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these people included A. T. Stair, C. A. Blank, J, C. Ulwick, Ned Wheeler,
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1.0 INTRODUCTION

This report describes the performance of laboratory and field data
evaluation efforts which are relevant to the DNA program for developing
capability to predict nuclear-enhanced atmospheric infrared background rad-
iance. The laboratory effort was aimed at confirmation of the COp 2.7 to
4.3 pm fluorescence process. This process is expected to be important in
the nuclear case (Ref. 1-1); it also has bearing on the possibility that
COo 2.7 pm emission may be responsible for a long-lived 2.7 pm auroral
emission component that Mitchell (Ref. 1-2) believes to be present in the
2.7 pm aurora data. The data evaluation effort was concerned with the
development of a capagbility to model COj 4.3 pm zenith spectral radiance and
to validate this model by comparison with 4.3 pm zenith spectral radiance
obtained via rocket-borne measurements on 3/24/73, 4/11/74 and 4/1/76. The
development of a reliable model for this prediction of auroral and nuclear-
induced 4.3 pm CO, spectral radiance is necessary for the rational design

of advanced systems.

The Laboratory Effort

Measurements of the CO2 2.7 to 4.3 pm fluorescence were performed
using a variable frequency chopper to chop the 2.7 pm light which enters
the fluorescence cell and a phase sensitive amplifier and an InSb detector
to sense the resultant 4.3 um fluorescence. These measurements were per-
formed for a variety of COy, Ar, He and Ny mixtures in the fluorescence
cell, and with a variety of chopping frequencies. The frequency dependence
of the fluorescent signal is determined by the frequency of the exciting
2.7 pm signal and the decay time for COjp V3 excitation. From the frequency
dependence of the observed fluorescent signal, we were able to determine
quenching rate coefficients for CO2 ( u3) by Ar and He and vibration trans-
fer from CO, (v 3) to Nzi: that are in reasonable agreement with literature
values; we were also able to determine that the signal is essentially due to
resonance fluorescence (001 —=—>000) rather than direct fluorescence

011 ,020)\. Cooled and uncooled transmission measurements utilizing a CO2
1017100
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absorption cell were also performed in an attempt to provide independent
confirmation of the latter point; problems of experimental geometry and
interpretation remain to be solved before a definite confirmation can be

drawn from these measurements, however.

In addition to our laboratory work with the present apparatus, we have
determined that the use of a powerful tunable 2.7 pm laser will be necessary
to obtain quantitative measurement of the branching ratio for 4.3 ym emission

(021_)020)vs. 2.7 pum emission (021-900 . A chromatix CMX-4 dye laser pumping
101 “100 101
an LiNbO3 optical parametric oscillator with piezo electric fine tuning of

the dye laser cavity appears to provide a satisfactory 2.7 pm tunable laser

system.

The Field Data Evaluation Effort

The field data evaluation effort involved the development of a capability

to model COp 4.3 pm zenith spectral radiance. The model requires a detailed
radiation transport calculation of the zenith radiance in approximately

2420 lines in 11 co, ( V3) bands, and a convolution of the appropriate
instrumental slit function over these line radiances in order to generate
synthetic spectra. Agreement with rocket-borne SWIR CVF data obtained on
3/24/73 in an auroral break up and on 4/11/74 in quiet night time conditions
was good enough to confirm that CO2 is the emitter principally responsible
for the observed 4.3 pm feature and that we reasonably understand the quiet
night time and the auroral COj 4.3 pm emission mechanisms. Features that

may appear longward of 4.5 um in the CVF data are due to "cold" CO, emission.

Preliminary application with regard to HIRIS data obtained 1 April 1976 in

a moderate aurora has shown that HIRIS-like resolution is sufficient to
observe the optical thickness induced change in the spectral shape of the
co, 4.3 pm auroral feature as the rocket penetrates through the 80 to 110 km
altitude region; just a small fraction of auroral or nuclear-induced COy

emission above 80 km will occur in the red and blue spike regions; nuclear
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deposition at lower altitudes should be expected to contribute to nadir
radiance in both the red and blue spike regions; and finally that HIRIS-like
resolution should be sufficient to identify the 626*001-000 band origin,

and the 626 011-010 band origin and Q branch in zenith spectral radiance
data obtained at altitudes z < 70 km. We recommend that the 4.3 um spectral
model be improved by the inclusion of the emitters N0+, N,O, CO and lan15y,
The model should also be extended to other spectral regions of interest,

such as the 2.7, 5.3, 6.3 and LWIR spectral regions.

The Laboratory and data evaluation efforts are described in detail in
Sections 2.0 and 3.0, respectively. Conclusions and recommendations for

the overall project appear in Section 4.0.
1.1 References

1-1 Kumer, J. B., '4.3 um Measurements,' Proceedings of the HAES
Infrared Data Review Meeting held 12-15 June 1977, Falmouth, Mass., p. 291,
AFGL-OP-TM-05, 1977.

1-2 Mitchell, H., 'Another Interpretation,' Proceedings of the HAES
Infrared Data Review Meeting held 13-15 June 1977, Falmouth, Mass., p. 327,
AFGL-OP-TM-05, 1977.

16 12C16

*
Here 626 designates the isotope 0 0




2.0 THE LABORATORY EFFORT

The laboratory effort has included a number of measurements directed
toward gaining a more detailed understanding of the processes important in

the fluorescence of 002 at 4.3 pm when irradiated with 2.7 um radiation.

We have made measurements of the transmission of the 4.3 um radiation
through a cell filled with CO2 with several different concentrations of 002
and rare gas perturber. Studies have also been made of the change in
fluorescence signal with various amounts of added gases. These results
indicated that our measurements were being made at chopping frequencies which
were of the same order of magnitude as the quenching rates for the 4.3 um
radiation. A considerable effort has therefore been directed at obtaining
measurements of the magnitude of the fluorescence signal ac a function of
chopping frequency. These data can be analyzed to yield values for quenching
rave constants., Further studies of the change in signal produced with various
amounts of added Nitrogen have provided information on the rate of transfer of
vibrational energy between 002 and N2. A brief description of the experimental
setup is given below which will then be followed by a description of the

individual measurements.

2.1 Experimental Arrangement

These measurements were made using an Infrared Industries Blackbody
Source with a variable speed chopper. The blackbody source had a 2.7 pm filter
placed after the chopper so that the output consisted of a chopped signal at
2.7 pm, This signal irradiated a 2 cm long fluorescence cell. The fluorescence
cell had a 4,3 pm filter placed at the exit window, and this was followed by an
InSb detector. The detector was therefore seeing just the 4.3 um radiation
which is produced and not the original excitation signal at 2.7 um. Figure 2-1
shows spectra of the 2.7 pm filter and the 4.3 um filter. Figure 2-2 shows a
schematic diagram of the experimental arrangement. Figure 2-3 also shows the

arrangement used in absorption measurements.
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In our earlier report (James, DNAL238F) we reported transmission
measurements in which a long absorption cell of ~ 16 cm length was placed
between the fluorescence cell and the detector. After making some changes in
our experimental arrangement we were no longer able to obtain measurements
with this configuration and had to use a much shorter absorption cell which
enabled us to place the detector closer to the exit window of the fluorescence
cell. We are unable to account for the reduction in signal which we are now
observing. This may be due in part to the fact that the same detector was
not used, and may also be due to the fact that changes in our setup have
eliminated some scattered light which may have been present in our earlier

measurements.

We have looked at the shape of the excitation pilse and the resulting
4,3 um fluorescence signal using a PAR model TDH-9 Waveform Eductor and an
X-Y recorder. These measurements show that the signals are well approximated
by a single sine wave. The fact that we have nearly a pure sine wave is
traceable to the fact that the opening in the blackbody source and the width
of the chopper blade openings are of comparable size so that there is not a
sharp on-off square wave type source. This turns out to be very convenient in

that response of the fluorescence to a sine wave excitation is easy to calculate.

