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SECTION 1
INTRODUCTION

Nuclear-induced infrared radiation in the 2- to S-pym region has
important systems (and potential systems) implications. This is especially
true for wavelength bands near 2.8 and 4.3 um. Accurate modeling of the
emissions is necessary for a good assessment of the svstems degradation in

a nuclear environment.

In the work reported here, we attempt to pinpoint the major un
certainties currently associated with a determination of the molecular
emissions, particularly those near 2.8 and 4.3 ym, and recommend a research
effort designed to improve the prediction accuracy. Emphasis is placed on
the chemical/optical phenomena associated with the excitation and emission.
Uncertainties related to nuclear phenomenology, that in some instances may
overshadow those considered here, liec outside the scope of the present

effort.

The procedure adopted was to first identify the atmospheric
molecules that are known to radiate in the wavelength regions of interest.
Next, we attempted to evaluate the relative importance of each specie in a
nuclear environment by considering various pieces of tield, laboratory, and
theoretical data. In particular, use was made ot prior MHUD/chemistry code
runs for high-altitude bursts, D-region chemistry benchmark calculations,
and comparisons with Fishbowl and auroral data. Certain species have been
eliminated from consideration on the grounds that their formation rates,
compared with those for other species radiating at nearly the same wave-
length, are relatively small. For those species vetained, we have estab-

lished a list of the major uncertainties and have assigned, tor each mole-

cule, relative priorities relating to the need for resecarch to reduce them.

7




Finally, we have attempted to provide an overall priority listing of

research requirvements, taking into consideration the relative importance of

cach specie and the syvstems needs, or anticipated needs, as we currently
understand them. The ordering of priorities is necessarily somewhat sub-
jective since systems requirements, in terms of wavelength bands, sensitivity,

etc., are subject to change.

Section 2 is devoted to a consideration of NO which has long been
believed to he the maior source of 2.8- and S.4-um emission in a nuclear
environment. The chemiluminescent and atom-interchange excitation mechanisms
are reviewed in the light of extsting field data both auroral and nuclear.
Deficiencies in the models used to describe the data are identified.

The sensitivity of NO chemiluminescence to the unknown branching ratios for
production of \(JS\ and  N{"D) atoms, under nuclear-disturbed conditions,
is quantified and recommendations are made for specific laboratory weasure

ments.

Section 3 constders other emitters in the 2.6- to 2.9-um region

with special emphasis on CO, OH, and HO,.

Section 4 deals with the wavelength band from about 4.1 to 4.6 .
. - : S . %) 1 IR,
Included for consideration are the molecules €O,, CO, N N “ N0, and

NO L, some of which may produce nuclear-enhanced emission in the bhlue- or

red-spike regions of the main €O, absorption band.

i\ Finally, Section § gives a summary of our tindings and presents a
;
ﬂ : priority listing of recommended ticeld, laboratory, and theoretical research

el

programs required to upgrade our modeling capability tor the J- to S-um

region.




SECTION 2
NO RADIATION

INTRODUCT ION

This section discusses various aspects of the problem of verifving
the mechanisms involved in the generation of IR radiation from NO, the un-
certainties associated with its prediction, and recommendations for specific

measurements.

Because NO radiation in a nuclear environment has important systems
implications, a major goal of DNA programs, including ICECAP, EXCEDE, COCHISE,
and LABCEDE, has been the verification of weapon-eftects models used to
describe this radiation. Uncertainty in the mechanisms, and in certain

ameters involved in the mechanisms, has persisted, although the above
ms have served to advance our knowledge of them and to decrease the

uncertainties accordingly.

Until the advent of the auroral program ICECAP, the dominant exci
tation mechanism for NO fundamental and overtone radiation outside hot
fireballs was believed to be chemiluminescence, especially through the
\;‘:(“ +Q, recaction. However, analvsis of ICECAP has shown that, although
the 11':'.1;\\‘ amount of auroral data near 2.7 um can approximately be accounted
for on this basis, the data near 5.4 um cannot. On the other hand, it appears
that earthshine scatter from NO, coupled with excitation of NO(v=1) by
the atom-interchange reaction 0' +NO =0 +NO', can, in the main, account for
the results. But no confirmation of this is available since the concentrations

of NO and 0 were not directly measured. Confirmation of the atom-inter-

change mechanism has potentially important systems applications in a nuclear

9
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environment where the temperature may be sufficiently elevated, over large
spatial regions, to produce excitation of NO(v=2) with emission intensities
{ . B |
{ at 2.7 um approaching thermal equilibrium values.* 1

Validation or improvement of the chemiluminescent model for NO
emission has also been an important goal in the past few years. A signifi-
cant forward step in this effort has been the recent COCHISE measurements
at AFGL on the vibrational distribution of NO following its formation by
the N(:”) +0, vreaction. This work establishes the spectral distribution
; of the emitted NO radiation and provides a good estimate (probably to within

a few percent) of the absolute photon efficiency for the reaction in both

4 the fundamental and overtone bands. These results can be used to update
previous calculations of auroral intensities, and comparisons with [CECAP
data, and to learn more about the relative roles of chemiluminescence and

atom interchange in exciting NO emission.

\ In this section we first look at the COCHISE results on the rela-
)

tive production rates of NO(v) by the N(7D) +0, reaction and report an
independent verification of the spectral distribution of radiated energy
and the photon efficiency for both the fundamental and overtonce bands.  The
significance of these results on prior chemiluminescent calculations,
particularly those relating to auroral conditions, is discussed. This has
bearing on the next topic which concentrates on the S.4-pm spectral region.

. Here we compare some theoretical results on the spectral distribution of
(1,0) band emission from NO, at various temperatures, with CVE (circular
variable filter) data from ICECAP. The implications of these comparisons,
relative to the atom-interchange and the chemiluminescent excitation
mechanisms, is discussed. Finally, we report on the results of some calcu
lations performed to determine the sensitivity of NO chemistry and chemi -

3 luminescence to the branching ratios tfor the formation of \'('lﬁi ) and
N(:H). Recommendat ions are then made for laboratory and ficld experiments to

upgrade our prediction capabilities for IR emission from NO.

B * This statement is basced on work performed under this contract, but not
otherwise reported here, in which the results of former MUD calculations
for a high-vicld, high-altitude burst were modified to include the atom-
interchange mechanism.

bl




T T e g e g P 6 IR R T AN A AT Ly et R L el B & PN

MLl e ol | A S R

e

'; CHEMTLUMINESCENCE FROM N(D) +0, » NO+0O
Photons Per Reaction and Sensitivity to Quenching Models

! In Appendix A we present an independent caleulation of the photon

ettficiency in the tundamental and tirst overtone bands of NO, excited by the

v

veaction N(TD) + 0, > NO +0, using the recently measured data by AFGL on the

1 relative production rates tor NO(v). Included arve the eftfects of quenching
? using two ditteorent models., The principal results ave presented in Table A-1

and Figures A1 to A-3,  The conclusions can be summarized as tollows,

In the zevo gquenching limit, the number of photons, n . emitted

tund.
per reaction by NO in the tundamental band is 3.97 the number, n m

' overtone'

the tivst overtone band 1s 0,28, Above about 80-km altitude, quenching by

atomic oxveen dominates and produces velative minima at 100 kmoin the alti

tude profiles for n. and n N he values for n  then increase

fund . overtone

with increasing altitude and approach their zervo quenching Limits above about
| 140 K. Below 80 km, the photon ettficiencies decrvease nearly exponentially

with decreasing altitude, because of quenching by molecular oxvgen, so that

at 20 km they ave about three orvders of magnitude smaller than theiv un

quenchaed vatues,

he quenching models adopted assame that the quenching vate
constants satisty cither (1) quenching proportional to the vibrational
1 quantum number, v, i.e., k\ vl \’kl o or (1) quenching independent ot

o€y K 1 kl 0 Model U provides tor considerably more gquenching of
Vi,V ;

the higher vibrational states than does Model 2. Nevertheless, tor the

fundamental band, the two models produce nearly identical values tor 1
For the first overtone band, Model 2 quenching gives values tor n o about
0 percent larger than does Model 1 gquenching at J0-kwm altitude, but the
ditterences decrease with increasing altitude.  Thus, we conclude that
although the magnitude of the quenching rate constant K is important,

1,0
knowledge of the relative vates amonyg the difterent vibrational states as




not particularly crucial to a determination of 1. and  n .
tund. overtone

Thus, use ot k‘ 0 as oa gquenching rate constant tor all states  NO(v)
5

probablyv pives sutfficient accuracy for most purposes,

\s far as omission trom the individual vibration-votation (V- R)
bands ot the fivst overtone band svstem of NO ix concernad, our results
show that with Model 1 quenching, the peak emission occurs in the (5,3)
Band (281 pm) at all altitudes.  VYor Model 2 guenching, however, theve is
a shitt in the band for which the peak emission occurs,  Above about 1.0 K,
it occurs in the (5,3) band.,  From 115 to at least 80 km, it occurs in the
(0,1 band (280 am), and at and below 50 km, the peak is in the (7,5) hand
(200 g L Thas, at lower altitudes, Model 2 gquenching should produce a
Shitt in the overtone spectrum toward longer wavelengths, perhaps by about
O, relative to that at the higher altitudes. However, as we will see
below, the chemiluminesceont overtone spectrum is sutftficiently broad (= 0.3
i full width at hald maximum) o that i€ such a shitt occurs, and is ignored,

ne osipnd Cicant cateatational evror in the intensity should vesult,

Rasod upon the tforegoing caleulations, emploving two quenching
mode e, we conelude that detailed measurement of the variation with v o ot
the quenching rate coetticient kv.v T relative to k‘.o. s probably not
critical tor a determination of the nuclear induced interterence with
svatems operating near 207 am and, thevetore, that sach measuvement s do not

warrant top priovity,
Spectral Distribution of tmitted Radiation (Zero Quenching Limit)
In earlior veports (Retevence 21, Appendin A, and Retervence 20
\
we calenlated the NO chemi luminescent spectra from the NETDY 0, veaction

hased on the assumption that the first 18 vibrational states ot NO - are

populated with equal probabilityv, Using the same procedurves, we have

12
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vrecalonlated the spectra using the COCHISE data.  These calculations were

done only tor the case of zevo quenching, although use of the results, shown
o Appendin Ay our computer routine will permit a determination of the

spectra for any altitude,

The procedure used is to fiest caleulate the fraction of the total
number of photons emitted by the band svstem (AW =1 or Av = 2) whose wave
tonpth falls in a resolution element, A\, at  \.  This produces a bar praph
which would, 1t AV were chosen small enough, exhibit all the votational
Lines of the band svstom. Next, we simulate what a civeular variable tilter
(CVE) spectrometer, of etfective bandwidth, A\FYF' would see as it scans in
wavelenpgth over the bar spectrum. 1t is these synthetic CVE spectra that
are shown here,

\

Figure 21 shows the caleulated spectral distvibution of NO

fundamental band photons per veaction in a band of width A\ 0.12 yum.

CVE
\resolution AL =0.00 tum o was adopted.  The rvesults arve shown for rotational
temperatures of 250 and 450 K, although for A 5.6 um the two vesults are
mdistinguishableos Note that the peak emission oceurs at about 5,45 .

In Figure P the 250 N curve of Figure 201 has been converted to
a Mper mieron™ basis by dividing by 0012 and the resulting curve is comparaed
with the corvesponding result obtained on the basis of our old "equal popu
Lation™ assumption.  We see that the new and old spectra are quite similar
at short wavelengths up to the peak, but therecatter the old spectrum talls
ot more stowly with wavelength because of the assumed preater praduct ion

rate of the higher vibrational states,

Figures 28 to 26 present the rvesults tor the fivst overtone band.

