance in the %,o to 4.7 um

regior o3 the result cof prompt excitution of N2O(OOl) followed by

NGy v = NQC * hv. Y¥rom the presentation by Caledoniz (.977) one :ight

aype -0 lze that the mennism Jor prompt auror:l NQ(OOZ) v roducticr. rould

ce¢ 1. seaction

. , e ‘
\E\A) + 0, = 700001) ¢+ 8

2

Tne 1,0(201) must be ‘ncrmallzed kineuically nnd rciat cnally ir fle

N

vumesphore for 7 € 10C «m 15 to be optically thick for N.C ~mission as is
(4

suggested by +he data on Figure 3~1 if NQO is indeed " e emi- tor responsible

for these data. Such a mechanism might also account for i lormuticn rate

of NQO in the continuously dark polar winter atmosphere that is fast enougnh
to maintain XN o~ 2 x 10-5 at Z ®» & km, In a static situation formasion
2

of N20 must balance Npo loss which is due tc mechanisms such as sclar paote-
dissociation and reaction with O(lD). Both of these lo.s mechanisms are

suppressed by the lack cf sunlight,

Another potential prompt mechanism that might apply to some extent to

both CO and N,O was suggested by R. D. Sharma (1979) in a recent conversaticn

2
(1 March 1979), namely

W0t (v {I(\:T:O} W No*(ve1) +{§2&(§éi)} :
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The vibration transfer rate constant would need to be extremely large,

of the order lOu larger than for the reaction NO+(V) + N, = N0+(v-l) + N;
for example, in order that this be a serious possibility. We feel this is
unlikely, however laboratory and/or theoretical studies to obtain at least
an order of magnitude estimate for these rate constants are probably
warranted, especially since the mechanism also might be pertinent to the

R +
apparent lack of unequivocal evidence of any major NO contribution to emission

: near 4.3 ym in auroral data that have been analyzed to date.

The 4,3 pm data shown on Figure 3-5 may be used to verify that the ambient
and slow auroral modeling is realistic. If 4.3 um data can be modeled

adequately then we are assured that we have a realistic model for the

+
2

k excitation by vibration transfer from principal infrared airglow emitting

altitude dependence of the fN that results from the two mechanisms; N

specie OH(v), and N; excitation by auroral precipitation. We have seen in
‘% _ Eqn. (3-3) above that it is necessary to know fN in order to calculate

;;; emission by N20 or CO, The résults that are obtained by modeling the

4.3 um data are shown on Figure 3-8, Three co, 4.3 um mechanisms are
considered, (A) collisions and absorption of earthshine, (B) excitation
of N; due to vibration transfer from OH(v) and, (C) excitation of N;
due to auroral precipitation. The modeling of the 4.3 um data as shown

on Fig. 3-8 requires a total column vibrational transfer of approximately
0.09 ergs/sec cm2 from OH(v) to N; that is peaked at =~ 85 km, modeling

the slow auroral component requires that approximately 16 N2 vibrational

quanta are produced per ionization event.
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3.2

Te compute f., the fractional excitiicr of CO(v=iV or Nyu(00L) frow

Earn.

used

i

[

(3-3) for ambient cenditions [

‘

N

which nertains for the

and WJ/ = 0, for the slow aurcoral

utilizes the [, which uppli

suroral mechaniam I, = ©, and the M

tae data that are shown cn Figire -1

N

N

.~ Resu.ts

.

es

mechanism T computation of UL

ror curve ¢ and ., = C. tor

[

sum L-RoLs

the pre_

. oare selectes Lo uthiave a it o

e 4,5 uo 4.6 um data tiat were showm previously on Figure 3-1 are :

‘oproduced on Figure 5-9 in comparison with

vrrofi_e of the peak zenith spectra: radiance ol N.O (solica
[

0 (dasred curves) that are vroduced by the prowpt auroral

ampient mechanisms.

In either casc (N

e

U or C0) the prompt

seleulaticns o the altitud

curves) nnd
ana by e

auroral

-ompcient fits the data within reason, however. the prescence of N.© or
[

CC ir. sufficient quantity to produce the absorptior in the 30 to (00 km

chat

tne 4,55 we zenit)h radiance data seem to reguire is necessaril

accompanied by an ambient componen*® of zenith radiance which increases

rapidly as a function of decreasing altitude as 1s shown on Figure 2-9.

The amtient NQO and CO zenith radiances that are predicted for the downleg regiocr

(z 2 60 km) on which data were taken are shown on Figure 3-10 ir order

to further emphasize this point.