2,2 Response of System to Sine Wave Excitation

The fact that we have a sine wave excitation leads to a simple
expression for the magnitude of the observed fluorescence. For a sine wave

excitation the rate of formation of excited species n* is given by

.dn*

Gt = ASinawt - kn® 2-1

where k is the reciprocal of the lifetime and A is determined by the amplitude
of the excitation source. The solution of this equation can be written in the

form
a* = —3k-—2'Sina)t- 2 Cos wt 22
kK 4w kK +w
2<5
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This form of writing the solution shows that the resultant signal which will

be proportional to n* can be expressed as a factor which is in phase with the
excitation source and a factor which is out of phase with the excitation source.
This is particularly convenient when a phase sensitive lock-in amplifier is
used. If the amplifier is adjusted to measure signals in phase the exciatation

source, then the amplitude of the fluorescence signal is given by

Amplitude of Fluorescence = .Z;lﬂiig_ 2=3
K™ +w
which can be written as
Fluorescence = S(0) -———;L-—E 2-4
1+ (w/x)

where S(0) is the amplitude at zero chopping frequency: Therefore, the fall

off of the in phase component with increasing chopping frequency ic a
lorentzian. Note that the term involving Cos wt in Eq. (2-2) is 90 degrees
out of phase with the excitation source and will not be detected by the

amplifier,

From Eq. (2-4) it is clear that measurements of the frequency response
of the fluorescent signal yield values for the quenching lifetime. From
Eq. (2-4), the ratio of the signal at two different chopper frequencies can be
used to extract a decay rate k by:

R

LA ) 2=5

= 2
/A= (& =B
where R.is the ratio:

Signal at f
_—d 26
Signal at fé
In the following discussion we consider the way in which the response of the

002 fluorescence is modified by addition of Nitrogen.
[ 4
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2.5 Transfer of Excitation in Collision with Nitrogen

Fluorescence measurements made when Né is added to CO2 can be utilized
to obtain information on the rate of transfer of excitation between 002 and
Nitrogen due to

cog(vl, Vos v5) + N2(v=0) = Coe(*’l’ Vor V5 - 1) + N2(v=l) 2-7

In this case a simple Lorentzian decay of the fluorescence with frequency is
not obtained.

We indicate briefly the form of the solution when reaction (7) is
considered. This analysis is more easily performed using complex exponentials
A eﬂbt rather than sine wave excitation. The results will be identical,
however, as we will simply pick out the portion of the solution that is in

phase with ebmt.

In the case of a CO2 + Né mixture we will have two simultaneous

differential equations of the form:

afco.)* :
2 a2 iwt £ * 3% 4
e ~.As ka(COE) +kbN2 2-8a
3 b 3
dn,” = kc(cog) = k.M, 2-8b
where:
k, = kl(CO2) + kz(NE) + k7(N2) + kB(M)
= R,
k, = k7(N2)
kg = k,(COy) + @ 2-9

In these equations kl(C02), kE(Né) and kB(M) represent quenching of 4,3 um

radiation by CO,, N,, and any other added gas. k7(N2) and k7(C02) represent

the energy transfer rate due to reaction (7) and its reverse. Q represents

the quenching of N2* by collision with other molecules. These equations can
o f
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be written in the more convenient form:

k = k +vx

a

R

k = %

(]

kd=v+q_ 2-10

where x = [Ng]/[COEJ, v is the forward rate of reaction (7), k is the total
rate of (002)\)3 excluding reaction (7) and Q is the quenching of Né*, excluding
reaction (7).

The portion of the solution to Egs. 8 which is in phase with the
excitation term A elmt is
(v +a)(vk + qvx + gk -wa) +a>2(q+k+v+vx)

88 1 -
(vk + qux + gk - w ) +w (g +k + v + vx)

it

(002)* = Ae 2-11

This result is no longer a simple Lorentzian function of frequency. By
suitably choosing experimental conditions, the frequency dependence can be

utilized to obtain information on the rate v.

The following section summarizes the results of a number of measure-
ments in which quenching rate constants are obtained in mixtures without
Nitrogen and in which Nitrogen containing mixtures are used to extract a value

for the energy transfer rate constant for reaction (7).

2-8
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2.4 Experimental Results of Quenching Rate Measurements

In this section we provide a summary of the results of measurements of
intensity of the 4.3 um emission vs chopping frequency. Table 2-1 summarizes
the results of measurements made on 002 + Ar, CO2 + He, and pure CO2 The
total pressure of each component of the mixture is given. The resulting
decay constant obtained by a regression analysis which performs a least
squares fit of the data to equation 2-4 is given. We also list the average
value of the decay constant calculated from utilizing every data point of a
given run and calculating values of k from equation 2-5 for every pair of
points. This value is given in parentheses followed by a standard deviation
about this average value. We consider the results of the regression analysis
to be the more reliable number. Comparison of those two different values
gives a good indication of the quality of the data. 1In a few cases the
results of the regression analysis were not available at the time of writing
of this report and only the average calculated from eq. 2-5 is listed.

Fig. 2-4 shows a plot of the decay rates for mixtures of CO2 and Argon. While
the data shows considerable scatter, the trend of increasing decay rate with
increasing pressure of Ar is evident. A few of the points are marked with an
asterisk. These points clearly show considerable deviation from the nearly
linear relation between decay rate and pressure. The source of these devi-
ations is not clear, but we do feel that these points are unreliable. We
include them to indicate that we have occasionally experienced some problems
in obtaining reproducible results, and that even though a good fit may be
obtained for a given run, the result may agree poorly with similar runs. 1In
some of our experiments we have observed a drift in the observed intensity and
background. In some cases we found the source of this difficulty was due to
an unstable power supply used in generating the reference signal caused a
drift in the observed intensities. The two scans at 5 and 10 Torr of Argon
marked with an asterisk showed evidence of this type of drift and it seems

likely that this is the source of the error in these measurements.

In figure 2-4 we have indicated two straight lines which can be drawn to
yield a value of the quenching rate constant. One of these is drawn to attempt
to fit all of the points (except those with an asterisk). Looking at the pure

2-9




Table 2-1
Decay Rates of 4.3 um Emission For Various Gas Mixtures
Mixtures Decay Rate Decay Rate

(Regression Analysis) |(Eq. 2-5)

002 + Argon

Torr 002 Torr Argon

i) 10 1556 1558 £ 139
1 20 2554 2512 + TO4
2 5 2734 2738 £ 170
2 5 1585 1743 £ 378
2 10 3091 3033 £ 267
2 10 1732 1589 = 202
2 20 2302 2135 + 279
2 20 2180 2162 + 256
2 40 3212 3231 = 126
2 40 3249 3238 + 269
co2 + Helium

Forr CO2 Torr He

2 5 1951 1907 = 374

2 10 2187 1994 £ 356

2 20 3281 3165 + 377

2 20 2831 2721 + 310

2 40 14580 4552 £ 567

1 20 2898 2770 + 306
Pure C02

1382 (1393 = 152)

2102 (2123 % T4)
1569

1210 (1382 + 352

1229 (1405 + 571)
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CO2 results at the end of table 2-1 does not show any evident trend in decay
constant with pressure at low pressures. The uncertainty of the measurements
plus the fact that at low pressures there are other effects limiting the life-
time such as wall collisions makes these results difficult to interpret with-
out more detailed and accurate measurements. Similarly, there is some
indication in figure 2-4 that the decay rate may not change very much at low
Ar pressures. In this case also, it may be that adding small amounts of Ar
may inhibit wall collisions and also increase quenching by a compensating
amount so that the slope of the decay rate vs pressure of Ar at higher pres-
sure may not apply in the lower pressure range. We therefore, also have drawn
a line on the figure which connects the points at 20 and 40 Torr Ar, This may
yield a more accurate value of the quenching rate constant due to the fact

that wall effects are not important in this higher pressure range.

The resulting values of k are k = 1.42 x lO.15 utilizing all the points

and k = 1.52 x lO-15 utilizing the higher pressure points. These results
15

compare favorably with literature values of k = 2.52 x 10~ reported by

Rosser et al. (1968) and k = 1.75 x 10-15 reported by Stephenson et al. (1971).

Figure 2-5 shows a plot of the results for 002 + He. In this case we
have less data, and have Jjust drawn a line which gives a good fit to all of
the points. The resulting value of the quenching rate constant for He is
2:34 x 107 which can be compared with the value by Stephenson et al. of
Jel % 10-15. It is also interesting to note that if we compare quenching
rate constants obtained using all of the points in figure 2-4 and 2-5, the He
rate constant is larger than the Argon rate constant by the ratio 1.72 in
excellent agreement with the value of 1.55 obtained for this ratio from

Stephenson's measurements.