Flgure 28 shows the wavelength positions and velative strengths of the
peaks of the Ry Q. and ' branches of the bands in the A =2 sequence

at a temperature of 300 Ko Figure 24 shows spectra calenlated for two

13
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Shotons Per Reaction in 0.12-um Band

Figure 2-1.

\\Cvr = 0.12 um

S Resolution = 0.02 ym

1t L | e 1 .
5.00 5.20 5.40 h.60 5.80  6.00 6.20  06.40 06.60

Wavelenath (ym)

Calculated spectrum (fundamental) of NO chemiluminescence us ing
the AFGL laboratorv data for the N(<D) + 0, * RO + O reaction
(zero quenching limit), ;

14

-t
*

rasy
Ry




2Lwl] BbuLyouanb 043z) % 062 3 0 + ON < o + (0z)N uOLIDBBJ By} WOy
UOLSSLWS |ejudwepuny ON 404 B43D3dS M3U pue p[O UB3MIS] uostuedwo) 2-z aunbi4

(w') y3buaanep

00°. 089 09°9 O0v'9 029

00°9

rllllmu.mo 194y uo _~»

S~ paseg— MmN,

—

y e TRy Sttt ey o -

0¢'s 00°S

0

15

UOUDL 434 UOLYORIY J4dd SUOIOY(




e — v PTE——
i s
: ,!\hiﬁ
2
!
*3.00€ 3e uoL3dead
; 0 + ON <« No + Aomvz WoJj 33e3Ss Ape33s UL SUOLILSUBU] BUOJJUBA0 QN
g 40 Sayoueuq 4 ‘0 ‘Y 40 sjyead 40 syibusuls aALe|34 pue SUOLILSOd “g-Z 3unbL4
7
: (wr) y3buaaaep
! : : . 5 :
. L°€ 0°¢ 6°¢ 8°¢ L2 9°¢
¥ | JI— — | I _ T 0
4 b 0 oesn o —
| ool Lol = =3 T
: B~ = ™ = o o o w =
kS — — - — —~ — b
- =) o L] o o o > = g
, 2 @2 = @ = [ S = 2 1¢0
f = (\fm = ~ S Rt ~ 670 ro
o 2 o 1 =
- et i e S N
o | S U=
o = = -
3 —~ — o
o 2 = 2
: - B 5 o LA
2 Il = o o =
~ o~ M
o - = =
- kit m._\\.m = T B~ -
R o .
IV\ S ow w ~




~
: <t
: s
¥ + - <
: :E__ﬁz__ﬁl__~5£ . £
LRI ' Bandwidth = 0.12um:
A 1.5} @ & & —~ ~77 Resolution = 0.02um
1 ~ o % = Bandwidth = 0.02um
§ 1.4 b h % T o Resolution = 0.01um
3 = o -
! B 1.3 = ﬂ ~
_._ 3 i \ = T = 250°K
1 2 1.2 = | x
# N KD.
i & 1.1 = o 0 S 1
a + x ©
< 1.0 = ,‘—’ [\ g ©
- - % a
> .9 — i +
Q o /7 —
© ~
f N B u o
i s 7 / U =
3 a. —~ —~
; w .6 / L S
: S S
¥ ° -5 — e o
1 S| )
| : =
_ R
H
i .2
il L
| : :
1 2.60 2.70 2.30 2.90 3.00 3.10 3.20
f
i Wavelength (um)
é: Figure 2-4. Calculated spectrum (overtone) of NO chemiluminescence using the

: AFGL laboratory data for the N(2D) +02 *NO +0 reaction (zero
; quenching limit).




o i

“(3twr| Buryousnb 043Z) 4,062 3 0 + ON « No + Aom\z UoL3o®3J
3y} WOJ) UOLSSLWS 3UOJJ3A0 QN 404 BJ3I30S M3U pue PO U3sMI3QG uoSLJedwo) “G-7 3JnbLy

(W) y3bus(anep

o€ 0€ "¢ 0c¢°¢ DL € 00°¢ 06°2 08°¢ 0L°¢ 09°¢ 1
5 |
L {z- :
3 4
LY / N Y
\ 4 4
eg— M3
,/ll ejeqg ge] 194y uc paseg— MaN, f m
b /1 \ g =
\ / ..mu
VA J/ 5 =
B af VA / 12’ z
<\ s z
\ / — 1
S~ / z ;
5 : ] 0'L 3 !
\ \ s !
/f'l \\ >
- / . = _
//I/ / ILN L «IJ. i
i \\\ E
~
| pazeindog £[|enb3 g| 0] (=4 uo paseg—,plo, =7 \/ 91
- = |
. | 21




diftferent combinations of CVF bandwidth, A\

CVE? and resolution, A\, at 250°K.
For the spectrum corresponding to the higher resolution, the individual

peaks are identified according to the main bands that contribute to them.

The relative strengths of some of the peaks shown mayv not be accurate because
of insufficiently small values chosen for A\ and A\CYF' In Figure 2-5

we compare the low resolution spectrum of Figure 2-4 with the corrvesponding
spectrum calculated on the basis of the "equal population' assumption. As
can be seen, the new spectrum peaks at a somewhat shorter wavelength, and
exhibits considerably tfewer photons at and bevond the rather broad peak

near 2.84 pm, than does the old spectrum.
Implications to Prior Calculations and Conclusions

The toregoing results, pertaining to photon efficiency and spectral
emission tor the tfundamental and overtone bands of NO, can be compared with
those used in prior calculations, particularly those using the ARCTIC code.
We have reviewed some of our earlier work, in light of the above changes,
to see what conclusions, it any, based on previous comparisons with auroral
ICECAP data, and nuclear Fishbowl data, need revision.

N

The former calculations assumed that the N(7D) +0, reaction

forms 0P and O(ID) according to the scheme

\\\"" NO + O(°P)
AZ

N(TD) 40,

S XJo~1™NO + o(\n\

which, vith the "equal population'" assumption, results in §.7 fundamental

photons and 0.82 overtone photons per overall reaction with a rate constant
. -12 3 = | '

of 6 x10 cm’ sec . These numbers arce to be compared with the new ones,

based on COCHISE measurements, of 3.9 and 0.28, vespectively. Thus, our

assumed 1 values for the fundamental and overtone were high by factors
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of about 1.5 and 2.9 compared with the new unquenched values.  When collisional

quenching is included, Table 2-1, based on Figure A-1, shows, for selected

altitudes, the factors, F, by which our previously calculated chemiluminescent

volume emission rates are too large. The overtone values tor F o are based

A}

on Model 2 quenching as described in Appendix A

Table 2-1. Factors by which previously calculated auroral
NO chemiluminescent volume emission rates are

too large.

Alt;;gde Ffund. Fovertone
90 2.2 aa
100 4.0 6.4
110 2.6 4.3
120 1.9 38
130 1.6 3.2
o 1-5 2'q

We have applied these factors to correct our previous calcu-
lations and to reconsider the conclustons regarding the role of NO chemi-
luminescence in the interpretation of nuclear and auroral data.

Nuclear Data.  The IR data trom two high-altitude bursts have
been reviewed with the object of verifving the NO chemiluminescent
mechanism for the fundamental and first overtone bands. After applyving
the foregoing results on spectral band shapes and photon etticiencies,
and allowing for instrument response functions and transmission losses,
we find that in one case the data are consistent with the NO mechanism.
In the other case they are decidedly not. We conclude, thervetore, that
the nuclear data do not unambiguously support the conventionally assumed

role for NO in a nuclear environment.
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Auroral Data. With respect to auroral data, tiae conclusions
formerly reached (Reference 2-3) were: (1) NO chemiluminescence cannot
account tor the bulk of the data near 5.4 um, either with respect to the
magnitude of the emission or to its spectral distribution; (2) the calcu- i
lated NO chemiluminescence near 2.7 pm is in reasonable agreement with
the only available rocket measurement of zenith intensity (rocket A10.205-2,

24 March 1973). Our comments on these conclusions are as follows.

First, with respect to Conclusicn 2, the new spectral distribu-
tion (Figure 2-5) is in better agreement with the CVF data on this flight
(see Figure 3-12, Reference 2-2) than is the old "equal population' spectrum.
However, our new calculated zenith intensity (moditfied from Reference 2-2)
talls short by a factor of about 3 in accounting for the rocket data above
95-km altitude. As to the fluorescence etfficiency (on an energy basis) in
the 2.8-um band, Figure 2-6 is a graphical summary of our theoretical results
tor several auroral events compared with the available field data. The
theoretical curves have incorporated the recent COCHISE results on the

5
N(TD) +0, reaction and also quenching as shown in Figure A-1. The rocket
data shown in Figure -0 was obtained by integrating over the CVF spectral
features (near 2.8 um) at 75- and 100-km altitudes and using the measured
3914-\ zenith intensity to infter the energy deposition rate. One other piece
ot rocket data (not shown), trom u side looking radiometer on ICECAP rocket
\18.205-1, has been used by Kofsky (Reference 2-4) to infer a fluorescence
efficiency as high as 3.5 percent. However, because of the necessity of
subtracting a large ecarth-limb contribution to the observed radiance in this
case, the associated uncertainty is probably large. The range of etfficiencies
inferred trom the Z.8-um aircraft data, shown in Figure 2-6, was obtained
trom analyses presented in References 2-4 to 2-6. Although the theoretical
efficiencies are functions of altitude and depend on the input auroral
particle spectrum as well as the bombardment time (since it takes time to
achieve steady state conditions after turn-on of the aurora), it is clear
from Figure 2-6 that the theoretical values are generally less than about
0.3 percent. The field data, on the other hand, support values that are
larger than this by factors of at least 2 to 3. C(Clearly, more field data
and analyses are needed to confirm whether NO  overtone emission can tully

account for the auroral intensity and spectral distribution near 2.7 um.
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Next, tor the fundamental band, we looked primarily at CVF data
trom the '75 Multi event (rocket ICS519.07-1B). This is because the instru-
ment used for that event extended in wavelength to 5.6 um and so permitted
observations to wavelengths bevond the peak of the feature near 5.4 um
which the earlier instrumented flights did not. The feature actually
exhibits a double peak (see, for example, Figure 2-13, Reference 2-3) the
main one at about 5.2 um and the other at about 5.4 yum. Figure 2-7 shows
the zenith spectral intensity for these peaks measured on rocket ascent.
\s tar as we can infer, the arc was above the rocket until the rocket
penetrated it at about 125-km altitude. Details of this event, and our
earlier calculations, are presented in Reference 2-3. The calculated peak
spectral radiance near 5.4 pm, as inferred from Figure 2-2 and our ARCTIC
code calculations, is shown by the dashed curve in Figure 2-7. It is seen
that the calculated values at low altitudes are within a factor of 2 of those

measured for the 5.4-um peak and, above 130 km, actually exceed the measured

values.