On Figures 3-11 through 3-13 we show some comparisons of the spectral zenith

radiance data at 100.6 km that were shown previously on Figure 3-2 versus :

synthetic spectra of CO
are calculated for extreme and intermediate assump‘ions regarding the

reiat

21

2

ive contribution of N,O and CO,

2

71

N,.0 and CO.

The three different

This particular CVF

synthetic spectra

spectral scan
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T

might urmenr to concnin 9 distine® catures which peoar o= L27. 4w,

ac € M intermdiate caleul vion shown on Firuve Z-02 ommoloys o
biend of promoi surerad L0 nd IO omponents oot 2t .ompt te T4t
“~
) oY N ” P o +4 . bS] Lo SN e -
QPR 0L Tenture ooy et WG, Ve soizulation on Figurs 9-l2 1s w Lemy
o NI oLne caparent festure nensr o,odm foeslasions ry CC and

)

exelusivoly, and the cninulations Uat are showm on Fioure 5-1% Looan

- i - : PR R Doy b R N LR I S e 1 i v ~ RV LYo
aobenn” Lo L She doata vio e oowiaaslong of CULoand N0 oxelusive o,
— — [
N . ! - ~ - . N S P e T e e
Ceotomgare newr ke wmocannot be yoadinea o, oany of Cne Dorasci e
.31 ey 3 1 v e P N ey El R I A -~ .
constdesation, Lhus supgesting Lo vresoncee ol an owxitior Lhat Is oo

pc33ibly be a blend of 3,0 nna CC crission, now necessrily rroporilioned

Or Tigures 3~1lL and 3-if arc shown vhe syntheilc opeetra caleulated ‘ov

°%,66 wnd 60.6 km altitude. The N0 und CO components are cnleulasud via
the ambient mechanism -nd would be present in the abscice oI an aurora It
tne actual rixing ratios XN o and XCO are a5 all similar tc those shewn

!

on Fipure %-7. It will be necessary to comparc these synthetic specira

with the CVE spectral data obtained at altitudes 6C < Z s 100 km -n

4

12 Mrrceh 1975 in order to make.a Judgement as to how realistic ar. ihe

models of X, X that are shown on Figure 5-7. It should indeed
Xy.0 ana %co 6

be 1ossibtle o use these data in order to establish consistent models

for X, and X

40 co’ Comparison with undisturbed night time EWIR CVr specty

zenith radiance data obtained 11 April 1774 (Wheeler oy al,. AFGL=TR-76-0232)

were no* inconsistent with our modcl for X“O for 12 Muvceh 1975 which is
c0

siewvm on Figure 3-7. Sample spectrn otiained 12 April 1974 are repreduced
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on tigure 3-16 for the convenience of the readers. Comparison

¢t tne caleulations shown on Figures 3-14 and 4-15 with these data would

indicate however *“hat XN 0 or 1l April 1974 was much less Shan in our mod oo
2

for 2 Mdarch 1975 which is shcwn on Figure 3-7, Zven this is not

inceonsistent since the atmosphere above PKR is sunlit for much

rorger ime periods in early April -hen in early March and, acs noted above.

T s weuld tend te reduce XN in April with respect to X in Marci,
N, ‘NQO

2.1t Conclusions 'and Recommendations

A vrompt aurcrel ~mission by either CC or NQO can preduce the altitude
deveundence of aurorar zenith radiance data in the L5 te 4.6 pm band that
rere recorded by a rocket borne CVY spectrometer cn 12 March 1975 provided
.1as these specles are abundant encugh in the atmosphere to be opilcally
~ai-k below about 100 km for their vibrational resonance radiaticr: near
4.0 and 4.5 um respectively. Analysis of a spectral scan cbtained at
100.4 «m altitude weakly suggests that CO is the more likely candidate.
Also. therec appeared to be a feature in these data near 4.42 um that was

clearly not due to 002, NéO, or CO,

The regquirement on optical thigkness below 100 km is met by CO on the basis
of independent ground based microwave data analyzed and reported by Waters
and Shimabukuro (1976), on the other hand the large mixing ratic that is
required to achieve ‘preciable optical depth below 100 km needs to be
assumed to exist for N20. The required large mixing ratios above 85 km
t'or N2O and CO are found, necessarily, to be accompanied by large ambient

lowe: aititude components of N.O and CO radiance as the result of
=<
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2 i

excitation by collisions, absorption of earthshine and vibration i unsfer
from N; that has become excited by tapping the OH airglow via

OH(v) + N, ~ OH(v-1) + N5, The lacge predicted ambient N,0 and €O
radiances impose severe resiraints on the number densities of NQO “nd

CG *that could have actually existied on 12 March 1975. Analysis of a

comprehensive umount of the 12 March 1975 CVF data is needed to guantify

t..es¢ restraints, however at this point we can say that major modification-

in our assumed model for are called for, For CO the case, at this
5 O

g point, is not so clear cut.