The decay constants which we have measured are for the total loss of v3

emission of CO2 and are dominated by transfers of v3 excitation into vy and Vo

vibrations. This is also the case with the measurements of Rosser and of

Stephenson.
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While our present results for the quenching rate constants must be
considered preliminary, we believe that further refinements of our technique

will provide & simple and accurate method of measuring these decay rates.

We have also made measurements on mixtures which contain nitrogen. In

some of our measurements with [NQ]/[Coe] mixing ratios of 5 and 10, the

signal was greatly reduced in intensity and it was necessary to extend measure-

ments to cover the range from 10 Hz to 300 Hz chopping frequency. At the
lower end of this range the signals had a large amount of noise. For our
amplifier it is necessary to change the frequency range settings when working
below 100 Hz. This change in the setting sometimes results in a shift of
the signal levels so that the shapes of the decay curves are uncertain for
these nitrogen measurements. In cases where only small amounts of N, were
added, the effect of the N2

ful information about the decay rates occurring in eq. 2-11.

2
on the signals was too small to extract meaning-

We have one fairly good data set for an intermediate N2/002 mixing
ratio. This was a data set in which the decay :ate of a mixture of 1 Torr
002 plus 20 Torr Argon was measured. Then 2 Torr of Nitrogen was added and

the resulting frequency response was measured.

A regression analysis which attempts to extract k, g, and v by fitting
the data to eq. 2-11 has not been completely satisfactory since the values of
k, q, and v which provide a best fit to only six data points are probably not
physically meaningful. By fixing the value of q and k, it is possible to

obtain a more meaningful value for v. In treating the N2 data, k was set

equal to the value which was found in the case of the 002 + Ar mixture with-

quenching of V3 This increase

15

out N2 plus a small amount to account for N2

was calculated using Taylor's value of 1.5 x 10~
constant. Thus Kk was increased from 2254 sec-l to 2361 sec'l. The value

for this quenching rate
of q which corresponds to Nz(v = 1) quenching was set equal to zero, which

1s reasonable in view of the fact that the rate constant for this process is
of the order 10" or less.
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With k and q fixed as described, the value of v 1is 2.827 x 10*

sec_l corresponding to a vibrational transfer rate constant of 8.67 x lO.13

which is in reasonable agreement with the value of 6 x lO-13 given by Taylor.

Figure 2-6 illustrates the manner in which the data is changed by the
addition of N2. These curves clearly indicate the change in shape and
magnitude of the intensity vs chopping frequency curves and also indicate

the quality of the fits to the data in the two cases.

Before we can report a value of v with confidence it will be

necessary to study many more N2 + CO2 mixtures. We do feel that this is a

promising technique for measuring the CO2 - N, vibrational energy transfer

2
rate and that further experimental measurements and refinements of the data
analysis techniques should lead to reliable values for the energy transfer

rate constant.

2.5 Experimental Results of Transmission Measurements

Several measurements of the transmission of the 002 fluorescence
through a 002 filled cell were made, For these measurements the fluorescence
cell of 2 cm path length was followed by an absorption cell with 1.5 cm. The
experimental arrangement used for this measurement is shown in Fig.2-3. Table
2-2 lists the results of a number of measurements. These measurements were
undertaken in order to verify the high transmission values which were
obtained in similar experiments reported on by James (DNA 4238F). In our
present set of measurements we have found that our fluorescence signal is
smaller than previously observed and we were not able to obtain any signal
when a 16 cm cell was placed between the fluorescence cell and the detector,
even in the case where this cell was evacuated. Therefore, we constructed a
smaller cell which had a path length of 1.5 cm. Even with this cell in place
there was considerable attenuation of our fluorescence signal due to having
the detector further away from the exit window of the fluorescence cell. We
were gble to obtain some transmission measurements. The transmission

measurements were made by observing the signal with both the fluorescence
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Table 2-2

Transmission Measurements

Contents
Fluorescence Cell
(2 em path length)

Contents
Absorption Cell
(1.5 cm path length)

Transmission

1/2 Torr CO, + 21 Torr Ar
2 Torr CO2

2 Torr 002 + 40O Torr He

1 TPorr 002 + 20 Torr He
1/2 Torr CO, + 20 Torr He
1 Torr CO2 + 40 Torr He

¥ Torre 002

7.5 Tory 002

L Torr 002 + 40 Torr He

5 Torr CO, + 21 1/2 Torr Ar
2 Torr CO

2 Torr CO, + 4O Torr He

1 Torre CO2 + 20 Torr He

1/2 Torr CO, + 20 Torr He

5. Torr CO2

1 Torr CO2

5 Tore CO2

5 Horr CO2

n

DT N

2

(37 = 8 °/o)2

(69 °fo £ 3 o/o)b

63 °/ox 8 °/o
71 %o+ 8 °/o
79 °/o £ 3 /o
60 °/o % 7 °/o
%% 01y °/o
55 °fox 5 °/o
49 °/ox 9 °/o
@ 400 Hz

a) Calculated Value is 22 ®/o for Resonance Band
b) Calculated Value is 38 °/o for Resonance Band

Transmission measurements were made at a chopping frequency of 100 Hz

except where indicated otherwise.
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cell and the absorption cell filled with CO2 and then noting the increase in
signal when the absorption cell was evacuated. This measurement could be

made without disturbing the position of either cell.

Due to the small signals and large signal to noise associated with
some of the measurements in table 2-2 there is a fairly large uncertainty in
some of the results. An estimate of this uncertainty is indicated in the
table.

The results of these measurements show that the transmissions are
still higher than would be expected for from simple considerations for the
resonance band and more important hot bands. Our resulting transmission
values are not as high as we previously observed in our earlier measurements
(James DNA 4238F). The reason for this is not entirely clear. In our present
measurements, the geometrical arrangement is different and it may be that the
use of a shorter cell in which the possibility of reflection from the walls

is greatly diminished has some influence on the results.

As in our earlier measurements, then transmission measurements were
made in the hope of being able to obtain information regarding the relative
contribution of fluorescent and resonance radiation.

For the first two measurements in the table we have listed a calculated
transmission. This transmission was calculated as described in the following
paragraphs. The discussion to follow does not take into account multiple

scattering effects.

In the event of a gas which is uniformly excited, the observed radiance
at the surface should be proportional to the width function Wb(NU) for the

band. N represents the number of absorbing molecules in the path length and
0 represents the cross section for absorption. Consider twe columns of gas
with NO values NJl and N02 where for our experiment NJl corresgonds to the
Fluorescence cell and Ebe corresponds to the absorption cell. In the event
that both cells were uniformly excited, the signal would be proportional to
Wb(Nc1 + N32). This would consist of the signal from cell 1 which is W(Nsl)

2-18
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times the fraction of this transmitted through cell 2 plus the amount of
signal W(ch) from cell 2, Therefore the transmission can be estimated as

wb(No1 + I‘bz) - Wb(l\bg)

T = 2-12

wb(rbl)

In the event that all of the excitation occurs at the front end of the
fluorescence cell, the transmission would be Tb(NUl + N32) with the absorp-
tion cell filled and Tb(NJl) with the absorption cell empty, thus the

observed transmission in this case would be
Tb(Nol + Nc2)

T = ————TT 2'13
T\ ey
This would represent an upper limit to the transmission.

The first case in table 2-3 has a total Nol for absorption of the
2.7 um bands of 5.32 and 7.73 for the 021-000 and 101-000 bands. For these
values of Nsl the amount of absorption of 2.7 um radiation is essentially
constant along the length of the fluorescence cell, with the amount ofabsorp-
tion in the last .2 cm being about 5 °/o less than in the first 0.2 cm of

path.

We show in table 2-3 the results of calculating the band function Wﬁ

and Tb for a number of 4.3 um bands of 002. Below the table we show calcu-
lated transmission for the resonance bands and hot band Oll -» 010 and the

fluorescent bands.