The comparison shown in Figure 2-7 is at variance with our former
Conclusion 1 above and, if taken seriously, presents a dilemma in terms of
spectral interpretation as discussed in the next subsection. However, it
should perhaps be noted here, that although our calculations were based on
the measured input particle flux to the aurora, our calculated zenith
intensity profile for 3914 \ exceeds the measured one by factors between

*
about 2 and 4 (see Figure 2-10, Reference 2-3). I1f the theoretical curve

*  This discrepancy between intensities measured at 3914 A by photometers
and those inferred from particle measurements is consistent with com
parisons made for other auroral events, but its source is not known.
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in Figure 2-7 is thus reduced accordingly, the measured peak intensity at
S.4 pm would exceed the calculated peak by tactors of about 4 at 100 km,

3.5 at 115 km, and 3 at 130 km.,  In any case, for later reference, we note
that the calculations show that at higher altitudes, a lavger traction of
the emission i1s attributable to NO chemiluminescence than i1t i1s at the lower

altitudes, at least tor this particular auroral cvent.

he explanation tor the double peak of the S.5-pm teature, as
given in Reference -3, and further claborated in the next subsection, is
that they ave the « and P branches ot the (1.,0) band of NO excited,
prosumably, by the atom-interchange reaction and carthshine scatter, 1,
on the other hand, chomt fuminescence, with @ single peak near S.4 um (see
Figure 2-2) 1s the major contributor, it would leave unexplained the source
of the 5.24m peak and also the near svmmetrey in the 5.3-0m zenith intensity
that has been consistently observed on 1CECAP tlights during rocket ascent

and descent .,

In the noxt subsection we look in detail at some measurved CVE

«

spectra near 5.3 gmoand further discuss the implications of a substantial

contribution to tt from NO chemt luminescence.

FUNDAMENTAL BAND RADTATION

\s indicated earlier in this section, the auroral data near 5.4 um
can, in principle, be accounted for largely on the basis of NO(v=1) excita

tion by a combination of the atom- interchange reaction and carvthshine scatter
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provided the NO concontrvation s suttably enhanced over tts low latitude
values (sce, tor example, Reterence Q2 3). Pxcitation of NO(v=.), with
implications to systems operating near 2.7 pm, can similarvly be expected in
reptons ot the atmosphere heatod by nuclear explostons,  Validation of the

atom- interchange mechanism is theretore tmportant.,
Spectral Considerations

We have sceen in the last subsection that our aurorval calculations
tor the 75 Multi event (1C S19,07-118) give an NO chemi luminescent contribu
tion to the tundamental band that is at least a substantial fraction ot the
measured intensity,  The gquestion of whether this s compatible with the
avatlable CVF spectra will now he examined,

Figure =8 (trom Roference A=t or 207 shows co-added CVE spectra
taken on ascent at selectaed altitudes and presented such that the 5.0 jm
peaks are all normalized to unit velative intensity,  As pointed out in
Retoreonces A=4 and 27, three teatures to note about the spectra are that
with increasing altitude thove is: (1) a shitt of the 5.2-um peak to shorter
wavelengths, (2) a decvease in the S.4-0m peak relative to the 5.20-um peak,
and (3) a narvowing of the entive structure,  In Reterences A4 and 27,
features 2 and 3 were presentad as ovidence that NO chemi laminescence is
operating to modity the S.4-0m peak at altitudes below 140 kme o Thas, pre
sumably, the spectrum in Figure 8 corresponding to an altitude off 187 kn
represents (1,00 band radiation trom NOO At Tower altitudes, NO chemt
luminescence, with a peak near S04 pm, would servve to enhance the S.4 m peak

relative to that at 5.2 ym.

he foregoing explanation of the features s at least gqualitatively
appealing.  However, there arve ditticultios with it Fivst, we tind, trom
an independent study of the CVE data, that the variation with altitude of

the ratio between the two peaks s about the same on rocket ascent and

v
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Co-added normalized CVE data on ascent from
rocket 1C519.07-18 (from Reference 2-7).
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o
descent.  But, according to the on-board 3914-A photometer, the rocket

descended in a region where the auroral intensity was at least ten times
less than that on vrocket ascent.  Thus, the relative contribution from NO
chemi luminescence to the S.4-40m peak should be much less on descent than on
ascent.  Second, as was pointed out in the previous subsection, our caleu
lations indicate that tor the particular auroral arc in question, chemi
Luminescence should become relatively morve important at the higher altitudes
than at the lower altitudes (sece Figure 2-7)., This is just the reverse of

what 1s needed to account tor teature

here is an alternative explanation, however, that fits features
1 and 2 (although not feature 3) that we now present. 1t is based on the
fact that tor increasing altitude above 100 km, there is a monotonic in
crease in the Kinetic temperature, T, Assuming Boltzmann cquilibrium amony
the rotational states, this veflects itselt in a change with altitude in the
ratio of R- to Pbranch peaks of the (1,0) band of NO.  We have calculated
syithet e CVE spectra (assumed CVE bandwidth of 0,12 jm) tor the (1,0) band
at selected temperatures between 250 and 750 °K. The vesults, with the R
branches normalized to the same vatue, arve shown in Figure 2-9.  The top
curve (J50 TKR) corresponds to an altitude of about 110 km: the bottom one
(750 °K) to an altitude of about 160 km.  Notice the shift of the R-branch
peak near 5.0 e to shorter wavelenpths with increasing T (altitude) and
also the decrcase in magnitude of the Pobranch peak near 5.4 jm relative to
that of the R branch. The latter effect is due partly to the increasing
wavelongth separation of the peaks with increasing T, coupled with the tact
that the transition probability for cach rotational line varies as \“.
Figure 210 compares 550 °K and 780 °K spectra from Figure 229 with the co
added CVE feature at 137 km trom Figure 2-8,  The latter should corrvespond

to emission from altitudes above 137 km, i.c., to temperatures 2600 °N.

e resemblance between the measured CVE features and the calculated

(1,0) band spectra of NO, shown in Figures 2-8 through 2-10, is sufticiently
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striking to add considerable weight to the idea that the emission is com-
pletely dominated by the NO(1,0) band excited by atom interchange plus
carthshine scatter. On the other hand, if Figure 2-8 is a true representa-
tion of the facts, then the explanation just given doesn't entirely fit either.
First, unless the rotational states arve far from Boltzmann populated, the
band should broaden with increasing altitude (as in Figure 2-9) rather than
narrvowing. Second, the S.4-pm peaks should be somewhat larger, relative to
the 5.2-um peaks, than those shown in Fiqure 2-8, especially at the lower
temperatures. Third, if we attribute a substantial fraction of the emission
near 5.4 m to chemiluminescence (230 percent at 130 km) as the previous
subsection suggests we should, then the measured 5.4-um peak should be cven
greater, relative to the 5.2-um peak, than shown in Figure 2-9. The data in

Figure 2-8 shows that this is not the case.

Conclusions

There are clearly problems involved in attempting to explain the
CVE spectra near 5.3 um based either on a model that assumes only (1,0)
band radiation from NO (the atom-interchange and carthshine scatter mech- L
anisms) or else one that includes a contribution from NO chemiluminescence.
Because of the potential importance of NO emission to svstems, we recommend
that this situation be clarified at an early date. Hopefully, the planned
tficld-widened interferometer experiment will provide auroral data with

suftficient resolution to resolve these questions.

SENSITIVITY OF NO CHEMISTRY AND CHEMILUMINESCENCE TO THE
BRANCHING RATIOS FOR FORMATION OF N(4S) AND N(<D)

The rate of formation of NO and, consequently, the NO chemilumin

. : S : T |
escent intensity, are dependent on the relative concentrations ot N('8S)

Al )

and N(TD)  atoms., This is because N(".\‘) and N(D) react with 0. fto

form NO at quite different rates except at temperatures above about

Il
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1500 to 2000 °K. The relative concentrations of the two nitrogen species
depends, in turn, on the branching ratios for their formation by several
ditferent chemical reactions. Included are dissociative recombination in

+ + , " . o2
N, and NO , the ion-atom interchange reaction between N, and 0 to

< + : : . +
form NO , and prompt formation by electron bombardment. Only for NO

recombination has laboratory data on the branching ratio been obtained.

The purpose of the work reported here is to determine the sensi-
tivity of the NO chemiluminescence, and NO concentration, to variations
(uncertainties) in the various branching ratios and, if necessary, to make

recommendations for appropriate laboratory measurements.
Calculations

In order to determine the degree of sensitivity of the NO  chem-

istry to uncertainties in the various branching ratios, we numerically solved

the set of 7 nonlinear differential equations that describe the time dependent

] 3 A 2 Y .- + ™y + - . L
species concentrations (N'S, N°D, NO, N, , O, , NO , O) for the tollowing

simplified set of chemical reactions:

+ 1 et el s A R D
N, + € — tlx( S (-«tl)\( D) s kl = 8.8%10 |
+ P 4 . 2 5 -0 0.37
NO® + e —== f£.N('S) + (1-f,IN(D) + O s Ky = 3.5%x10°° T
+ k} 4 5 ¢, + -9 _-0.44
N g f;\( S (l—tilx( D) + NO : k% = L6 T
K
‘ =5 ~0.7
0 +e =% 00 SRETS &
N
y =10 =08
o' + N, == no* + N('s) ST o
K
; 10 ~0.5
o'+ 0, i \): + 0 < kl\ = 3.5 o gV
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+ K, + =10 —=0k5
N. +0, —= N. + 0, s k. = 8.6 G

1 R -11  -3980/T
N(CS) 0, — NO =+ 0 ; kg = 2.4 FUPE
o Ry - -11
N('S) + NO — N, + 0 i kg = 2.2
NEDY » 0, 22 No+ o : l\m=(~.0_l‘

R 1§
N(TD) + NO L) N, + 0 3 =5 9" H

Here, fl' f:. and fs are the branching ratios tor X(JS) and N(:U\

production by the tirst three reactions. In addition, we assume that one

nitrogen atom per ion pair is created by the prompt N rayvs (Reference 2-8)
>

with a fraction f4 in the JS state and (l—fJ\ in the D state. An

ambient ionosphere was also provided along with a background ionization

source consistent with the assumed ambient clectron density,

Some calculations were done for an altitude of 90 km, but most
were done tor 110 km.  The initial values adopted for species concentrations
and the ambient electron production rate, Q.+ are shown in Table 2-2. 1In
Table 2-2 the parameter  is the initial fractional ionization created by
prompt energy deposition. Values used tor f, the fractional ionization
were 3.5 x107% at 90 km and 2x107° at 110 km. For the 110-km altitude,
calculations were made using branching ratio combinations shown in Table 2-3.
These were performed for temperatures of Joo, 500, and 1500 °K, a total of
72 separate calculations, each run tor times out to 100 sec.  For the 90-km
altitude, runs were made using six different branching ratio combinations
and a temperature of 184 °K.  Only the 110-km results ave described here

since they span the range of variations observed at both altitudes.
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Results

For the limited cases run, the results can be summarized as follows:

5

1. At a temperature of 1500 °K, the rate at which NO is formed by

reaction between 0O, and either N('S) or N(D) is sufficiently similar
that the species concentrations and NO chemiluminescence are quite insensi /
tive to changes in any of the branching ratios. The same remarks apply for

T'> 1500 °K,

2. For T=266 and 500 °K, the results are most sensitive to

changes in f and t‘l. For example, a factor of 2 increase in f. (for

1 1
fixed values of the other ) can lead to a decrease in [NO] by a factor
of 600 at 266 “K and an increase in the chemiluminescence by a factor of 3%
at 500 °K. Similarly, a change in t'l by a factor of 2 can lead to cor :
k
responding changes in  [NO] and in the chemiluminescence by factors of 5000 ‘

and 100, respectively. Variation of £, or 1'.; results in considerably

less change in either [NO] or the chemiluminescence.