Also, it is somewhat of a puzzle as to what may be a prompt auroral

mechanism for producing N20 or CO emission, candidates are

NZ(A) + 0, — N20(OOl) +0

2

ancd

. N.0 . N,0(v
o )

The second mechanism is really very shaky since it must compete with

NOT(v) + N, - NO'(v-1) + N5 -

The vibration transfer process should be more rapid for the molecules

NZO and CO than for N2 since NEO and CO have permanent dipole moments

while N2 does not., The question is, can the transfer to NEO and/or CO

be th times faster than to Né so that N20 and CO can receive a significant

“racticn of the total NO+ vibration that is available?

]
,




Finally, a gquestion that cannot help but come to mind with regard sc “ne

Sk 2 scaka

series of features of 4.42, 4.6 um, and some weaker oncs waich may 2lso be
present &t longer wavelengths {but shortward of the NO feature); cou.d
these features be a2 temporary instrumental ringing phenomena that degradeu
the data on Jjust a very short part of the flight, namely when the rocket

wa.s between 80 and 110 km altitude on the upleg? .

An analysis of the 4,3 um data was also performed in addition to v.-¢
analysis of the 4.5 <o 4.6 um data. This analysis was necessary i-. crder
to determine the population of sibraftionally excited NE 50 that thc conbri-
bution to N,0 and CC radiancc which results from vibration transfer from

N. could be calculated., The 4.3 um data proved consistent with our

2

e3tablished model for this waveiengif: region. In pariicular a column

. . 2 +
vibration transfer rate of 0.09 ergs/cm sec from OH(v) to N2 and an
efficiency of 16 N2 vibrations produced per auroral ionization event was
required to model the 4,3 pm data. These numbers are consistent with our

understanding of other 4,3 um data as described in our previous reports.,

To bebter understand the 12 March 1975 data in the 4.4 to 4.7 um region
it will be necessary to (1) examine all the 12 March 1975 spectral scans
to search for the existence, and if found, to dectermine the altitude

dependence of ambient components of the CO and N20 radiances in order %o

quantify the constraints these data place on the N20 and CO mixing ratios,

() examine data obtained in other experiments, such as HIRIS and SPIRE

T

X for example, in order to determine if the emissions of N20 and/or CO are

present in these data, and if so, to use these data to determine the

) abundance of N,0 and/or CO in the atmosphere, (3) examine the 12 March 1975

e ey ————
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|

data in more detail in order to see if there is indeed a real feature
present in these data near to 4%.42 um, and finally, (4) include emission

by NO' into the spectral modeling of data in the 4 to 4.8 pm region.

¥
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3,2 LABORATORY DATA
3.2,1 Introduction

The apparatus, preliminary results, and data evaluation for an initlal
laboratory verification of the CO2 2.7 to 4.3 um pumping mechanism have
been described by James (DNA 4238F, HAES Report No. 60) and by Kumer and
James (DNA L44O9F, HAES Report No. 70). A sketch of the apparatus used
i that experiment is shown on Figure 3-17. The major differ=nce in our
initial laboratory fluorescence measurement cffort as compared wiin our
current effort is the use of a chepped blackbedy 2.7 ur light source in
the former as compared with the laser system as described above which is
employed in our current effort. The use of the laser allowed us to go %o
fluorescence cell 002 partial pressures about two orders of magnitude

less than were employed in the initial effort, In the initial effort ]

cog(lol)) + €0,(000) ~ €o,(100){ co,(00L) (3-4)
co,(021) €0,(020)
followed by
002(001) = CO, + hv (3-5)
dominated the direct fluorescence process
4
(101)} . {(100) ) _ |
0, {(aonsf ~ <0 {(ody} * ™ (3-6) ,.

Results were published in the report by Kumer and James (DNA 44O9F, HAES

Report No. 70) and are reproduced here in Table 3-1 for the convenience P

of the reader. The column labelled RM is the measured ratio of the 4.3 um
FA . :
signal SD with fluorescence and absorption cell 002 and broadener gas |

partial pressures as shown in Table 3-1 in comparison to the 4.3 um signal
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Table 3-1