The pressures used in the data set of table 2-3_correspond to a voigt
profile with a parameter a = 0.9. The band functions were calculated as
described in James, DNA 4238F. The parameter a is the ratio (\fzz—é)yn/yD
where 7L and Yp are the pressure broadened half width and the Doppler width
respectively.
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TABLE 2-3

BAND WIDTH AND TRANSMISSION FUNCTIONS
(Voigt Parameter = 0.9)

Band W(I‘bl) W(I‘be) w(mlmoe) T(Nol) T(I‘ba) T(NO1+1‘b2)

626 isotope

001-000 241.1 684.8 729.32 .201 7.14(-2) 6.71(-2)
021-020 1.215 9.00 10.15 .989 .936 .928
101-100 0.747 5.51 6.23 .993 .960 .954
011-010 42.97 178.8 191.31 725 .262 .255

636 isotope

001-000 6.99 45.33 50.24 .949 712 .685
011-010 0.554 4.19 4.73 .938 .969 .965

628 isotope

001-000 2.625 18.51 21.81 .980 .873 .858
011-010 0.205 1.53 1.64 .996 .987 .980
627 isotope

001000 0.476 3.48 3.99 . 994 .974 .970

Fluorescence Cell Total No ; = 707.4 (% Torr CO, + 21 Torr Argonm,
2 cm path length)

Absorption Cell Total NO o = 1.061 x 103 (5 Torr CO, + 16% Torr Argon,
1.5 cm path length)

2 wi(1+2) - wl(2)

i o
T = 25 Wi(l) = 28.7 /o Using all Bands
T(No,+ No )
= 1 & o
T = R RS o, = 33 /o for 001 Band

Zf) wf(1+2) - wf(e)

L J S-S
%;Wf(l)

= 95 °/o for Fluorescence Bands

|
|
E
g
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The calculated transmission assuming all of the bands contribute is
about 22 o/o, which is lower than the observed value. Similar results are
shown in table 2-4 for the second case in which 2 Torr of CO2 are used in
both cells. In this case the calculations are made for an a = 0.1 which is

quite close to the pure Doppler line shape.

In this second case shown in table 2-5, calculated transmission using
equation (2-12) the transmission is 38 ®/o. In this case the CO2 density is
greater so that the absorption of 2.7 um radiation is not completely uniform
along the length of the fluorescence cell so that the actual transmission
should be greater than this amount, but still less than that calculated from
eq. (2-13) which yields a T4 0/o. Our result falls within this range and is
expected to be closer to the lower value, so that these results also yield

higher than expected transmission based on simple calculations.

These indicate results that we are observing some contributions from the
fluorescent transitions 021-020 and 101-100. However, until a detailed cal-
culation is performed which takes into account multiple scattering and
possible reflections from the cell walls, we cannot make any positive state-

ments.

We did attempt to make some measurements at reduced temperatures by
cooling the fluorescence cell and absorption cell with dry ice. The results
obtained were quite uncertain due to interference with subliming dry ice,
frosting of the windows and overall decrease in signal due partly to these
factors and partly to the changes in the positions of the cells required by !
the more bulky arrangement required to enclose the cells in a container which
could be cooled by addition of dry ice.

Qualitatively it appeared as though cooling led to a few percent
increase in the transmission and a decrease in the overall signal. These h
5 in both the fluorescence cell and

the absorption cell. The uncertainty in the measurement was of the same

measurements were only made with pure CO

order as the change in transmissions observed. This fact coupled with the
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TABLE 2-4

BAND WIDTH AND TRANSMISSION FUNCTIONS

(Voigt Parameter = 0.1)

Band W(Nul) W(sz) W(01+N32) T(Nol) T(Noa) T(N01+N32)
626 isotope
001-000 202.8 181.58  253.86 3.05(-2) 3.53(-2) 2.32(-2)
021-020 4.77 3.611 8.098 .922 .941 .869
101-100 2.93 2.23 5.04 .952 .963 .918
011-010
636_isotope
001-000 23.11 18.22 35.30 .648 717 492
011-010 2.184 1.646 3.77 . 964 .973 .938
628 isotope
001-000 9.745 75 16.07 .843 .879 .748
011-010 .816 .610 1.42 .986 .990 .976
627 isotope
001-000 1.89 1.415 3.249 .968 .976 .949

Fluorescence cell
Absorption cell

z wi(1+2) - wi(z)

Total No ; = 2.829 x 10> (2 Torr COp, 2 cm path)

Total NO 5 = 2.122 x 103 (2 Torr €0,, 1.5 cm path)

= 43 9o using all Bands

i
L Z W,
i
?wf( 1+2) - wf(z)
g Z W(1)
f
T(I‘RJ:L + l‘bz)

WS

=95 O/o for Fluorescent Bands

T = ——_'IT(-I‘B_I-)— = 76 o/o for OOl Band.
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This fact that the temperature of the cells could not be accurately measured
led us to abandon these measurements. Qualitatively the overall decrease in
signal suggests that hot bands contribute to the result, whereas the trans-

mission measurements were of no use in this regard.

Our measurements in the previous section in which we studied intensity
as a function of chopping frequency can be interpreted to suggest that fluo-
rescent transitions play no significant part in the observed 4.3 um signal.
This is described in the following section.

2.6 Frequency Dependence of Combined Fluorescence and Resonance Transitions

In this section, we consider briefly the case in which we have fluores-
cent bands such as 021 - 020 and resonance bands 001l — 000 contributing and
in which the fluorescent state 021 is produced by sinusoidial excitation and
the resonant state is produced by energy transfer between 021 and ground
state molecules.For simplicity we consider just one resonance band and one
fluorescence band, although the results can be generalized to apply to any

number of such bands.
The rate of formation of the 021 level is given by

d(021) iwt
q= - g k,(021)(000) (2-14)

The rate of formation of 00l is given by

a(001)

o= = k;(021)(000) - k,(001)(M) (2-15)

where kl is the rate constant for

k
(021) + (000) lz (020) + (001) (2-16)

and kE(M) is the rate at which (00l) is quenched.
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1 .
Writing k2(M) =k and T = 5557 vhere T is a time constant for

the transfer reaction (2-16), thelresulting intensity which is in phase
with the excitation source is proportional to
AT F k ~ w2T

2

o+ i
1+ w22 H(1 + were)(ke + W

Intensity «

|
1 (2-17)
J

The first term in this expression is the contribution from the fluorescence
and the second term is the contribution due to the resonance bands. From
this expression it is clear that as T — 0, corresponding to an extremely

rapid transfer reaction (2-16), the results reduce to the simple Lorentizian

shape used in section 2-4 of this report.

The factor A is inserted in equation 2-17 to account for the difference
in transmission of the resonance and fluorescence bands. In attempts to fit
our data to equation 2-17 we found that the data was still fit by a
Lorentzian. For small values of T such that wT < 1, the fluorescence
term is essentially a constant AT. In various fits of the data the constant
term A T was found to be small and variable from one set of data to another,
sometimes being positive or negative. We conclude from this that the
fluorescent bands are not contributing significantly to the observed 4.3 um

emission.

2l Advantages of Using a Iaser Source Rather Than a Blackbody

In this section we discuss the reasons why we believe that a laser
source is necessary in order to study the direct fluorescence from the levels
021 and 101 which are excited by 2.7 um radiation.