3. Of the cases run, the largest variation in the chemiluminescence,
for f, set equal to the laboratory value (0.25), occurred for simultancous
variation of l'l. fﬂ' and t"l. The results are shown in Figures 2-11 and
2-12. From Figure 2-11 we see that at 100 sec there is more than a 3 order
of magnitude difference in the chemiluminescence between the two cases.
Correspondingly, from Figure 2-12 we see that the difference in  [NO] s
nearly 2 orders of magnitude and, in [\(".\'\]. it is over § ovders of

magni tude.
Conclusions

The foregoing results show that, at least under conditions where
the fractional ionization is reasonably high (210 [0]). but the tempera-
ture is below about 1500 °K, relatively small ervors in the assumed branch-

N

4 : . " " iRl e . ; ¢
ing ratios for production of N('S) and N(D) by N recombination,

Al
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Figure 2-11. ND chemiluminescence (5.4 ym) at 110 km for two different
combinations of N(4s)/N(2D) branching ratios (T = 500°K).

36

B T e e Y TN A s e e~



1012 T I T i T T

Dashed Curves-Case 1'
Solid Curves -Case 2;

See Fig. 2-11

101]

§ ]010

—
o
~

—_—
(e)
(o2}

Concentration (cm'3)

10

10

108 | | 1 1 1 |
Ww: wE ! 10!
Time (sec)

Figure 2-12. NO and N-atom concentrations at 110 km for two different
combinations of N(4S)/N(2D) branching ratios (T=500°K).
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and by the initial photo-clectron hombardment, can lead to greatly mapnified

errors in the calculated NO  chemiluminescence at 5.4 and 2.7 pm and in the

NO  concentration.  Errors in the NO  concentration in turn produce addi-
tional errors in the caleulated NO o emission (especially the fundamental
band near 5.4 pm) excited by the atom-iaterchange reaction 0' +NO >0 +NO',
AMthough we assumed no hyvdro motion or temperature variation with time in
our simplificd calculations, there is no a priori reason to expect that

inclusion of these offects would lead to significantly different conclustons.,

Comments on [xperimental Determination of f7 and f4

To determine l'l and l'_‘ one would like, ideally, to bombard air
in a chamber with a very short X-rvay or clectron (keV) pulse and then measure,
Al
as functions of time, the ahsorption of N('l.‘ﬂ and N(°D) resonance lines
at 1200 “\ and 1493 ‘\ vespectively.,  The relative concentrations of N('S)
;
and  N(7D), as functions of time, would thus be determined.  The carly-t ime

results (prior to onset of clectron-ion recombination) would vield ("l; the

later-time results would vield l'i.

\ method somewhat analagous to this was receatly used by Klev, ot
al. (Reference 2-9) to measure the value of f, involved in  NO re

combination. They used a Clash lamp to fonize NO  and a resonance lamp

o
for emission of the 1200 A and 1493 A nitrogen lines.  However, they were
not faced with the problem of making measurements at very carly times prior

to the onset of recombination,

We have estimated the time scales involved for the measurements

1f, for example, we assume a characteristic dimension of 10 cm for the

bombardment volume, and require the resonance rvadiation to bhe attenuated

by ¢ = across it, then use of the reported resonance absorption cross
i S Q ; sl ’ 11
soction of N('S) at 1200 A leads to a requivement that  [N( S)|<5.0x10

b | « . . ' . . . .
cm at S00 °K. This requirement implies a large initial clectron density
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3 (since about & electrons are produced for every N ) eroated) and leads

;! to a halt lite tor electron ton recombinat ion of only about 8 psec, Ihis

i

3 wottld be the time avatlable for makine a Jdeterminat ton of ('. the later
time measurements to determine (‘ conld presumably be carvied ont in a

4 manner stmilar to that used by KNlev et al,., in which the numbor of nitrogen

3 atoms produced prompt Iy arve distinguished trom the number proaduced by dis

ff soctative vocombination by uxing the 3-!“ electron seavenger met hod

SUMMARY  AND - RE COMMENDAT TONS

‘: We have examined certain aspects of the problem of predict ing
| IR vadiation from NO in a nuclear envivronment with & view (o aneovering ma oy
v; areas of vncertainity., Cructal toe such predictions, of courte, are the

g excitation mechanisms themselves, 'he majtor ones ave believed to be thermal
f colbistons with  NO  and chemi luminesceont reactions, pavticulaviyv between

] atomie nttroven and molteculary oxveen,  Cevtain auvoral data sugeext that

thermal excitation ot NO(v=1) by means of the atom intevchange roact ton
QF aNO =0 « 8O is particutarly etticient at high altitudes and may even
dominate the chemituminescent mechantsm oy excitation of the tundament al
band tn the aurora.  Validation ot the atom-interchange mechantsm has
important application to the overtone emission near 2«8 pm that mav simi
lavliy be excited in lavge heated regions ot a nueleat environment W
have soueht to determine whethey the existing Cleld data (auvoval)
togoether with recent labovatowy data on chemt huaminescence, ave sutticient

to vertty the respective poles of the two pechant sms

V Kev element tn the deteominat ion ot both the thevrmal and the

Ghemt tuminescent contributions to IR emisston trom N ] haciear

enviromment s the relative traction of nltrogen atoms present in the “«
} il ." tate We have, theretfore, also examined the various wavs b
1 whieh these atoms arve made and have detemined, Dy sensitivity tudtes,
3 those branching vatios for which measurement © ave most needod




Contrary to some of our carlier conclusions with respect to auroral
data, the issue of atom-interchange versus chemiluminescent excitation of
NO  tundamental radiation no longer scems so clear, particularly when viewed
in light ot the data from rocket 1C519.07-1B. Since this is an important
issue to resolve, we hereby recommend a measurement program, preferably field
and laboratory, with sufticient spectral resolution to provide unequivocal
determination of the emitting species and bands. It successful, the planned
ficld-widened interferometer experiment should be of great benetit in this
regard.  For complete verification of the thermal mechanisms, however, the
ticld experiment should also include an independent determination of the
NO  and O concentrations, perhaps by use of a cryvogenic neutral mass
spectrometer.  In addition, direct laboratory veritication of the atom
interchange mechanism, both with respect to the rate coetficient and the
spectral distribution of emitted radiation at various temperatures, is

needed.

With respect to NO  chemiluminescence near 2.8 jm, theoretical
y

calculations, that incorporate the recent COCHISE data on the N(TD) +0
reaction, give values for the auroral cmission that are lower than the air-
craf't and rocket data by tactors of at least 2 to 3. Furthermore, certain
nuc lear data appear to be inconsistent with the conventional NO mechanism.
Therefore, unless the 1978 DNA-AFGL auroral rvocket program is able to
definitely contfirm the emitting specie(s) and excitation mechanisms in-
volved, we recommend additional field programs be undertaken to resolve

the apparent discrepancy.

Next, because of the sensitivity of NO  chemistry and resulting

: ; 3 " ; . i . ; . I
emissions to uncertainties in branching ratios for production of N( 'S)

Y
and  N(7D)  atoms, we recommend laboratory measurements to determine ceortain

Here, ¢ is defined by the veaction |

quantities . and f :
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4 and fj is the traction of nitrogen atoms produced in the JS state
» tnmediately following energy deposition by X ravs or fast clectrons.  The
p } y
3 remaining fraction, (1 f‘). is usually assumed to be in the "D state
./ A
E although some atoms will certainly be left in the “IP state as well.  The

Al
traction in "' is of interest, although with somewhat lower priority.

Quenching of the NO  radiation becomes an important consideration

'j at altitudes below about 110 km.  Data on the quenching ot NO(v=1) exist,
,; but little extist tor NO(v-1). However, our studies above show that the
1

chemi luminescent emission rate is not particularly sensitive to the variation
of the quenching rvate with vibrational state v, at least for rates that

vary no more strongly than lincar with v, Of course it would be worth
veritving experimentally what the variation with v actually is, but we

presently assipgn a lower priority to this task.

In summary, we recommend the tfollowing measurement program, with
the assigned relative prioritices:

kv Auroral ticeld measurcements in the 5.0 - 6.5 um and 2.0

5 "

é ' ] S 3 -1
3.24pm regions with sufficient spectral resolution (£5 cm )

to unambiguously identity the radiating species.  (Priovity 1)

2. Laboratory determination of the branching ratios for produc
i " 4. 2 : o
tion of N('S) and N('D) atoms (a) by dissociative re
+

combination in N, and, (b)) immediately tfollowing energpy

deposition by X ravs and R particles. (Priority )

% Concurrent with 1, a measurcment of the NO  and O concen

trations in the aurora. (Priorvity 3) |
4. Laboratory contirmation of the rate constant tor the reaction

O +NO' > 0" + NO(v0) with spectral obscrvation ot the resulting

emission over a wide temperature range. (Priority 3)
L Laboratory determination of the quenching rates ot NO(v+1)

by 0, and 0. (Priority 4)

a1
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ﬁ ) SECTION 3
J \1 OTHER EMISSIONS IN 2.6- TO 2.9-um REGION

In addition to NO, other atmospheric molecules that can radiate in

o i S
"

the wavelength region from about 2.0 to 2.9 ym include CO,, ,0, OH, HO,,
H,0,, HNO,, and llNO.\. We have reviewed the potential signitficance ot these

species in a nuclear environment and discuss the conclusions in this section.

Except for CD., and for H.O at low altitudes, these species are

1 all very minor const it;wnt\' ot the ambient atmosphere.  However, their
potential importance in a nuclear environment lies in the possibility of
their chemiluminescent formation (or vibraluminescent excitation in the
case of CO,) by the multitude of reactions that occur as the disturbed air
returns to chemical equilibrium.  With the exception of OH, the species
lListed are all polvatomics which are usually important only at and below the
D region where 3-body reactions, or 2-body ones involving other polvatomics,
are effective in their formation.  Thus, although a low altitude tavors the
formation of these species, it also acts to depress the radiation from them

hecause of collisional quenching.

We have used results of Doregion chemistry benchmark calculations,

i performed with the code DCHEM, to estimate the relative formation rates of
the species. (€O, is in a category by itself because its excitation by
vibrational transter from N, generally dominates that by chemiluminescent
formation of the species.)  The results show that the formation rate of

) I,0,, INO,, and TINO, are lower than those for OH and HO,. Since the bands

for all five species occur at about the same wavelength, we conclude that

H,0,, HNO,, and HNU; arce relatively unimportant in this wavelength region,
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As for H,0, the dominant formation mechanisms involve reactions with complex
hydrated water ions in which little exchange of energy occurs. FEFnhancements
of the vibrational excitation of H,0 should, therefore, be minimal. For
these reasons we dismiss from further consideration all species except €O,

OH, and HO,.

CO2

Role In Nuclear Environment

\ number of intercombination bands of CO, can contribute to radia-
tion near 2.7 um. The band strengths are probably known with sufficient
accuracy so that the thermal emission from locally heated regions, especially
those at lower altitudes where collision limiting is not important, can be
calculated fairly well. At higher altitudes, above about 70 km or so where
X rays from a high-altitude burst are deposited over large arcas, there is
the possibility of vibraluminescence persisting for long periods of time.
This phenomenon is potentially important because it may degrade the per-
formance of systems operating near 2.7 pum. Questions relating to the un-
certainties involved in a determination of this emission will now be

discussed.
Uncertainties

Figure 3-1 (from Reference 3-1) is a partial vibrational level

diagram of CO, showing the origin of some of the intercombination bands
near 2.7 um.  Also shown in Figure 3-1 is the relative position of the
first few vibrational states of N,. The close energy resonance bhetween
the 001 state of CO, and the v =1 state of N, is responsible for the

efficient conversion of Ny vibrational energy into CO, radiation ncar

1.3 um. However, excitation of the intercombination states that lie
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Figure 3-1. €0, - Nz*vibrational energy transfer and 2.7-um emission bands.

above the 001 state can, presumably, come about cither by transfer reactions

such as
N:(H u:o:(mm > N:(m 0(‘,0:(1011
or, perhaps, by
N:(\r) +(‘u~,mnm > N:(m *(‘0:(00\‘) (3-2)

where the energy in COL(00V) is partially redistributed, by collisions,

Al

among the other vibrational modes. For v > 1, Reaction 3-2 requires a

multi quantum jump in both N, and €O, which, on theoretical grounds,

should become increasingly less favored as  Av o incrcases beyvond unity,
But details such as the rate of excitation by Reactions like 3-1 and 3-2,
and vibrational redistribution and quenching are by no means well known.