Relative Transmission Measurements

Contents Contents The Data RM ;
Fluorescence Cell Absorption Cell j
(2 cm path length) (1.5 cm path length) ;
; 1/2 Torr CO, + 21 Torr AR |5 Torr CO, + 21 1/2 Torr AR 37 +8 %/o
g 2 Torr CO, 2 Torr CO, 69 °Jo + 3 %/o
2 Torr CO, + 40 Torr He 2 Torr CO, + Lo Torr He 63 °/o + 8 °/o
1 Torr €0, + 20 Torr He | 1 Torr CO, + 20 Torr He 71 /o + 8 /o
1/2 Torr €O, + 20 Torr He | 1/2 Torr CO, + 20 Torr He 79 °/o + 3 %o
1 Torr 002 + 4O Torr He 5 Torr CO, 60 °/o + 7 °/o :
1 Torr CO, 1 Torr CO, 71 °/o + 4 %o '
7.5 Torr CO, 7.5 Torr CO, 55 °/o +5 %/o i'
1 Torr CO, + 40 Torr He 5 Torr CO, 49 °/o + 9 °/o :'
@ 400 Hz

Data were obtained at 100 Hz chopping frequency except for the last

data case which was obtained at 400 Hz,
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F
SD that is obtained when the absorption cell is evacuated and the partial

pressures in the fluorescence cell are again as given in Table 3-1.
Earlier analyses of these data (James, DNA L238F James and Kumer, DNA
LUO9F) had employed simple minded radiation transport and the results
were quite puzzling in that calculated values of the ratio RM were con-
sistently smaller than the measured values. This would imply that the
process (3-6) was contributing significantly to the signals SiA and/or

SI‘
D*

(k= 1.1 x 10%0 cm5/sec) for prccess (3-4) that has been reported by

However, this is not consistent with the rapid rate constant

Finzi and Moore (1975), and furthermore it is not consistent with our
analysis (Kumer and James, DNA 4LOYF) of the variation in signal as a

function of chopper frequency that is observed in the initial data.

This effort is aimed at a resolution of these inconsistencies. To this

end we

¢ performed a sophisticated radiation transport analysis of the

data that covered the cases of cell wall reflectivity, O and

100% (or perfectly black and perfectly reflective)

e investigated the effect of enhanced transmission through thke
absorption cell that would occur as the result of broadening

of the fluorescence cell lines and bands with respect to those

in the absorption cell that would occur if the fluorescence

cell were hotter than the absorption cell due to its proximity

to the hot blackbody source.
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or

® investigated the effects of spatial diftusion within the cell

® considered atmospheric absorption on cell paths external to the
cells, and to the evacuated interiors of the blackbody source and

of the detector.

On quantitatively accounting for all these effects we still drew a blank in
that the calculated values of RN remained smaller than the measured values.
&)

Details of our calculations and some conjecture as to what may remain to be

done tc resolve the inconsistencies follow.,

3,2.2 Detailed Radiation Transport Calculation

Consider the schematic of the apparatus on Figure 3-17, to calculate the

4.3 um signal at the detector we must calculate the excitation in the
fluorescent cell and compute a transmission weighted integral over the resul-
tant 4.3 um volume emission. The initial excitation SO(ZF) at a point in the

flourescent cell that is designated by £, is given by

F

S = B[COe]F 9 o T (zF[Cogj o, )

7

?1




'
)

where [002]

Ty
2.7

for absorbtion of 2.7 um photons by C02.

civen by

+3
i

where Z

i

v is the CO

£.rce.l ¢
k 2

2

is defined in detail by James and Kumer (1973).

X,= (27 + L :
2.7 77 ( / o

o
)
(o]
W
&

rotaticnnal population of 002 in the state J, J =

- —

,
nd T/ (o7 4
ilha W \»—(J v

he rotation

number density in the fluorescent cell.

It is the cross ae

al constant and T = 29F°K the temperature,

1) for the 2 branches b = P and §, X is

Jt
nhoton ¢isp

“rom line center in uniis of e fold doppler width, wF(X,a) is the f

cell Veiet absorpiion line profile, and aj = v h/v

m s F ¥ 10-2 ’ . .
The gquantiiy Vpp = (PCO Yco + PB YB) x 3 x 10 cm/sec the pressur

lorentz £ line

atm of CO. a

A
Avron), v
i co

2
The quanilty

width in units Hz, P

px D

2

N

2

is

The transmission function T(Z) is

The guantity

ction

chionl

_‘v
A TS
ok 3

(A~ o 2\
//\C" ' P
loczement
iucreacent

the Voirt rarnmeter

r F
co and P, the partial pressure

nd the broadener gas in the flourescent cell (either Helium or

-1 -1 K 1

= 0.1 cm ~ atm 7, Yy = 0.0h cm™ " atm

'
1C

and Y > 0.05

B is a constanl provortional to the catput

The quantity Q= Ah 7/k is the branching ratic for emission, fthe quantiz
<>
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(=
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In casc reflection from the cell wall is neglected and the abs