2.7.1 Limitation on Results Using a Blackbody Source

In our experiments to measure fluorescence at 4,3 um we have used an
infrared industries blackbody source followed by a narrow bandpass filter at

2-2h




v——>

2.7 um in order to excite the 101 and 021 levels of COQ. A 4.3 um filter placed
in front of the detector enables us to measure 4.3 um fluorescence produced on
irradiating Co2 at 2.7 um. By placing a cell filled with CO2 between the
fluorescence cell and the detector we measure the attenuation of the 4.3 um
radiation which is absorbed by 002. In this manner we hoped to distinguish
between the direct decay of the levels 021 and 101 to 020 and 100 respectively
(which would produce L4._ um emission which is not absorbed by ground state COQ)
and 4.3 um emission due to decay of the 001 levels which can be produced in

energy transfer collision of the type

100
020

1O

k
opy + €0,(000) 5

+ 002(001)

The analysis of this data is complicated by the fact that a large number of
isotope bands and hot bands near 4.3 um can also be excited. By going to
sufficiently low partial pressures of CO2 it should be possible to produce a
situation where the direct decay of 101 and 021 by emission at 4.3 um is the

most important radiative process at 4.3 um. The lowest feasible CO2 concen-
trations are limited by the intensity of the blackbody source and the sensitivity
of the detector. 1In our experiments to date the lowest pressure utilized has
been of the order 1 Torr. Comparing the radiative lifetime for 4.3 um emission

with the energy transfer rate k(COO) for intramolecular VV transfer via

021
101

these will be equal when\

020

+ (000) -+ 100

+ (o01),

k(COQ) = 4O sec™t
Thus at partial pressures of the order of 1 Torr = 3.26 x 1016, radiation and
energy transfer will be equally likely for values of k of the order of 1o‘lh
cm sec-l. The measurements of Finzi and Moore (1975) suggest that the rate
constant for the VV transfer reaction (4) is of the order of 10-10. Thus in
order to study the fluorescence under conditions where reaction (4) is not

importent, it is necessary to work at much lower pressures than we have
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utilized. At pressures of the order of a few microns, the amount of 2.7 um
absorption in a small cell is inadequate to produce a measureable signal with

our Blackbody light source.
This limitation can be overcome by using a laser as a light source
which due to the large number of incident photons will result in a much greater

number of molecules excited to the levels 101 and 021.

2T 2 Characteristics of Tunable Infrared Laser

In this section we describe the characteristics of the tunable infrared
laser and discuss the increase in signal-to-noise which we can expect to achieve

using this source.

The Infrared Laser system consists of a tunable dye laser and an
optical parametric oscillator (OPO) utilizing a Lithium Niobate crystal as a
non-linear element. The high intensity visible light from the dye laser is
converted into infrared radiation by the OPO. Tuning in the infrared is

achieved by tuning the dye laser.

The infrared output consists of a series of modes lying within about a
0.5 cm"l envelope. Each individual mode has a width of the order of 0.001 cm-l
and the mode spacing is of the order of 0.025 cm-l. The laser can be made to
produce an infrared output out to about 2.85 um. The total energy in a single
pulse is of the order of 5 x lO-5 Joules with a pulse duration of the order of
1 microsecond. In our application it is necessary to tune the system so that
a single mode is centered on the absorption line of interest. The energy in
the more intense single modes is of the order of 1/20th of the total energy

in the pulse.

In order to estimate the improvement we can expect using a laser source
we make a comparison between the amount of energy absorbed from a 2.7 um beam
by CO2 and the NEP of the InSb detector with the corresponding quantities for
a laser pulse. An estimate of the amount of the number of photons absorbed
in experiments using a blackbody source can be obtained from the discussion
given in the report DNA L4238F by James.
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The amount of absorption in the 021 band of CO2 can be estimated

following the discussion in section VI of DNA 4238F. At a pressure of one
Torr the total excitation rate in this band is approximately 2.5 x 10-6 watts/
13

cm3, which corresponds to ~ 3.3 ¢ 10 photon/sec-cm5 of 2.7 um radiation
absorbed. The NEP of the InSb detector is approximately T watts/y[Hz or
(2.15 x 107

the infrared laser contains approximately 3.4 x 10 ~ photons in a single mode.

photons/sec - ~[Hz). The output of a single mode near 2.7 um from

The absorption per cm of path at line center for a Doppler Shaped Line is given
by
k.26 x 1070

k(v ) = —————— XNf
(v, 7o

where N 1s the total number of molecules, X in the fraction of molecules in
the absorbing level, f is the oscillator strength of the transition and YD is
the Doppler width in cm-l. When the appropriate numbers for the most intense
line of the 021-000 band are inserted into this expression, the resulting line

center absorption is .32/cm. The resulting absorption per cm5 is approximately

1
10 5 photons/cc at 1 Torr CO2 partial pressure.

The laser pulse is of the order of 1 microsecond in duration, however,
the actual decay of fluorescence will be different from this depending on the
pressures used, quenching rates, etc. Some estimate of the quenching lifetimes

is given by the following expression:

At one Torr m = 3.2 x 1016 and for k ~ 10" 1° the resulting lifetime is
approximately .3 usec. Since the laser pulse is 1 usec in duration, such a
small decay constant would be difficult to measure. In the event that k in
Eq. (1) is of the order of 10'10, then partial pressures of 002 in the range
.01 Torr would yield decay times of the order of 30 usec. If one considers
the measurement of a pulse in a 30 usec time interval, the effective bandwidth
is of the order of 1/30 x 10-6 ~ 3.3 x th Hz, so that the detector N.E.P
becomes
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NEP = (10'12 watts/\[Hz) (\/5.5 x 1082

= 1.8 x 10-10 watts

9

= 3,9 x 10 photons/sec,

In a time interval of 30 psec, this corresponds to a noise level of L17 x lO5
photons. In order to achieve this 30 psec time constant, only l/lOO X lO15
3

or ~ lOll photons are absorbed per cm”. The relative increase in signal-to-

noise for the laser compared with the blackbody source is proportional to the
ratio

Excitation rate (Excitation Rate)
NEP Laser (NEP) Blackbody

These should be compared at the same pressures. Therefore, the Blackbody

excitation rate should be decreased to 3.3 x lOll. Comparing the above ratio

gives
Je {33 x 165
5 e o0
1.17 x 10 2.15 x 10

The laser we are considering using has a pulse rate of up to 30 pps. so that
the data gathered in a second will have g signal/noise of about'V 30 times
greater. Thus the laser can be expected to be about a factor of 300 better

than the blackbody source in so far as signal-to-noise is concerned.

In order that we are able to take advantage of the signal/noise capa-
bility of the pulsed laser source, we need an instrument capable of collecting
the signals over a short time interval and averaging the resulis of repetitive
pulses. For this purpose we have available a PAR model 160 Boxcar Integrator
which has a resolution capability of 10 nanosec. This time resolution is
variable and can be selected to match the pulse duration in a particular

experiment. With this instrument we can measure the total signal contained in
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a fluorescent decay curve, or by selecting the time interval we can look at
various portions of the decay curve and in this manner measure the actual
decay curve. We also have available a Northern Scientific Model 540 digital
signal averager with 10 usec time resolution. This instrument samples 10 psec
segments of a single pulse so that a decay curve can be obtained by repetitive
averaging of the measured pulses. A lower limit to the decay times that

could be measured with this instrument would be of the order of a hundred usec

which would correspond to 10 samples of the curve in each pulse.

Earlier in this section we mentioned the fact that the laser could be
tuned to align a particular mode with the center of an absorption. The
chromatix laser system which we are planning for these studies can be coarse
tuned so that the absorption line is within the envelope containing the out-
put modes from the OPO. Additional fine tuning may be required to place a
single mode at line center. This can be done by means of a piezoelectric
crystal driven by a ramp voltage supply which is attached to one of the mirrors
in the dye laser. By this means, the cavity dimension can be changed slightly
so as to scan over a free spectral range (0.025 cm-l) which will enable a
single mode to be positioned on the line center. This is not included with
the chromatix laser, but they have plans available from which such a fine

tuning device can be constructed.

The output beam from the OPO is of the order of 1 mm diameter. For our
experiment we plan to expand the beam to the order of 1 cm diameter by con-

structing a beam expander utilizing two lenses of suitable focal length.

2.7:5 Advantages of Laser for Studyi the 2.7 » 4. m_Fluorescence Mechanism

Due to the increased sensitivity obtainable with the laser source as

described in the previous section, it is possible to make measurements at short
time intervals following the excitation pulse. Measurements of the signal at
2.7 um and at 4.3 um should correspond to the emission from the same upper
level so that the relative signals immediately following excitation pulse
should provide a Measurement of the Branching ratio for emission of 4.3 um

2-29




L O,

and 2.7 um radiation. At longer times the 2.7 um radiation may be completely
quenched by the intramolecular VV transfer reaction. The 4.3 um signal will
still persist, however, so that in order to measure the Branching ratio it is
essential that measurements be extrapolated to very early times following the
excitation. In the case of the excitation with a blackbody source, this is not
possible. The relative Branching ratios using such a source could only be
obtained by going to conditions where molecular collisions and wall collisions
are not affecting the results. The lack of sensitivity utilizing a blackbody
source makes such a measurement exceedingly difficult if the rate constant k

for the intramolecular VV transfer reaction is really of the order k = lO-lO.