In fact, we are presently not in a good position to calculate the €O

Al

vibraluminescence at 2.7 um.  The conventional wisdom is that the emission
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should be relatively small (at least compared with that at 4.3 um) because

the branching ratios are believed to be such that transitions that emit at

4.3 um are favored over those that emit at 2.7 um by a factor of about 24

(Reference 3-2). For example, the states 101 and 021, shown in Figure 3-1,

Q can decay by transitions to states 100 and 020, respectively, with emission

v near 4.3 um, as well as by radiation to the ground state 000 (in the so-
called "summation bands') shown in Figure 3-1. The Lockheed experiments

{ (Reference 3-3) have not yet succeeded in confirming the assumed branching

ratios for the 101 and 021 states, but it is hoped that the presently

planned series of experiments involving laser excitation (Reference 3-4)
will provide us with the required data for those states. Even so, there is
still the question of branching ratios for the higher intercombination

states that give rise to the so-called "difference bands'", some of which

are shown in Figure 3-1.

The potential importance of the CO2 difference bands, indeed of
CO, vibraluminescence at 2.7 um in general, can be traced to experiments by
Oe;tinger and Horn (Reference 3-1) in which the absolute intensity and
# spectral distribution of 2.7-um radiation emitted from CO,, after excitation

by vibiational transfer from N,, were measured. The apparatus involved a

B

flow tube wherein ground-state CO, and vibrationally excited N, (excitation

by an S-band generator) streams i;teracted to produce the CO, ;mission that
| was spectrally investigated at selected downstream positions? The results,
compared with analytically derived counterparts for the summation bands,

show that for an N, vibrational temperature of 1900°K, the difference bands

at 2.7 um contribute about 2.5 times as much as do the summation bands.

The information supplied in Reference 3-1 includes, besides the
spectral intensity, the N, vibrational temperature, the N, pressure and the

CO2 partial pressure. From these data we have attempted to make a crude

e
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1 estimate of the possible importance of CO, vibraluminescence at 2.7 um
Z$ relative to that at 4.3 um. In the following we make no reference to
#
i specific vibrational states of N, and CO, but, rather, assume there are
; rate constants Kk, . and k4 3 such that
, - ..
| g oo Ry I .
i N," + (0, ———=N, + C0," ———=N_ + €O, + hv, .,
¢ 2 2 2 2 2 2 2.7 um
= and
k + 4.3 $ M3
: Hl % O, e By Y00, s
g where A, ., and \3 5 are Einstein coefficients for the 2.7- and 4.3-um
) . - .' . X ‘) . .
i emissions, respectively. If kgl_ and kgql are the corresponding colli-
sional quenching rate constants then, in steady state, the volume emission
i =, & |
rates at 2.7 um and 4.3 um ave given by
i &, ks <[C0. 1. H
i s 2 —— = < (3-3)
I q)
2.7um A, oA, o 2k
| a &.5 &
| . o
| . Ay 5¥q, 51091 1Ny ] }
{ Qt 3oum T Sl Lot = =
L Al Ry = SREVE B
! .3 4.3“‘
}' If AU is the path length across the interacting CO,/N, streams, then
f the 2.7-um intensity is
A Y% =0 =
| | s = 5.8x% 10 [ TR AL (watts ¢m ster ). (3=5%)
' 2.7 pm 2.7 um
i |
‘ - - - . . .
i It Equation 3-5 is ecquated to the measured intensity, we can
i then solve for the unknown excitation rate constant, k, ., provided values
} for the other parameters are supplied. The greatest uncertainty here is
- P ’ ) - s :
% the effective gquenching rate constant k&q_. o be specific, we will
i assume that we can use the quenching rate measured by Finzi and Moore i
‘ (Reference 3-5) for the 101 and 021 states, which gives us
) % o ) [y a
1 l\(“l_ 2 1.3 %10 €O, ] . (3-0)
’v')( 2 i
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| Values for the Einstein coefficients A, - and Al ; are about 15 soc_l

| and 400 sec_l, respectively (Reference 3-6). For the particular experimental

/P=0.043, and the
16

arrangement where the total pressure p=1.1 Torr, PCO»
nitrogen vibrational temperature T y =1720°K, we find [N,] =2.9%10

S -3 o e 5 -3 ¥
[co,] =1.2 ‘lﬂlg em”, and [N;¥] =4.1 ‘<10l em””

-3
em,
If we integrate in wave-
length over the observed spectral intensity for this case we find

bl

e i -
[ 1““(mea':'.ured) ~ 4.5 %10 (watts ¢m ster l) . G3=T)

Equating Equations 3-5 and 3-7, and using values for the parameters quoted

' above, along with Al= 2 cm, we find

=2 S 4
) K. - ~ 8x10 (cm™ sec ) - (

2]
'
o2
O

~

This is certainly a large rate constant for excitation of 2.7-um vibra-

i luminescence. In fact, it is about one order of magnitude larger than that
‘ for vibraluminescent excitation of 4.26 um by the N, (1) >~CO,(001) process.
! Of course, if we have overestimated the quenching, using Equation 3-0, then

we have overestimated Kk, . by a corresponding factor.

Nevertheless, if we do use the result 3-8, what is the implication

for the aurora at altitudes above about 95 km where we can ignore the gquench-
; . , : 5 A o - . -13
ing? From Equations 3-3 and 3-4 we find, taking kl 3 =6 %10 5

i &
| f.3um M3 fs :
! : N w ks = ol :

5 - - “ .

Hm

1 This implies that for every two photons produced at 4.3 um there is one

produced at 2.7 um. This is clearly too large an auroral emission rate at

I 2.7 um even if we attribute all the observed 2.7-um auroral emission to CO,

\ instead of to NO. For example, for rocket A10.205-2, the observed 4.3 to

2.7 ratio varied from about 15 at 95-km altitude to 8 at 100 km and 2 at
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110 km.  Furthermore, the CVF auroral data peak at a wavelength of about
2.80 um (in reasonable agreement with NO overtone chemiluminescence) whereas

N

the CO, vibraluminescence, reported in Reference 3-1, peaks at about 2.70 um.

It is, therefore, unlikely that CO, is the principal contributor near 2.7 um

in the aurora.

The main purpose of the foregoing exercise, however, is to point
out that in our present state of ignorance concerning vibraluminescent
excitation of €O, radiation near 2.7 um, arguments can be made to support

emission rates that are not insignificant compared to those at 4.3 um.

Recommendations

It would appear that there is a definite need tfor more laboratory
measurements, perhaps along the lines of those by Oettinger and Horn, to
determine the excitation and quenching rates necessary to clarvity the role

of CO, vibraluminescence near 2.7 ym so that, if signiticant, it can be

modeled for use in codes such as ROSCOE.  Specitically, we recommend a

laboratory program designed to determine:

ks the CO, spectral intensity near 2.7 jm, compared with that
at 4.3 um, as a function of N, vibrational temperaturve. 1t
is essential that the v\pcrimén(s be performed over a suf
ficient Iy broad pressure range to establish the effective
quenching rate constants.  (Priovity 1)

2 if possible, the vibrational transfer rates from N, (v™1)
to CO.. (Priority 2).

branching ratios between 4.3 and 2.7 um tfor the higher states

‘o

of CO, that give rise to the difference bands near 2.7 um.
(Priorvity ).
N %

Tasks 2 and 3 should be done onlv it Task 1 shows that the J.7-um

emission is signiticant under conditions of small or zero quenching.

a8
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OH

Role In Nuclear Environment

OH, with its fundamental band near 2.8 um, is a very minor con-
stituent of the ambient atmosphere. Consequently, thermal radiation from
the species is not very significant. However, chemiluminescent excitation

of OH, presumably through the recactions
H+0, > OH(v=9) +0, (3-10) "

0 +HO, = OH(v =6) +0, . (3-11)

1s responsible tfor one of the most intense airglow emissions at altitudes
between about 80 and 90 km (see, for example, Reference 3-7). Direct en-

hancement of OH emission in auroras, however, is not observed (Reference 3-8).

In a nuclear envirvonment, as in the ambient atmosphere, OH chemi-
luminescence should be insignificant above 100 km where the concentrations
of the polvatomic reactants 0‘ and HO, are small. Similarly, widespread
enhancement in the concentrations of the atomic oxvgen and hyvdrogen reactants,
by X-ray absorption from high-altitude bursts, would not be expected much
below about 45 km. There is, therefore, a limited altitude region, extending
from perhaps 45 to 90 km, in which an increase in the concentrations of the
reactants in Reactions 3-10 and 3-11 might occur to enhance the OH emission
in a nuclear environment. However, with a quenching rate constant of § \10_1'l

3 1 (BN s : . x . 3

cm’ sec , inferred from airglow data (Reference 3-9), and an Einstein co-
efficient for the tfundamental band of 34 socﬁl. collisional quenching scots
in at altitudes below about 75 km theveby limiting the emission rate tfrom

the lower altitudes.

We have used the output from coupled hydro/cheristry-code calcu-

lations (MICE/IRCHFM) to infer the expected behavior of OH chemiluminescence

5
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for two nuclear events: (i) Kingfish, and (ii) a high-vield burst at 200-km

altitude. The results show that tfor altitudes below about 70 km the ozone
concentration is enhanced over ambient values, but above 70 km it is decreased

mainly because of destraction by reaction with atomic nitrogen. For both

events we find that the OH intensity, arising from H *0; chemi luminescence,
is depressed below pre-burst values because the ncg:lti\'o. contribution trom
altitudes above 70 km more than outweighs the positive contribution from the
lower altitudes. This is true for both vertical and horizontal viewing

directions.

Untortunately, the MICE/IRCHEM calculations did not include the

species HO, and so no estimates are available for the effect of Reaction 3-11
in these cases. However, chemistry benchmark calculations, using the DCHEM
code, do show an increase in the 0 and HO, concentrations for at least tens
of seconds after a burst although, for most altitudes and times, the forma-
tion rate of OH by Reaction 3-10 dominates that by Reaction 3-11. It scems
unlikely, therefore, that in a nuclear environment the enhanced contribution
to OH chemiluminescence from Reaction 3-11 is generally sufficient to offsect
the negative contribution from Reaction 3-10. Based upon the limited cases
studied, we conclude that the OH intensity in a nuclear environment is

generally suppressed below ambient values.
Uncertainties

Considerable work has been done in the laboratory (Reference 3-10),
in the field (References 3-7, 3-11, 3-12), and through theoretical analyses
(Reference 3-9) to account for the airglow data, mainly by Reaction 3-10.
Less is known about OH excitation through Reaction 3-11. In particular,

uncertainties exist with respect to:
L the rate constant tor Reaction 3-11

2 the initial vibrational distribution of OH tollowing

Reaction 3-11

3. the quenching of OH(v).
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Recommendations

Betfore recommending any laboratory program to reduce the above- ]
; listed uncertainties, we feel that more code calculations should be done to
} definitely confirm our tentative conclusion that OH radiance is suppressed
in a nuclear envirvonment. To properly assess the relative importance of
‘ Ol emission, such calculations should take due account of the NO overtone
radiation excited by the atom-interchange reaction (see Section 2) and by

chemiluminescence.