FCO and P, {rom data given in our ecarlier report (Kumer and Jumes.
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In case reflection from the walls is neglected and the absorption

ccll contains concentrations of C02 and broadener gas designated by [002]A

’ and [B]A, then the signal at the detector is given by

!

e y 1t 0 5, () Ty (a) (3-8)
i ' where
Tra = b,EJ s Xy Jox e-TJb(X)
% where
") = sy Xy (2 0,008,) + 2 gp (x25))
g where

) Zy = L (€0, 0y 50 Zp = (Ip = L5) [CO)5 0y 5

‘.‘

2 a, = VPA/VD and ap = vPF/vD . |
¥ g
; ] Hence in the case where we assume that reflection of the cell walls ]
i ] .
b is unimportant, we can compute the ratio R of the signal with the absorption
Pé empty compared to the signal when the absorption cell is filled via
1 -
¢ A
% Ry = Ng / Ng
) f
]
A
: 93
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Next we consider the same ratio calculation on the assumptior that

wall reflection is near unity and cannot be neglected. This assumption is

closer to reality and should provide calculated ratio values that arc in better

agreement with cur data than those giver by the less realistic calculaticons

(equa*tions (1) ana (2)) for NgA/Ng ir which wall reflectivity is neglected.

To account for wall reflectivity calculate the excitation s(z?) via

a plane vparallel forrmlation

LF !

) . 1 1
af =
g = S, v My 080g) Hleg - 25]) -

Since 1 << 1 we can safely use the escape functicn approximation (see Kumer

and James, 1974 for a more complete discussion of the escape function

approximation) to calculate S, the result is
-1
s(tp) = S (£5) (1 - (x - E(£)) q) . (3-9)

The escape function E(zF) is given by

E(LF) - e(lF) + eFA(zF)

where

e(tg) = gb?J S Xy | X E, ('r;J(X)) )
where

ogX) = 8p Xy 451%0)p o 5 9p (X ap)
and

. FA
€pp ™ gszb 8p, Xy Jax By (v 5 (X))

o4

1
AT LRy ‘A—AJ" i




= sy xJ(LF - ZF) [COZ]F .3 P (x, aF)

A
'er = sJ_b xJ LA [CO2]A Gh.} ¢A (x’aA)

The exponential function E, is discussed more completely by Kumer (1977).

A
In case the absorption cell is evacuated ?bJ = 0 and Sea ~ Sp° In

this case the wall reflection included signal Rg is given by

L
RI'I; - joF LT eF(zF) 0 s(tF) . (3-10)

In case wall reflection is included and the absorption ceil has 002 and

broadener gas in it, the signal'RgA is given by

RgA - Io aby epy (4p) 0 S(t) (3-11)

The ratio of these wall reflectivity included calculated signals RR = R;A/Rg

may be compared with the data RM in Table 3-1.

As mentioned above, the purpose of the measurements RM was to try to
determine if the observed 4.3 um radiation was direct fluorescence due to

process (I) which is simply




101

}~ {1°° + no(h3m)
021 020

or by pure resonance radiation due to the process (II) which is

{101

100
+ - + 001
[021% 000 {oeo

PO

Q followed by

001 - 000 + hV(h-B I-"n) ’

or finally, by process (III) 7

WL = wv, 0+ hv(%.3 pm)

summed over all isotopic combinations and over all combinations of 002 hot
bands. Process (III) requires complete redistribution of the v, excitation

3
by the reactions

vV, 1 + wv.'v,o = vywv0o + w'v1 .
In order to attempt to determine which process is dominant it is
necessary to calculate the signals at the detector for the absorption cell
evacuated and for the absorption cell containing specified partial pressures
4 [002] A and [B] A of CO2 and a broadener gas, B, respectively. The ra‘;tio of
‘ these signals then should tell which of the three processes is dominant,
This ratio should be closest to unity for process (I) dominant and it should
be smallest for process (III). It is necessary to calculate this ratio for
all three processes and then compare these calculated values with the data in

order to try to determine which process is dominant.
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The results of the calculations RN and RR are compared against the data RM
on Table 3-2. It is notable that RN and RR are quite similar in all cases,
hence reflection and multiple scattering do not appreciably impact the data
interpretation. A comparison of the calculations RR and RN with the data RM
gives the preliminary indication that a mix between processes I and III
provides explanation. As mentioned above, this is inconsistent with the
analysis (Kumer and James, Section 2.6 of DNA L4OOF, 1978) of the chopper
frequency dependence of observed 4.3 pm signal. This analysis indicates that
process III is completely dominant. It is also not consistent with the very

5 sec-l) for process (3-4) that was

large rate constant (k >~ 1,1 x 100 cm
reported by Finzi and Moore (1975), if the rate constant for (3-4) is as
large as is claimed by Finzi and Moore, then again, the signal should be

dominated by process III.