In order to measure the 2.7 um Fluorescence it may be desirable and/or
necessary to have a filter which will transmit only one branch of the 2.7 um
bands, and tune the laser to excite a line in the other branch so that the
detector is not adversely affected by a large pulse of scattered light from

the laser excitation pulse.
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50 THE CO2 4,3 ym ZENITH SPECTRAL RADIANCE MODEL
Belk Introduction

In this section we describe a numerical facility that we have developed
to calculate CO2 4,3 pm zenith spectral radiance in order to model the spectral
structure in the CO2 4,3 um zenith spectral radiance data which have been
obtained in three events in the DNA/AFGL auroral measurements program, These
three include data obtained by the 1 April 1976 HIRIS flight into moderate
auroral activity and short wavelength CVF spectrometer data that were obtained
in undisturbed night time conditions (11 April 1974) and under extremely active
auroral breakup conditions (24 March 1973). We present the results of the
modeling effort and discuss the relevant implications with regard to the auroral

and nuclear infrared background problem,

B Details of the Calculation

To accurately model the spectral structure in the zenith radiance
component near 4.3 pm which results from 002 emission requires that we compute
the radiance R. in each of 2420 lines in the CO2 4,3 pm complex. The

jkb

quantity Rj is the radiance in a line in the band designated by j, k is the

rotational Ezantum number of the ground state and b is the branch (the p and
r branches are dominant for the 4,3 um bands). The bands that are included in
the calculation are shown in Table 3.1, In previous publications Kumer
(References 3=1 and 5-2) has shown that these bands form a complete set for
the calculation of atmospheric 002 non-LTE 4,3 pm radiance formed above 50 km
altitude.

The calculation of the R.
Jjkb

we solve the time dependent plane parallel radiative transport equations as is

for a given altitude z first requires that

described in references 3-1 and 3-2 in order to obtain QJ(N5> Sj(Nj) the 4.3 um
volume emission in band j at altitude z. The notation that we use in our dis-
cussion has for the most part been defined in references 3-1 through 3=k, In
this report we will occasionally redefine some of the moge critical notation
in order to facilitate readability., For example, Nj = Iz dz'[co2]GJ is the




Table 3.1

THE 002 v, BANDS

3

€o,(3v5) = (J)

J Transition Isotope*
1 00°1 ~ 00% 626
2 00°1 - 00°% 636
3 00°1 ~ 00% 628
4 00°1 - 00% 627
5 oxt1 - o1to 626
6 o1t1 - o1%o 636
7 ort1 - o1to 628
8 o1ty - o1to 627
9 0221 - 02°0 626
10 02°1 - 02% 626
11 10°1 = 10% 626

* The notation 626 designates the

l6012Cl60 isotope, etc.




P

column density above altitude z of the band j CO2 ground state specie, The

Rjkb are then calculated via an integral of the product of volume emission in
a given line jkb weighted by the transmission for that line between emission
point z’ and the position z of the rocket borne sensor. The integral must be

computed for each of the lines jkb. The integral is

() & i
Z Al ¢ ’ ’ ’
i Rjkb = Jo dekb T(Tjkb) nj(Nj) Sj(Nj) -

Here X is the fractional population of the kth rotational state,

S o L 4 . . .
Tikb = Sjkb xk(Ni(z) Nj(z ))o is the optical depth at llne_:g?;ir between
altitude z and z  for the line jkb, and T(T) = f axp/m o(x) e is the
single line transmission function, ¢(x) is the Voigt profile. We use a Lorentz
parameter lO-5 in the calculation of @(x), this selection is discussed in
reference 3-3, The Sjkb may be calculated from the Honl-London formulas whicn
are conveniently listed in reference 3-5,

In order to calculate the spectral structure as a function of altitude

in 4,3 pm zenith spectral radiance data, it is necessary to calculate the array

of the line radiances for each altitude mesh point of interest. Each line

Rixb

is centered at wavelength A These wavelengths are available in a tabulation

jkb*
on a computer tape which has been provided to IMSC by AFGL. The tabulation is

discussed in reference 3-6,

To model the observed spectral radiance R(A) we use the spectral

response F(),\’) for the instrument which was used to obtain the data to

compute synthetic spectra via

R(A) = jfb Rigp Fudgg)

The sum is taken over the entire array of line brightnesses.

A block diagram illustrating the flow of the CO2 4,3 pm zenith spectral
radiance calculation is shown on Figure 3-1. The fractional population fj of

the J band upper state 002 specie and the column density NJ of' the ground state j
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Figure 5-1. A schematic of our model for predicting COo 43 pm
spectral zenith radiance.
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specie were precalculated for each of the events under consideration by methods
described in references 3-1 and 3-2, and stored on tape. Tape read input of
fj,Nj and parameters related to the atmospheric model and to the spectroscopy

and radiation transport of 002 initiate the calculation.

e Results

Data Obtained 11 April 197k:

Here we discuss the comparison of our 002 4,3 pum spectral radiance -
calculation with data obtained 11 April 1974 under non auroral night time con-
ditions via a rocket borne liquid N2 cooled CVF spectrometer as described by

Wheeler et al. (reference 3-7).

The final published version of the spectrally integrated zenith
radiance data for this event are represented by the solid curve labeled D on
Figure 3-2. This curve differs slightly from the preliminary version of these
data which have been previously evaluated by Kumer (reference 3-1), but the
difference is not enough to make any change whatever in the qualitative evalua-
tion of these data as given by Kumer (reference 3-1). In particular, satis-
factory interpretation of these data may be achieved by utilizing the
ou(v) ¥ N,
sented by Kumer (reference 3-1). The final version of the 11 April 1974 d- *a
require that about 0.1k ergs/cm2 sec of vibrational energy is transferred from
OH(V) to N,. A slightly different model kinetic temperature is also required

2
to achieve the quality of fit as shown on Figure 3-2. Details of this final

vy & y : e Y
CO2 (v3) CO2 + h”4.3 um mechanism which was originally pre

evaluation of the final version of the 11 April 1974 data are given in a paper

by Kumer et al., (reference 3-8).

Samples of the results of using our spectral modeling facility in
application to selected 11 April 1974 CVF spectral scans which are published
in reference 3-7 are shown on Figures 3-3. The appropriate CVF slit function
F(A A’) was obtained from Tom Condron (reference 3-9) of AFGL and the appro-
pri;te resolution element for the CVF which was used on 1l April 1974 is given
in reference 3-7, For the 1l April 1974 SWIR CVF the slit function F(A,2 ')

3-5

e it 3 o <




S
T T

MR (pm™1)

Fig. 3-2|

e

D SOLID CURVE IS
FINAL VERSION OF 4/11/74
DATA FROM WHEELER ET AL.
| AFGL-TR-76-0252
HAES REPORT NO. 32

\ THE POINTS @ = A, + OH
DEMONSTRATE THE QUALITY
\ OF THE FIT TO THE DATA.