HO2

Role In Nuclear Environment

HO, is also a very minor species in the ambient atmosphere. Like
OH, 1ts potox_\rial importance in a nuclear environment derives from the
possibility of enhanced emission from its Yy fundamental band (near 2.9 um)
: in chemiluminescent tormation by reactions including, particularly,

OH +0, - HO, +0, +1.69 eV (3-12)
.\ -

and

H+0, +M > HO, +M + 2,04 eV : (5-13)

To our knowledge. no direct observations of HO, chemiluminescence have been
| made. The possible importance of the species as an IR emitter is purely
conjectural, based on formation rates calculated by D-region chemistry codes,

especially DCHEM, run under nuclear-burst simulation conditions.

We have studied the results of DCHEM runs, as well as those from
some code calculations performed for the natural OH airglow (Reference 3-9),
Pertinent comments, as they pertain to the role of HO, in a nuclear environ-
| ment, are as tollows. First, for comparing the formation rates of OH and

i

HO, by Reactions 3-10 and 3-12, respectively, we note that [OH] exceeds
b 2
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{1 for altitudes up to about 60 km in the ambient atmosphere (Reference
3-9). At higher altitudes the [OH]/[H]  ratio drops rapidly so that at

100 km 1t 15 about 10 (‘. Second, the rate constant for HO, formation by
Reaction 3-12 is about 2 orvders of magnitude smaller than that for formation
of Ol by Reaction 3-10.  Thivd, under nuclear-burst conditions, [OH]  builds
up for some tens of seconds at altitudes below about 70 km as does also

|“;] provided the initial fractional tonization is sufticiently high.
Fourth, as discussed above, IU,‘I is generally depressed below ambient
values above about 70 km.  The overall result is that the HO | formation

rate by Reaction 3-12, and hence also the HO | clu‘milnmim‘wm.wv, 1< cenhanced
below 70 km. In certain time-altitude regimes, the formation rate ot HO |
cven exceeds that of O llowever, because of the rapid decay ot |OH] ‘
with increasing altitude above 7@ km, there will not be a larpe contribution
to HO, emission at the higher altitudes as there is for O emission.  Since
the DCHEM results show that the formation rate of HO , cven at the lower
altitudes, is not significantly greater than that l'n;‘ O, we would expect
that the HO, intensity along any sight path, which of necessity includes

contributions from high altitudes, would be less than that for Ol

These semi-oqualitative avpuments lead one to the conclusion that
the intensity of HO . chemiluminescence s probably on the same ovder as, or
amaller than, that of O chemiluminescence which, as we have scen above,
appears to be depressed below normal airglow Tevels ina nuclear environment .
As to the wavelenpth positions of the two emissions, we know that the wave
length of the (100-000) band of HO | lies about 0.0 pum to the red side of
the (1,0) band of O, However, the reactions forming Ol are more exothermice
than those forming HO, and so the O should he poputated to hipher vibra
tional states than the HO . Thus, the peak in the chemiluminescent spectrum
of Ol would be shitted more to the red side of its (1,00 band than would be

the case for HO, with the result that the two spectral distributions should

largely overlap.
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R Uncertainties

Apart from some uncertainty in the rate coetticients tor Reactions

k| S-12 and 3-13, the major uncertainties associated with modeling the HO |
Al S : : .
2l emission in a nuclear envirvonment arve:
'“ e the vibrational distribution ot HO, tfollowing itts tformation
| by Reactions 3-12 and 3-13
.| 2. the quenching rates tor HO, (v, 00)
35 the band strength tor the Yy tundamental which is needed
tfor a good description of the quenching tactor.
Recommendations
]
No experiments on HO [ are rvecommended at this time.  However, more
code calculations should probably be done to verity the tentative conclusions
E | reached above and to determine the magnitude of the intensity along tangent
and zenith paths tor the case of at least one high-yvield, high-altitude burst.
Such a calculation should include, tor comparison, the OH and NO contribu
tions near 2.8 um.
k2 N 53 B
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SECTION 4
EMISSTON IN 4.1 10 4.6-um REGION

Rackground radiation from about 4.1 to J.0 um, induced by atmospheric
nuclear explosions, mav degrade the pertormance of svatems designed to operate
in this wavelength region, Patential radiators include CO, (4.3 um). CO(4.6 pm),

\ll\lh

(4.4 um), Xn\. (4.3 um), and NO(4.5 um). We have .ul\l-rv---:ml the problem
of determining the relative importance of these species in a nuclear envirvon
ment , and the principal uncertainties associated with modeling their emissions.
For this purpose, we have made use of prior caleculations, including chemistry
benchmark vuns and output from large MID codes and, where possible, have

utilized aurveoral field data. The results of this effort are summarized in

this section. They are presented in order of the species listed above.

€O,
y

Carbon dioxide is the dominant emitter in this wavelength band,
and the one most studied by the weapon effects community., the veason, ot
course, 18 because of its relatively high mixing ratio n the ambhient atmos
phore, coupled with the fact that N (v=1). which is initially the sink tor
about 5 percent of the Xeray energy released from a nuelear detonation, can
readily transter its enecrgy to CO, which then radiates at 4.3 um (and othoer
bands) over a long period of time. In the past tfew vears a lot of etftort
has gone into modeling this emission More receontly, retfinements have heen
added to atlow for radiation trapping ot the 4, 20w resonance radiation below
about 100 km, for emission by the so-called weak isotopie and hot bands,
and for fluorescence resulting trom absorption by CO, of sunlight and bomb

tight at 2.7 um with subsequent reradiation in other bands, especially those

ta
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| near 4.3 pum.  The basic theory of CO, vibraluminescence near 4.3 pm is sub-
:ﬂ stantiated by the TCECAP auroral measurements, which in turn have served to
)
L - . o ~ ~ . -~ . .
| retine the theory. The recent SPIRE (spectral infrared experiment) experi-
ment in Alaska obtained useful data for the purpose of confirming the fluo
i rescence mechanism. Muchof the theoretical and laboratory work on CO,, which
¥ . = - ; - R
| is still ongoing, has been done by Kumer and James (sce, for example, References
3 3-2, 3-3, and 4-1 to4-3) who have also emphasized the arcas where more measure-
! : ¢ —
| ments arve required to improve the accuracy of our prediction capabilitv. Since
i
L these requirements are well known:to DNA, it scems redundant to repeat them
E here other than to add, perhaps, the need for measurements of the CO, mixing
i . . . . . -.. 3
3 ratio above 100 km. For this recason we pass on to a consideration of the
d
| other species.
1
3
!
4 Co
4 1
§ 5
| RoTe In Nuclear Environment
4 ]
] v}
| Carbon monoxide, with its fundamental band ncar 4.7 jm, is a very ;
3

{ minor constituent of the ambient atmosphere with a measured mixing ratio up

-

k| to 50 km of about 1 x107", which is less than 1/3000 that of €O,. It has

potential importance in a nuclear cnvironment only because it can be tormed
by dissociation of CO, in low- and intermediate-altitude firveballs and then
- N

carried aloft in the subsequent fireball rise. Because of its high disso

'{ ciation energy, and non-reactive character, the species should have a long
“( lite at the higher altitudes where it can presumably be excited by resonant :
'? scatter of solar and/or ecarthshine photons.
|
p | Detailed fireball calculations, performed for chemistry benchmark
| purposes (using the FIRECHEM code at MRC), have shown that, although the
CO content of low-altitude fireballs may exceed that of CO, by several
orders of magnitude for a few seconds, the COy concentration generally builds
up again, partly by entrainment of ambient CO, and partly at the oxpense of
it 55
0, i
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the CO, so that by the time the firveball has rvisen a fow scale heights, the

CO, s again dominant.  This fact would appear to rule out long term exci-

tation of the CO by vibrational transfer from N, which will tend to excite
the more abundant CO,.  An exception to this rule may occur for high-vield
bursts, such as Teak, detonated above 60 km or so, for which little or no

entrainment is believed to occur and not much reformation of the €O, is

expected.

In summary, it appears that an appreciable amount of €O may he
formed in low- and intermediate-altitude fiveballs and lofted to altitudes
of 100 km or more where it will have a long life against chemical destruction
although its concentration will be diluted by diffusion and other transport
processes,  The dominant excitation mechanism, when thermal collistons are

no longer important, is likely to be carthshine scatter.

Uncertainties

The impact on systems operating in this spectral vegion will depend
on the details of the nuclear bursts and the CO concentrations present.
Given the concentrations, however, proediction of the infrared intensity trom
CO should not entail much uncertainty since the band strength is well known.
fhe greatest uncertainty lies in the determination of species concentrations
which depends on fiveball phenomenology.  Entrainment and mixing of ambient

air are quite crucial in this determination, but these phenomenon arve only

poorly understood.

Recommendations

We do not recommend any optical or other measurements rvelative to

CO at this time,
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1 The NlJle molecule, existing in the atmosphere with a relative
abundance of 0.72 percent, is expected, on theoretical grounds, to radiate
in its fundamental vibration-rotation band at 4.30 ym. As reported by
4 Garstang (Reference 4-4), Bates and Poots (Reference 4-5), utilizing a
3 formulation of Wu (Reference 4-6), calculated a value for the Einstein
frﬂnﬁitiGQ probability, \10. for the fundamental band of the ion (N14N15)§
of 2x10 ° soc_l. This value has been assumed in the Russian literature E
! (Reference 4-7) to apply, approximately, to the netural species also.  For 1
3 purposes of determining the possible importance of the species in a nuclear
j environment, we too shall adopt that value, although clearly, until measure-
: ments are made, it must be assumed to be only an order-of-magnitude estimate.
‘-: Role In Nuclear Environment :
As Kennealy (Reterence 4-8) has pointed out, usc of the above value
for Aln leads to a volume emission rate at 4.30 pum, trom N14Nl5. that should
dominate that at 4,26 ym, from CO, vibraluminescence, in the altitude region
fv above about 110 km. This is hvcn;sv the NIJNIS emission rate is proportional
to [N, (v=1)] whereas the CO, vibraluminescence involves [CO ] as an addi
tional tactor which, other things being equal, causes it to decrease taster
with increasing altitude than the NlJle emission rate.  The main question, 3
{f however, is whether or not the emission intensity at these altitudes is sig-
| nificant enough to worry about. We have addressed this question by calcu
k! lating the expected zenith intensity for the case ot a high-yvield burst at
200-km altitude using the species concentrations and the nitrogen vibrational
temperature output by the MHD code MICE. Our results give the thermal
emission trom the (1,0) band of NlJle at 4,36 um and also, for comparison,
i the vibraluminescence from the 4.20-um band ot CO,.
i
. 57
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1
i |
§ I A = 14,15 . .
! For emission from N° N 7 we have used the relations
b |
| ,
i -N14le 14,15 -3 - 4
pi ¢ = §A, [INNTT(1)] (photons ¢m = sec ) ]
, 10
4.36 um
3 = ﬂ.k‘;’\ln[Nz[l)]
/
! -3291/Ty, -3291/T,,
! B \‘8’\“)[‘\13](1—0 .5__1/'[\)0 R} l/l\ (4-1)
! %E : M % e .
i Here, o is the relative abundance of N N " (7.2 x10 "), Iv 1s the nitrogen

vibrational temperature, and § is the collision limiting factor that allows
for the fact that at the higher altitudes thermal equilibrium among vibra-

tional states does not prevail because collisional excitation cannot compete

} with deexcitation by radiation. For § we have adopted the expression 1
| s - “1'~ (4-2)

i Mo V1o

A ' 14,15

where the collisional deexcitation rate, v of N 'N 7(1) 1is assumed to

107
be controlled by V-V exchange with N; and by V-T collisions with atomic

2 o ' : ;
oxyvgen. Values for v]O were calculated using the equation

-17 9 -22.2.87 - A
\‘{0 = 10 l/rl-sc-l.S/T[N-‘l + :‘.l—;’ X 10 1 8 [0] (SL‘C 1) r (‘1—_5‘ h
\10 is assumed equal to 0.02.
| For temperatures above about 1000°K, collisional excitation of
14,15