3.2.3 Other Effects

Since detailed radiation transport and consideration of wall reflectivity did
not provide consistency some other effects were examined which might be

expected to increase the value of the calculated signal ratio.

Relatively Hot Fluorescent Cell

The first such effect that we considered was a hypothetical case in which the
fluorescent cell is assumed to be at a higher temperature than the absorption
cell due to its proximity to the hot blackbody source. In this case we might
expect the signal ratio to increase due to broadening of the fluorescent céll
band and line widths relative to those in the absorption cell. The subroutines

to calculate XJ and ¢(x,a) in the two cells were modified to account for
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different cell temperatures and the modified program was run for fluorescent
and absorption cell temperatures 373 and 296° K respectively. The modified

program was run for data case No. 1 on Table 3-2 and the results are

SIGNAL RATIO

DATA Process I 11 II1 DATA
o ~a— ——a— S —— CASE

M Ry K o R o Py
37,08 .962 .921 .318 .33 L7 .u8h 1

This run against data case 1 showed that the relatively hot fluorescent cell
hypothesis would not explain the inconsistency that the measured signal ratios
RM are considerably larger than the predicted ratios RR and RN for process III.
Based on these results runs against further data cases were not performed in

order to reduce computer expense.

tial Dif Effect

We also tried an approximate approach to include diffusion to the walls.
The approach was to modify so(z) by multiplying it by éhe real part of the in

phase solution of the time dependent diffusion equation.

2
§+kn-ei""+1+né-§ .
L
F

o/

The real part of the in phase solution (see Kumer and James, DNA LLOSF, HARS
report No, 70 for terminology and definitions) is given by
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n., = (kK +vw) [kGR+wGI}
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where ( )
AL -L -AL
G = G +iG = l-e P M
A = AR +1 AI
Ay = |a] cos (8/2)
A, = |al sin (e/2)
Al = Y0+ P/
6 = tan™ (w/k)
and where the boundary conditions
dn_ _ =
A aL = of at LF-O
F
dn_ _ _
A d"'F = af at LF_LF

A = /3D/vT R

Here D = . 1b cm2 sec-'1 at 1 atm Argon partial pressure from Hirschfelder,

Cartis and Bird (1954), and a2 0.7 from Morse and Feschback (1953), and Vi

i3 the molecular velocity at room temperature.

;.7R So, normalization is automatically

accounted for in forming the ratios RR and RN' Physically the diffusion

Thc approximation is to set so ]

"rounds off" the steep edge near "F = Lp in the integrands

So(tp) T (|Lp = )

and

S(tg) epl|lyp - tg])
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which occur in the denominator of the ratios RN and RR, and which tend to

reduce the calculated values of RN and RR.

The results for data cases 1 and 2 are

SIGNAL RATIO N
DATA PROCESS I PROCESS II PROCESS IIT DATA

CASE

Ry By R o0& Ry %

S ——— P ——— r—— —
.69%,03 .961 906 516,563 .556 .580 1

.37+.08 .9k .81 .169 .180 .220 .226 2

We see that accounting for the effects of spatial diffusion also does not
remove the inconsistency, this is particularly true for cases such as date
case 2 where [002]F is small (0.5 Torr) thus decreasing the steepness of the

edge in ST near LF = LF'

Atmospheric Transmission Effect

We also considered the effects of transmission through the atmosphere external
to the cells and the evacuated housings of the detector and the blackbody

source,

The elements in Figure 3-17 ‘are backed up against one another tightly enough
80 that the air paths that the 4.3 um radiation traveled across were of the order 1 mm|

i

or less., The optical depth in a moderately strong line over this distance for J

a mixing ratio Xbo = 3.2 x 10'h'is = ,007 so it is unlikely that this effect
2

could impact the analysis.
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3.2.4 Conclusions

The data Ry, the ratio of the fluorescent 4.3 um signal when the absorption
cell is filled to the signal when the absorption cell is evacuated, are larger
than predicted values RR or RN’ perhaps implying the existence of a signficant
contribution to the signal that is due to the direct fluorescence process
(3-6) (or I). The predicted ratios are too small even when detailed radiation
transport, wali reflectivity, temperature, diffusion, and atmospheric

transmission are accounted for.

The implication that direct fluorescence is contributing significantly to

the signal is in contradiction with the large values for the rate constant

for process (3-4) that are reported in the literature (Finzi and Moore, 1975)
and aiso in contradiction with our previous analysis (Kumer and James, DNA
4ho9F, HAES No. 70) of the variations in the signal as a function of blackbody
source chopper frequency. Our current laboratory study utilizing the powerful
2.7 bm laser source has confirmed the rapid rate constant for process (3-4)

and has also confirmed our previous analysis.