0 l /1 alo\J‘

60 70
km

The solid curve labeled D represents the final version (Ref.3-8) of

the 4.3 um peak spectral zenith radiance data which were obtained

11 April 1974. Curve A% is a non-LTE radiation transport computation
of the 4.3 um peak spectral radiance that would be produced by the

two mechanisms (i) thermal collusions and (ii) absorption of earthshine.
The curve OH 3,3 a computation of the 4,3 um peak spectral radiance mgu.e
to the OH(Vz =" Np mechanism, A vibration transfer of 0.1k ergs/c

sec from OH(V) to N, is required to obtain the high quality fit to the
data Az+OH which are illustrated by the points 6.
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may be approximated by
5 -(wh )2

Fral) —mmee @
M /AIn(2)
where Aw = (A ‘4), A = 0.122 + .01 A (in um units), Ay = 433 /In(2) M /2 for
Af <A and Xi = AL = .567 /{in(2) M/2 for A’ > 2. Synthetic spectra for the
altitude mesh points that were selected to demonstrate the quality of the fit
to the peak spectral radiance data as shown on Figure 3%-2 are listed in
Table 3.2. Several examples of the data scans and corresponding synthetic
spectra are also shown on Figures 3-3. By inspection of Figures 3-3 and
Table 3.2 two points are clear, (i) our co, L.3 um spectral zenith radiance
model provides excellent spectral agreement with the 4.3 um feature that is
apparent in the data, (ii) any feature vhich might appear in the region A 2 4.5
um in data obtained with a CVF of resolution element width the same as the
11 April 1974 CVF, or narrower, will certainly not be due to CO

2

This second point is important since it may be used as another argument that 002

emission.

is not the emitter which is responsible for a possible auroral feature in the
4.5 to 4.6 pum region that was noted by Stair (reference 3-9) in SWIR CVF data
obtained in a moderate aurora on 12 March 1975,

Results for Data Obtained 24 March 1973

On Figure 3-4 we show selected upleg 4.3 um zenith radiance data points
taken from the recent final published (reference 3-10) version of the 24 March
1975 data. We also show our fit to these data which is calculated by the TDT
method (references 3-1 and 3-2). The time dependence of the input model we use
for this calculation has been upgraded to conform with the time dependence of
the ground based photometric data shown in Reference 3-10. The absolute
magnitude of these data are uncertain due to unknown atmospheric extinction.
The ground based 'rocket exit" photometric 4278 A data (Figure 4 in reference
3-10) and the downleg rocket borne 3914 i photometer data (Figure 7 in reference
3-10) may be used to "calibrate" the ground based data. By this procedure we
infer that the maximum 3914 A brightness, which occurred some time like 50 to
150 sec after launch, was about 420 kR. The quality of our fit to the final

3-8
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Figure 3-4., Our upgraded TDT model calculation (the solid curve) for the
24 March 1973 upleg COs 4,3 um zenith radiance profile is
compared with selected data points for the final version of
these data which were published by reference 3-12.
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version of the 24 March 1973 upleg 4.3 pm zenith radiance data which is shown
! on Figure 3-4 is as good or better than we had achieved in our earlier evaluation
(references 3-1, 3-2 and 3-3) of the preliminary version of these data. A

value € = 10.4 Né* produced per ionization event is required to fit the data as
shown.

In order to model the 24 March 1973 upleg zenith 4.3 um spectral radiance
data we used a SWIR CVF spectrometer slit function F(A,A’) that was essentially
identical to that which we used to model the 11 April 1974 data. Information
on the 24 March 1973 slit function was provided by reference 3-1l. The synthetic
spectrum we calculate in this way is compared with a 24 March 1973 86 km upleg
SWIR CVF spectrometer data scan (preliminary data, refererce 3-12) on Figure ;
5-5. The synthetic spectrum appears slightly broader than the data and slightly
blue shifted. The overall blue shift is probably a result of the way the wave-
length scale was assigned to the preliminary data reported in reference 3-12,

The relative broadening of the synthetic scan versus the data suggests that the

CVF achieved somewhat better resolution than nominal. Syntheti. auroral spectra
for the 2L March 1973 upleg are listed in Table 3.3.

On Figure 3-6 we show a comparison of the 24 March 1973 86 km upleg
data scan with a 2cd synthetic spectrum that is calculated by the use of a
resolution element A\ = 0.9 x (0.122 + .01 A) that is about 10% narrower than
the nominal value. Better agreement with respect to the width of the 4.3 um
data feature is attained in this 2cd case as was cxpected,

Results for Data Obtained 1 April 12Z6

On 1 April 1976 the HIRIS was launched into a moderate aurora. Spectral
zenith radiance data with about 2 cm-l resolution were obtained in the 4.3 um

region.

A preliminary prediction for auroral and ambient components of the
4,3 pm zenith radiance is plotted as a function of altitude on Figure 3-7.
The ambient component is calculated on the basis of a March 65°N model atmosphere

{ 3-11
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Figure 3-7.

PRELIMINARY 4/1/76 DOWNLEG

C02 4.3-um ZENITH RADIANCE CALCULATION
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A preliminary version of the predicted auroral component Ay
and the predicted ambient component Ay of downleg COp 4.3 um
zenith radiance on 1 April 1976 are shown here, the sum of
the two is also shown.
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and also includes the effect of OH* w Né*. The downleg auroral component is
calculated on the basis of a preliminary energy input model that we derived
from the ground based blue and green scanning photometer data that are shown
in reference 3-15. A two parameter fit similar to the BRIM model described in
reference 3-1 was used to model the total deposition Idzq(z) and the altitude
dependence of q(z) from the blue and green photometric data. Corrections of

the ground based photometric data for atmospheric extinction were applied on

the basis of extinction data listed in reference 3-14, Only 5 minutes of
photometric data taken prior to downleg penetration were given in reference 3-1k4

so our downleg auroral energy input model, which is based on these sparse data,

should be considered preliminary.
The slit function for the HIRIS is given by reference 3-1D5.
’ a % 2
Fluw’) = 2 (sin(x)/x)

where a = 4783 m and x = a(w-w’). The HIRIS interferogram data are converted
to spectral radiance at points LS defined by W o= 626.51 + .96386 n. We
performed our spectral radiance calculation for 3 sets of points » at four
selected altitudes (66.6, 80.2, 94.9 and 107.1 km). The 3 sets of points W,
were selected to include the blue spike region, the transition region from
strong to weak auroral emission lines in the r branch, and the red spike region.
Synthetic spectra of the auroral component at altitudes z = 80.2, 94.9 and
107.1 km are shown on Figures 3-8. The dashed curves on Figure 3-8 are the
weak band contribution (2 < j < 11) and the dotted curves the strong band
contribution, the solid curve is the sum of the two, i.e. the total auroral
spectral radiance. It is noteworthy that the weak bands dominate auroral

emission in the red spike region.

By comparison of the prediction for the auroral spectral radiance near
w < 2278 em™t (red spike region, A » 4.39 um) and w 2 2385 em™t (blue spike,
A € 4,19 pm) with the strong R branch auroral spectral radiance near 2347 to
2376 em™t (1.26 to 4.21 um) we see that a negligible fraction of C0, k.3 wm

auroral emission from above 80 km may be expected to occur in the red and blue
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Figure 3-8a. The predicted downleg auroral contribution at altitude

z = 107.1 km to the zenith spectral radiance in the red band
wing region obtained by HIRIS on 1 April 1976. The horizontal
scale is in units cm=l, the vertical scale in units

w/cm2 sr cm™L, The dotted line is the contribution from the
weak bands (2 < j < 11), the dashed line is the contribution
from the strong band (j = 1). The solid line is the
contribution from the sum of all the bands (1L < j < 11).
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Figure 3-8b, Same as Figure 3-8a except for spectral region.
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Figure 3-8c., Same as Figure 3-8a except for spectral region.
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Figure 3-8d. Same as Figure 3-8a except the altitude
is now 94,9 km,
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Figure 3-8e.

Same as Figure 3-8d except for spectral region.
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Same as Figure 3-8d except for spectral region.
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Figure 3-8g. Same as Figure
now 80.2 km.
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Figure 3~8h. Same as Figure 3-8¢ except for spectral region.
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Figure 3-8i.

Same as Figure 3-8g except for spectral region.
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spike regions. The spectral characteristics of CO2 4,3 pm emission above

80 km which would result from nuclear deposition may be expected to be similar,

The synthetic spectra for the ambient and auroral components of spectral
zenith radiance near 66.6 km are shown on Figure 3-9. The weak band contri-
bution to the red spike spectral radiance is noteworthy, as is the contri-
bution to blue spike spectral radiance due to optical thickness broadening of
the strong band. Thus for the case of nuclear deposition in the 60 to 70 km
region we could expect a contribution to nadir spectral radiance near 4.198 pum
that is qualitatively similar to the auroral blue spike which appears near
w = 2392 cm-l on Figure 3-9f., There would also be a comparatively strong weak

band contribution to red spike nadir spectral radiance.