N N T to vibrational states higher than v =1 will begin to occur so that
contributions from bands (2,1), (3,2), etc., should also be included.
Equation 4-1 can be corrected for this by multiplying by the factor

3201/ Thre ~2 . . T e
(1-¢ A"'l/") . At 5000°K this factor is 4.3; at 10,000°K it is 12.7.
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4 For CO, vibraluminescence above 100-km altitude, it is sufficient
i’ to adopt the simple relation
_('():
b = K[CO, ][N 4=
Y4.26 um I Jll 3(1‘1 (8=4)
{

based on the scheme

B

it N, (1) + CO, (000 —h.x‘(u\ + CO,L (00 (4-5)
g 2 2 2 2
CO, (001) — €O, (000) + hv, | (4-6)

| 2 ¢ 4.26 um

| where the rate constant, k, can be approximated as

|

‘s <1071 1

j K Min (4-7)

R 10 I?v 0.0019T | I.NVU‘UDSfr‘

‘

Fhe results of the calculations are shown in Figures 4-1 through

1-5.  They include post-detonation times from 60 to 600 sec and zenith
intensities at 200- and 400-km range trom ground zevo. Figures 4-1 through
1-4 show the zenith intensity profiles along the two vertical paths at
selected times after burst., In these figures, the intensities are given
in megaravleighs 1[0‘: photons ¢m - sec l\. They can be converted to units

of watts \'m"‘ ster : by multiplying by 5.6 x10 "). Figure 4-5 presents the

.; results in a different form; namely, the intensitics as functions of time at

‘ three ditfferent altitudes.

|

|

i The detailed behavior of some of the curves shown in these figures
may seem peculiar but, basically, it stems from the hvdro motion of the region ]
that transports air of varving temperatures across the two chosen vertical I

' sight paths. 1In any event, the results do show that the zenith intensity
from ‘11\15 dominates that from CO, by factors of roughly 3.5 at 120-km
altitude, 20 at 160 km, and 30 at t\\‘ km. As to the total intensity,

L
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Figure 4-5. Calculated zenith intensity in 4.3-um band from N]ANIS(thennal)

and €02 (vibraluminescence) at three altitudes, z, and at two
horizontal ranges, d, from ground zero of a high-yield burst
at 200-km altitude.
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Figure 4-5 shows a zenith value at 122-km altitude, 400 km range from ground

= -8 -2 =1 . S
zero, as great as 3 X 10 watts cm ster in the (1,0) band of N 'N even

10 minutes after the burst. Contributions from the other fundamental bands

(2,1) (3,2), etc., will, as mentioned above, make the numbers even larger.

. . . o o 1415
These results show quite clearly the potential importance of N N
in a nuclear environment, especially if the band strength for the fundamental

1s as large as we have assumed.

Consideration Of Low-Altitude Effects

: . 14,15
\nother question relating to N \l‘

that we have addressed is the
potential importance of the molecule at altitudes below about 90 km in acting
as an escape route for the trapped 4.26-um CO, resonance radiation. If, as
we have assumed, the radiative lifetime of NlINlS(Vfll is 1/.02 = 50 sec,
then this is short compared with the 8 minute lifetime (Reference 4-2) for
decay of N, vibrational quanta by transter to and radiation from CO, at 80-

km altitude.

g 3 : ¢ © ol i
In considering what happens to a vibrational quanta of N° N7,

however, it is necessary to allow for vibrational exchange with N, that

should be rapid at the lower altitudes because the v=1 states of the two
isotopes are within 39 rmAl of perfect energy resonance. In tfact, assuming
the rate constant for vibrational exchange between the two isotopes is the
same as that between N, and N, (v=1), which is about 3 \10_1) em” sec

(Reference 4-9), then over d4X lUJ exchanges with Nj would occur betore one

J4. 15 o . i 3
quanta is lost by N N in radiation. If we ignore CO, and assume that the

only way an N, (v=1) quanta can be lost permanently is by transfer to and

65
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radiation trom N N 7| then solution of the simple set of reactions

é S é 8
B CE) o NEIRE 2 00 e B0y + WMD)

415 Ao 415
e 2 W S e+ h,
4.36 jim

leads to the approximate result

-\l:\“‘(
IN, ()] & N, ()] Je (4-8)

: . : « L4 15
where, again, a 1is the relative abundance of N* N .
. Y

B e -3 - 5 3 e ;
ot <2 LY and 2 X100 -, respectively, this leads to an effective

For values of «a and

Yo

decay time, (aA )71. for N-(L) (and for N]"N]“(l)) of 1.95 hours at all

10
altitudes below 100 km.  Since this is much longer than the decay time of

. e S AR
N, (1) in the presence of CO,, we conclude that the presence of N N ? will
not alter the decay rate af N_ (1) nor the emission rate from €CO,. In fact,

- . ; SR . : L 1% :
most of the vibrational energy initially deposited in N° N " helow about

: - 14,15 :
100-km altitude should eventually be radiated, not by N Nl , but by €O,
cither through ditfusion of the trapped resonance radiation at 4..20 pm or

through the weak isotopic and hot bands.
Uncertainties

The major uncertainty lies in the band strength (alternatively,
the Einstein A coefficient) for the tundamental. An orvder of magnitude
decrease in the value assumed here would render the species of marginal
importance. Uncertainty also exists with respect to deexcitation of the
vibrational states by V-V exchange with NJoand by VT collisions with

atomic oxvgen. Information on the queaching is needed for proper inclusion

L LS

of the collision limiting at altitudes where NOON if likely to be tmportant.,
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Recommendations

It is recommended that measurements be made to determine:

! % L
s the band strength tor the fundamental ot NN {(Prroxity 1)

) : Ak (LS
the vibrational exchange rate between N, oand NN and also

14,15

the quenching rate of N N " (v) by atomic oxygen (Priovity 2).

no

Role In Nuclear Environment

the potential tmportance ot NO' as a radiator near 4.3 pm in a
nuclear environment stems trom the tfact that its excitation should occur
mainly through chemtluminescent reactions that are enervgetically capable
of populating high vibrational states of the ion. Thus, emission trom
(v,v-1) bands, extending into wavelength regions that overlap the so-called

red spike region of CO,, might be expected to have some systems impact,

lhe reactions

v. ¥ A\

.\‘ ) -~ N + NO (4-9)
t . % +

., + NO - 0, + NO (4-10)
.‘ ) +

NT + 0, « 0+ NO (4-11)
+ . +

O, N - 0 ¢ NO (4-12)
¢ ' v ¢ -

0O * Na ——= N + NO (4-13)

are all sutfficiently exothermic to tform \\" in vibrationally excited states
However, tollowing prompt enervgy deposition, these veactions are over with
in a tew seconds except at altitudes above about 150 km or so wheve the
tormat ton rate and, thevefore emission rvate of NOT tends to be low For

example, for the case of the high-vield burst at 200 km altitude considerved
1 \\\:\‘

above  (see discussion under N , we find that tfor a post detonation

(A
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time of 60 scc¢ the estimated volume emission rate from NO  at 130-km altitude

is about one order of magnitude less than that from CO, vibraluminescence and
nearly two orvders less than our estimate of the 7\‘1'1‘\“:‘\"011(:%1»“! ion. At 200
km altitude, emission from the three species is about comparable, but the
intensities are so low there as to have little systoms impact. Thus, in
terms of prompt deposition effects, we would eoxpect sipgniticant N0 intensi
ties for only a few (perhaps 10 or 20)scconds after a single high-altitude
burst, although in a multiburst environment the effects could persist much

longer.

On a longer term basis, theve is the possibility of N0 cheni
Luminescence at lower altitudes due to energy deposition by delaved heta
and pamma radiation from the debris region.  To gquantify this emission, we
considered the case of a 1-MI' fission-vield burst at 300-km altitude, 100
se¢ after the burst, with a debris radius of 500 km.  From the vesults
presented in Reference 4-10, we first calenlated the electron production
rate due to detaved R and vy deposition along a vertical path below the
debris region.  Next, from vesults of previous ARCTIC code calculations
and D-rvegion benchmark chemistry calculations, we determined that, in the
absence of quenching, approximately one No' photon is expected per ion pair
created.  Then, applving the rate constant for gquenching \'U'(\ L By e
measured by Bien (Reference 4-11), we calculated the zentth antensioy .zu'.x
function of altitude. The rvesults show that for altitudes up to about 60 km,
which is where the energy deposition peaks, the senith intensity s constant
at about o~ 10 k: wiatts om » ster l and then decreases with altitude to a

A ks b
value of about 6 x 10 at 100 km. Larger values will attain at earlier

times, smaller ones at later times. The smallness of these numbers s duce

. - . . 3 . - A}
to the severe gquenching of the radiation which amounts to a factor ot 10

A
at o0 km and 10 at 40 km,

In spite of the smallness of these numbers, two factors may operate

+ .
to make NO  not entirelv uninteresting from the syvstems point of view, ne

GR




is the fact that the emission arising from the beta deposition is probably
structured, which means that smaller backgrounds are required to intertere
with scanning systems; the other is the possibility that the quenching is
much less severe for the higher vibrational states of ‘\'O0 bhecause the encrgy
resonance with N, becomes increasingly worse for values of v =2, Thus, the
(3,2), (4,3), etc. hot bands may appear relatively stronger than do the

(2.0) and (2,1) bands.

In summary, it would appear that N0 does not have a spectacular
IR role to play in a nuclear envirvonment, partly because the high-altitude
excitation mechanism (chemiluminescence) is vather short lived, and pavtly
because the low-altitude tluorescence/chemiluminescence from £ and
deposition is severely gquenched.  However, becanse of the possibility of
continuing excitation at high altitude in a multiburst environment, and the
possibility that the hot bands of the tfundamental may sutter relatively less
quenching at the low altitudes, it is still worthwhile to model the emission
for potential svstems application and to try to improve our prediction capa

bility.
Uncertainties

The main uncertainties that presently exist with respect to calcu
4
lation of the NO  emission are as tollows:

L Ihe vibrational distribution ot NO' immediately follow ing
Reactions 4-9 through 4-13 is totally unknown. The usual
assumption of equal population ot the levels up to the maxt
mum allowed by energy conservation may be gquite wrong and
lead to gross errors in the photon etticiency and the spectral

distribution of the radiation.

The quenching by N, of the vibrational states tor v =~ 3§ is

)

not known.