The body of evidence independent of the measurements of RM which suggest
that direct fluorescence does not.contribute significantly to the 4.3 um
measurements in our initial blackbody experiments has became firm almost to
the point of becoming conclusive. We believe the root of the inconsistency
still may be traced to some subtle consideration in the analysis of the data

RM that we have overlooked, however, it is obvious we do not at present know

what this consideration might be.
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k.0 CONCLUSIONS AND RECOMMENDATIONS

k1 The Laboratory Effort

In our initial effort to use the tunable 2.7 um laser source to excite CO2
fluorescence at 4.3 um we have shown that the b?anching ratio for re-emission
at 4.3 um compared to re-emission at 2.7 pm is approximately equal to or
greater than 10:1, The precision of this lower limiting measurement could

be improved by the use of relatively simple tgchniques that were not in the
scope of our initial effort, namely the use of (1) well documented techniques
to improve the laser frequency stability, (2) the mounting of a 2.7 um

filter inside the detector dewar, (3) a multiple pass cell, and (%) the use

of faster electronics for recording the 2.7 um signal.

Steps to improve laser frequency stability are detailed by A, Hordvik and

P. B. Sackett (Appl. Optics 13, 1060, 1974) and include (i) determination

of an optimum OPO tilt angle to obtain uniform mode structure, (ii) the use
of an etalon in the OPO cavity to isolate a single oﬁtput mode, and (iii) the
use of an externally controlled piezo-electric crystai to shift the OPO mode
structure in either a ramped or a manually controlled way. Hordvik and
Sackett describe how they achieved laser frequency stability better than

.001 cm-3

near 2.3 pm for hours at a time with similar equipment. For our
purpose we could improve signal/moise (S/N) by at least a factor U if we
could use the methods of Hordvik and Sackett to improve our pulse to pulse
frequency stability to within 0,002 cm-3. Cold filtering at 2.7 um could
improve S/N by at least a factor 10, use of a multiple pass cell by at least

a factor 5 and the use of fast, quiet electronics by at least a factor 2
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and perhaps by as much as a factor 6. The increase in S/N that can be
expected to be achieved by implementing these straightforward technigues

then is 2 orders of mangitude or better.

Additionally, the initial effort has demonstrated the applicability of the
Laser source and peripheral vacuum and electronics equipment for the high
precision measurements of quenching and of vibration transfer rate co-
efficients., In this effort a precise argon quenching rate was determined
as was a rate for rapid resonance vibration transfer between the naturally

occuring isotopic species of CO2 and Né.

Hence this work demonstrates the applicability of the technique for the
measurement of the vibration transfer between N2 and the important minor

co,, isotopes 636 (13016

02), 628, and 627. This measurement directly impacts
accuraste prediction of the time dependence of nuclear induced CO2 4,3 um
emission at altitudes < 90 km in *he atmosphere. Use of a variably cooled
fluorescence cell could permit vibration transfer measurements over a
temperature range which includes realistic mesopause temperatures. The
measurements could be made for all important isotopic species of CO2 as
well as for other species of interest such as NO, NéO, and CO., It is not

inconceivable that some adaptation of the equipment could be used to study

quenching and vibration trans” ~ for short lived species such as OH and NO+.

Improved laser frequency stability and acquisition of fast, quiet recording
electronics will provide a nucleus for the equipment that is required for a

laboratory study of the reactions
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co {0201} + M = €O, (02%1) + M
1071
and
02% 1 1
{5} +000 011 + 010
10°1

and to obtain the rate of rotational redistribution in 002. The reaction

rate measurements directly impact LWIR systems requirements and the measure-

ments of rotational redistribution impact high altitude non-LTE nuclear

infrared interference in general.

L.,2 THE DATA EVALUATION EFFORT

Field Data Evaluation

Our evaluation indicated that

a prompt auroral emission by either CO or N2O can produce the altitude
dependence of auroral zenith radiance data in the 4.5 to 46 um band that
were recorded by a rocket borne CVF spectrometer on 12 March 1975 provided
that these species are abundant enough in the atmosphere to be optically !
thick below about 100 km for their vibrational resonance radiations near
E . 4.6 and %.5 um respectively. Analysis of a spectral scan obtained at
100.6 km altitude weakly suggests that CO is the more likely candicate.
Also, there appeared to be a feature in these data near 4. 42 um that was

clearly not due to COQ NéO, or CO.