On Figure 3-10 we show a synthetic spectrum of the ambient zenith
spectral radiance, calculated for z = 66.6 km, in the band origin spectral
region. Figure 3-10 demonstrates that HIRIS-like resolution is sufficient to
provide identification of the 626 001000 band origin which occurs near 50
2348,9 cm-l and of the 626 011-010 band origin and Q branch which occur near to
23364 e,

3.4 Implications

Oour 002 4.3 pm spectral zenith radiance modeling effort in application
to quiet night time SWIR CVF data obtained 11 April 1974 and to SWIR CVF data
obtained in auroral breakup on 24 March 1973 has established two important
points. First, excellent agreement is achieved with the data. This confirms
that 002 is the principal emitter responsible for the 4.3 um data feature. It
confirms that we understand the quiet night time and auroral mechanisms that
are responsible for the CO2 emission well enough so that we can successfully
model the data. Finally, it confirms that the spectral characteristics of the

_ SWIR CVFs were accurately calibrated. Secondly, we have demonstrated that any

feature which might appear in the region A = 4.5 um in data obtained with a
SWIR CVF with resolution element width comparable to or less than that of the

11 April 1974 or 24 March 1973 CVF, will not be due to "cold" CO2 emission.
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Predicted ambient contribution to zenith spectral
radiance at z = 66.6 km as measured by HIRIS on
the downleg on 1 April 1976.
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Figure 3-9c. Same as Figure >-9a except for spectral region.
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Figure 3-9d. Predicted auroral contribution to zenith spectral radiance
measured at the downleg altitude z = 66.6 km by HIRIS on
1 April 1976.
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Figure 3-9e. Same as Figure 3-9d except for spectral region.
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Figure 3-9f.

Same as Figure 3-9d except for spectral region.
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This second point is important since it may be used as another argument that
002 is not the emitter which is responsible for a possible auroral feature
in the 4.5 to 4.6 pm region that was noted by Stair (reference 3-9) in

SWIR CVF data obtained in a moderate aurora on 12 March 1975.

Our CO2 4.3 pm spectral zenith radiance modeling effort in preliminary
application to HIRIS data obtained 1 April 1976 has established the following
points., First, HIRIS-like resolution is sufficient to observe the optical
thickness induced change in the spectral shape of the CO2 4,3 pm auroral spectral
radiance as the rocket penetrates through the 80 to 110 km altitude region.
Secondly, just a very small fraction of 002 emission above 80 km, be it auroral
or nuclear induced, will occur in the red and blue spike regions. Thirdly,
nuclear deposition in the 60 to 7O km regions should be expected to contribute
to nadir radiance in both the red and blue spike regions. In the former due
to weak band emission, in the latter due to the optical thickness band broadening
effect. Finally, we have shown that HIRIS-like resolution should be sufficient
to identify the 626 001-000 band origin, and the 626 011-010 band origin and
Q branch in zenith spectral radiance data obtained at altitudes z < 70 km in

ambient conditions.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 COy Fluorescence

The measurements which have been described in Section 2 of this
report indicate the importance of accounting for the frequency response of
the 4.3 ym emission when CO9 is irradiated with a sinusoidal radiation
source at 2.7 pm. The results of our analysis yield quenching rate constants
and energy transfer rate constants which are consistent with existing litera-
ture. Further refinement of the techniques used in our experiments should

lead to a simple and accurate method of obtaining these rate constants.

From the observed frequency response of the CO, plus rare gas mix-
tures studied, there does not appear to be a significant contribution to
the 4.3 pm emission from the fluorescence bands 021-020 and 101-100. On
the other hand, our transmission measurements yield results which could
be interpreted to indicate some contribution from the fluorescence bands.
Until such time as detailed calculations are made which include multiple
scattering and internal reflections in the fluorescence and absorption cells,

the interpretation of the transmission measurements is uncertain.

The results of our experiments lead to the conclusion that because
of the very rapid transfer of vj excitation from the levels 021 and 101 to
ground state COy to form the level 001, that a laser excitation souwrce at

2.7 pm is a better technique for observing the direct fluorescence.

Based on the results of the present study, we can make a number of

recommendations for further work. These are listed below:
1) Utilize a Pulsed Tunable laser at 2.7 um to produce the 4.3 am

fluorescence bands 021-020 and 101-100 and observe the decay at very short
time intervals following excitation.
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2) Obtain additional measurements of the Intensity of Fluorescence

as a function of chopping frequency for various COZ’ N2 and rare gas mixtures.

3) Improve the data evaluation techniques, particularly for situations
involving Ny where there are several rate constants to be extracted from a

limited number of data points.

4) Based on the results of (2) and (3), develop a detailed treatment

of the accuracy of this technique for obtaining rate constants.

5) Extend the measurements (2) to include the out-of-phase component
to the fluorescence and verify the consistency of the rate constants obtained

by the ratio of the in-phase to out-of-phase intensities.

6) Study the variation of transmission measurements with chopping
frequency and measure the frequency response of the intensity after an
absorption cell is placed between the fluorescence cell and the detector
which may provide some indication of differences in decay rates for differ-

ent 4.3 pm bands.

4.2 Modelling of CO2 4.3 um Spectral Structure

Our CO2 4.3 pm spectral zenith radiance modeling effort in applica-
tion to quiet night time SWIR CVF data obtained 11 April 1974 and to SWIR
CVF data obtained in auroral breakup on 24 March 1973 has established two
important points. First, a good enough agreement is achieved with the data
to confirm that CO, is the principal emitter responsible for the 4.3 pm data
feature, and to confirm that we understand the quiet night time and auroral
mechanisms that are responsible for the CO7 emission well enough so that we
can model the data. It also confirms that the spectral characteristics of
the SWIR CVFs were calibrated fairly accurately. Secondly, we have demon-
strated that any feature which might appear in the region A 24.5 um in data
obtained with a SWIR CVF with resolution element width comparable to or less
than that of the 11 April 1974 or 24 March 1973 CVF, will not be due to 'cold'
COy emission. This second point is important since it may be used as another

42

RN ol S bt v -




argument that CO, is not the emitter which is responsible for a possible
auroral feature in the 4.5 to 4.6 pm region that was noted by Stair in SWIR

CVF data obtained in a moderate aurora on 12 March 1975.

Our CO2 4.3 pm spectral zenith radiance modeling effort in preliminary
application to HIRIS data obtained 1 April 1976 has established the following
points. First, HIRIS-like rsolution is sufficient to observe the optical
thickness induced change in the spectral shape of the COp 4.3 pm auroral
spectral radiance as the rocket penetrates through the 80 to 110 km altitude
region. Secondly, just a very small fraction of COy emission above 80 km,
be it auroral or nuclear induced, will occur in the red and blue spike regions.
Thirdly, nuclear deposition in the altitude region below 30 km should also be
expected to contribute to nadir radiance in both the red and blue spike
regions. In the former, due to weak band emission; in the latter, due to the
optical thickness band broadening effect. Finally, we have shown that HIRIS-
like resolution should be sufficient to identify the 626 001-000 band origin

and Q branch in zenith spectral radiance data obtained at altitudes zg< 70 km.

Our recommendation for improved modelling of the spectral structure in

the quiescent, auroral and nuclear disturbed infrared background would include:

e Upgraded modelling in the 4.3 pm region by including the emitters
NO+, N70, CO and 14N1I5N in the model.

® Extend the modelling capability to other spectral regions by

incorporating emitters and emission mechanisms roughly as are listed below:

Spectral Region Emitter Mechanism
2.7 am NO N(%D) + 0, —> NO(v)
OH Nightglow Mechanism
OH Dayglow Mechanism
€0y, Hy0 Solar Scattering
CO2 Auroral 2.7 pm Mechansim?
5.3 pm NO N(ZD) + o,
6.3 um H20 Non-LTE Thermal

Solar Scattering




Spectral Region
9-11 am

A212.5 am

A216 pm

Emitter

05

COo

N,O

2

Mechanism

Non-LTE Thermal aq:d
0 + O2 +M-—) 05

Non-LTE Thermal

Non-LTE Thermal an
N2(A) + O2 —_ N20

@ Validate the improved spectral models by comparison with rocket-

borne CVF and interferometer (HIRIS, FWI) measurements of zenith and limb

(SPIRE) spectral radiance, by comparison with laboratory measured (LABCEDE,

COCHISE and our own facility, for example) spectral radiances, and also by

comparison with EXCEDE spectral radiance measurements.
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