2)

The requirement on optical thickness below 100 km is met by CO on the basis
of independent ground based microwave data analyzed and reported by Waters
1 et al (1976), on the other hand the large mixing ratio that is
1 required to achieve appreciable optical depth below 100 km necds to be
! assumed Lo exist for N20. The required large mixing ratiocc above 85 km
for N20 and CO are found, necessarily, to be accompanied by large ambient

lower altitude components of Néo and CO radiance as the result of
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excitation by collisions, absorption of earthshine and vibration transfer
from N; that has become excited by tapping the OH airglow via

OH(v) + N2 - OH(v-1) + N;. The large predicted ambient Néo and CO
radiances impose severe restrainis on the number densities of Néo and

CO that could have actually existed on 12 March 1975. Analysis of a
comprehensive amount of the 12 March 1975 CVF data is needed to quantify
these restraints, however at this point we can say that major modifications

in our assumed model for Xﬁ o are called for, For CO the
2

case, at this point, is not so clear cut.

Alsc, it is somewhat of a puzzle as to what may be a prompt auroral

mechanism for producing Néo or CO emission, candidates are

N,(A) + 0, = N,0(001) + 0

and

N.0 N,0(v
wot(v) + 1 §0€ - NO'(v-1) + {Cg(‘,:f;

The second mechanism is really very shakey since it must compete with

NO'(v) + N, ~ Not(v-1) + Ny

The vibration transfer process should be more rapid for the molecules

NéO and CO than for N2 since Néo and CO have permanent dipole moments

whi.ce N2 does not. The question is, can the transfer to N20 and/or CO

)
be 10‘ times faster than to N2 so that Néo and CO can receive a significant

+ .
fraction of total NO vibration that is available?
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Finally, a question that cannot help but come to mind with regard to the series
of features at 4.3, 4.42, and 4.6 um, and some weaker ones which may also be

v; present at longer wavelengths (but shortward of the NO feature); could

r these features be a temporary instrumental ringing phenomena that degraded

' the data on just a very short part of the flight, namely when the rocket

3 was between 80 and 110 km altitude on the upleg?

An analysis of the h.} um data was also performed in addition to the

analysis of the 4.5 to 4.6 um data. This analysis was necessary in order

to determine the population of vibrationally excited N2 so that the contri-
i bution to NéO and CO radiance which results from vibration transfer from
Né could be calculated. The 4.3 pm data proved consistent with our
established model for this wavelength region. In particular a column
vibration transfer rate of 0.09 ergs/cu? sec from OH(v) to N; and an

/ . efficiency of 16 Né vibrations'produced per auroral ionization event was

required to model the 4.3 um data. These numbers arc consistent with our

understanding of other 4.3 um data as described in our previous reports.

St

ﬁ To better understand the 12 March 1975 data in the 4.4 to 4.7 um region

3
[R—

it will be necessary to (1) examine all the 12 March 1975 spectral scans
to search for the existence, and if found, to determine the altitude
dependence of ambient components of the CO and NéO radiances in order to
quantify the constraints these data place on the NéO and CO mixing ratios,
L (2) examine data obtained in other experiments, such as HIRIS and SPIRE
g for cxample, in order to determinc if the emissions of Néo and/or CO arc
present in these data, and if so, to usec these data to determine the

abundance of N20 and/or CO in thc atmosphere, (3) examine the 12 March 1975
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data in more detail in order to see if there is indeed a real feature 3
X present in these data near to 4.42 um, and finally (4) include emission

by NO+ into the spectral modeling of data in the 4 to 4.8 pm region. 1

Evaluation of Previous laboratory Absorption Data

Absorption data obtained in our previous laboratory effort had appeared
inconsistent with the chopper frequency dependence of data obtained in the

same effort and with data reported by other authors., The analysis of this

oy

data however had been restricted by the scope of that effort. In this current !

R Vs ot NG it 5 i 551 %

effort we subjected these data to a more detailed analysis in an attempt

to resolve the inconsistency. To this end we quantitatively examined the
effects of detailed radiation transport, wall reflectivity, temperature
differences between the fluorescence and absorption cell, spatial diffusion
of excitation within the fluorescence cell, and finally, atmospheric absorp-

tion on exposed optical paths adjoining the system components.

Taken individually each of these effects nudged the interpretation of the
absorption data towards consistency, however, the éum of the effects is

still not sufficient to resolve the inconsistency. Additionally, the
absorption measurements are also inconsistent with our most recent laboratory
data obtalned with the 2.7 um laser source. We can only conclude that
although we have tested every effect that was obvious to us, there is still
some key effect, perhaps geometric, that needs to be accounted for to

resolve the apparent inconsistency of the absorption data.
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