3. The Einstein A coefficients are incompletely known.  Theo-
retical work by Billingsley (Retference 4-12) has given values

{ for \l.ﬂ and ‘\:']. but the experimental values obtained by

f Rien (Reference 4-11) are nearly 2.5 times larger. The A

' coetticients are necessary for the purpose of determining the

. : A ; :
quenching tfactors to apply to the NO - chemiluminescence,

|
1

o
-

Fo our knowledge, no one has positively identitied NO' as the
4 source of anv of the IR radiation obscrved under aurorvally disturbed con
ditions. Comparisons hetween calculations and field data at 4.3 pm can
usually be explained on the basis of €O, vibraluminescence (scece, tor
example, References 2-3 and 4-2).  The intensity, the shape of the main
3 spectral tfeature at 4.3 pm (observed with low reselution CVE spectrometers),
B! and the decav time of the radiation are in most cases consistent with the
CO, mechanism.  However, we do find that the calculated \U‘ contribution at k
4.3 um, rvelative to that from CO,, is rather sensitive to the spectral
harvdness of the incident .nn'm*;ll-vlvctmn flux. In fact, for one event in
the TCECAP series ('75 Multi, rocket 1CS519.07-1B), our calculated contribu-
tion to the 4.3-mm radiance is an appreciable fraction of the total amount
observed, and it appears to give, when combined with the CO, contribution,
bettor .I.\‘,rvmnvnt* with the data at 110 km on rocket ascent than does the
caleulated €O, radiance alone.  Also, the CVEF data do show emission on the
long wavelenpth side of the main €O, feature at 4.3 um, part of which man
arise from the (v,v-1) bands of thc-NU' fundamental svstem,  Not until data
are taken with higher resolution, however, will we be able to positively

tdent ity the source of the auroral emissions,

« We refer here to Reference 2-3, Figure 2-15 and to later work, not
published, in which the ARCTIC code results have been moditied to
reflect Bien's measured quenching rate gnd have also been veduced to

s . . . . ‘
bring the measured and calculated 3914-A intensities into line.

70

>




Bl a

i

— - RN - L S A i e 2 e e A S S N o SR At o PR RS e

SR »
]
Recommendations
We recommend a measurement program to determine:
. P . . . . . . N & + “ ]
L the initial vibrational distribution of the NO formed by E

Reactions 4-9 through 4-13 (Priorvity 1).

Selection of the most important of these rveactions is difticult,
\t high altitudes the molecular ions will disappear rvapidly by dissociative
recombination leaving mainly Reactions 4-11 and 4-13. However, at low
altitudes, in the B patch, the other veactions, with the possible excep-

tion of 4-12, are also significant.
s the quenching rate of NO (v) for v>3 (Priority 2).

e the Einstein A coefficients with better accurdacy (Priority 3).

N,0

«

Role In Nuclear Environment
Nitrous oxide, with its vy fundamental band at 4.5 pm, is a very
minor constituent of the ambient atmosphere with a measured mixing ratio that

decreases with increasing altitude from a value of about 3 10 at 10 km

to } X0 . at 30 km. The potential importance of the species lies in the
position of its v, band to the red side of the v, fundamental of ('0.‘

and the possibility of its enhancement in a nuclear envirvomnment. Historically,
however, the species has not been considered very interesting trom the nuclear
IR point of view for several reasons. With a dissociation energy (*+ activa
tion energyv) of just over 2 eV, it is destroved at relatively low tempera
tures in fireballs, and so thermal emission from it is quite low., Outside
fireballs, the major formation reaction is usually considered to be

N +NOL N0+ 0 where the NO, comes mainly from veaction of NO with odd
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oxygen. But, by the time NO, has formed, most of the nitrogen atoms have

<
1 *
! been consumed to form NO by reaction with the much more abundant 0. Thus,

-

i | N,O0 chemiluminescence should likewise be small.

Recently, however, IR radiation from N,0 has been observed in the

LABCEDE experiment (Reference 4-13) at AFGL in which air at moderately high

pressures was bombarded by short pulses of electrons. The laboratory data

could not be accounted for on the basis of the standard formation reaction

e 3

above, but it has been suggested (Reference 4-13) that it may be explainable

3

&

A by the reaction

o

i - o

bt N,(A'S) + 0, — N,O + O (4-14)

1 2 2 2

i

=
i where the A"Y state of N, is formed in the experiment by the 3-body }
1 . < 4
b reaction
1 F
5 e

&l | N+N+M-—N (A +M ; (4-15)

j If such is indeed the case, what are the implications for a nuclear environ

]

' ment?  That is the question we now address.

‘ First, since the radiative lifetime of N,(A) is only about 2 sec,

the suggested mechanism can have signitficant duration only in regions where

b there exists a continuing production source for N (A). This requirement

3' restricts the possible applicability either to (low-altitude) highly dis-

i sociated fireballs, where Reaction 4-15 can operate, or to the y- and
3 1
k| B-patch regions in which excitation of NJ(A) by electron impact is a

| continuing process.

* This statement should also apply to a multiburst environment.
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Consider first the tfiveball region. For rapid formation of N,O
by the combination of Reactions 4-14 and 4-15, we need to have present,
simultaneously, large concentrations of both atomic nitrogen and molecular
oxvgen. But, if the atomic nitrogen concentration is high (i.e. large
fractional dissociation of the firveball), then the 0, concentration will be
small unless there is significant entrainment of the ambient airv. It en-
trainment does effectively raise the 0, concentration, then the nitrogen

atoms are rapidly consumed by the 0, to torm NO and, consequently, in a short

time will be unavailablie to form N,(A) by Reaction 4-15. These statements

are indeed borne out by detailed benchmark calculations performed with the
FIRECHEM code.  We conclude that the suggested mechanism is not signiticant

in fireball regions except, perhaps, on a time scale too short for most

practical applications.

Consider next the beta patch region in which NJ(A)  1s produced
continuously by clectron bombardment of N .  ARCTIC code calculations show
that about 0.4 N, (A) molecules are produced by clectron impact for cach
ion pair that is created. This number includes contributions from direct
excitation of N, as well as from C-+>B-=A radiative cascade through the
second- and firvst-positive band systems of nitrogen. We now apply this
number to the case described previously (sce discussion under NOTY of a 1-MT
fission-vield burst at 300-km altitude, 100 sec after the burst, with a debris
radius of 500 km. As an upper limit, we assume steady state conditions in
which each N, (\) molecule formed reacts with 0 to produce, in the absence

of quenching, one v -band photon from N,O. Thus, if q is the volume
. 23

production rate of clectrons by delaved B and Y rays, and Q 1is the

quenching factor, the volume emission rate at 4.5 ym from N,O is

-3 .
£ ~ 0.4 yhotons ¢m ~ soc¢
4.5 1 ( qu (photons ¢m ec )

where

A 10




10
is the quenching rate.  We assume that the quenching proceeds by V-V transfer

Here, A is the Einstein coefficient tor the Vo band of N0, and klIMl
B - ¢
! . = b =12 o 2 -1 " + o ;
to N, with a rate constant of 3 x10 cmTosec (as for NO ). The value for
= 5 -1 . \
Alﬂ is 258 sec . Using these numbers, and the previously computed values
for Qo along a vertical path below the debris region, we obtain the follow-

ing results.

For altitudes up to about 60 km, the zenith intensity is constant
Al

~-10 -2 -1 5 .
at about 2 x10 1 watts cm ster and then decreases with altitude to a

value of about § \10'13 at 100 km. These numbers are comparable to those
quoted above for N0 emission because a comparable number ot photons per
ion pair was assumed for both species. Small though the numbers are, they
are probably gross overestimates of the NJO emission intensity since Nj(A)
will likely be quenched in other ways besides, perhaps, the formation of

N,O.
Uncertainties

The major uncertainties involved in chemiluminescent tformation ot

N,O by Reaction 4-14 arve:
1. the rate constant for the Reaction 4-14

2. the effective number and spectral distribution of the cemitted

v, -band photons.
3

3. the quenching rates for the (00v) states of N,O.
Recommendations

We do not recommend a measurement program for N O at this time.
lhe foregoing considerations, incomplete though they may be, make it ditti
cult for us to believe that IR emission near 4.5 pm from N0 can ever be a
serious threat to system performance. However, if it can be demonstrated
that backgrounds, perhaps structured, of the magnitude quoted above are sig
nificant to a present or planned system, then a measurement program designed

to reduce the above-listed uncertainties would certainly be in order.
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‘ SECTION 5
SUMMARY AND RECOMMENDATIONS

In order to improve the capability for predicting IR rvadiation at
wavelengths from about 2 to 5 um in a nuclear environment, we have attempted

to isolate the dominant molecular emitters in that band, and to identify the

T R L I

factors that lead to the greatest uncertainty in the calculation ot their
radiant intensity. In so doing, we have restricted ourselves to uncertainties
related solely to the chemical and optical properties of the disturbed air.

: Nevertheless, it is well to remember that uncertainties in the calculated
emission, stemming from incomplete knowledge of the phenomenology of nuclear-

1 b
burst-air interactions may, in some cases, dominate those considered here.

Selection of the principal uncertaintics is based on a study of
the available evidence: field data (auroral and nuclear), recent laboratory
measurements, results from code calculations, and discussions with co-workers.
In the foregoing sections, a priority listing of the research needs was given
for cach molecule considered potentially significant in a nuclear environment.
In this section, we attempt to provide an overall priority listing of the
requirements, irrespective of molecule. Such a listing is necessarily in
fluenced by an inherent bias with respect to the wavelength region deemed
| most important to syvstems. Our list is based partly on the assumption that
the primary region is a band near 2.8 pm: the secondary region is a band
near 4.3 um. A different assumption would lead to a different ordering of

the priorities.

: 3
i' ; *  Even the presence of natural g\hcnnz:utn...l such as winds, turbulent diffusion,
i ! and vertical transport, that are difficult to predict and model, may drastic
! ally alter the spatial and temporal behavior of long-lived afterglow regions
], ‘ and lead to inherently large uncertainties. This is especially true in the
g i case of CO, vibraluminescence.

15
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i For the band extending from about 2.6 to 2.9 um we considered the E

Ay,

A species NO, CO,, H, 0, OH, HO,, H,0,, HNO,, and HNO;. Of these, NO has

traditionally been considered the dominant emitter in a nuclear environment.

However, in spite of all the experimental and theoretical efforts that have

e

been directed toward a confirmation of this, doubt still persists because of
inconsistencies between the NO mechanism and certain of the field data. The
i possibility that COJ vibraluminescence may be significant near 2.7 um cannot
vet be discounted. In this spectral region we give top priority to the need
for positive species identification using interferometer techniques to
achieve the required spectral resolution. Assuming that NO will prove to be
the dominant emitter, we then rate the species (according to the need to
acquire data relating to them) in the order: NO, CO,, OH, H,0, H,O,, fINO

=

1 HNO,. No specific recommendations regarding the last four molecules in this
list are given because it appears that their contribution (in the band con-
| sidered here) to emission from a nuclear environment is small compared to

that from the other species.

For the band extending trom about 4.0 to 4.6 um we considered the

4,15 L . . e
Nl1N1 s NO , N.O, and CO. Of these, the Va band of €O, at

species €O,
4.26 um, c;citcd mainly by vibrational transfer from N, , is undoubtedly
dominant, at least at altitudes below about 110 km. However, for potential
systems operating at higher altitudes, or at wavelengths to the red side of
4.20 um, emission from NlJNIS and N0 may dominate, or at least compete with,
emission from the hot bands and weak isotopic bands ot €O . No specitic

recommendat ions arce made for N,0 or €O. For N,0, the only long-lasting source

of excitation in a nuclear environment occurs in the beta patch tor which we
judge the NJO chemiluminescence (including possible excitation by the

NL(A) +0, reaction) to be too small to be of practical concern. For €O,

tav mnin_cxcitntinn mechanisms should be thermal collisions and/or carthshine

scatter for which no great uncertainty exists with respect to the parameters

involved.




Specific recommendations for research items, independent of the
difficulty or feasibility of implementing them, are now listed in order of

PRIOYIEY .

Yia Perform field measurements ot the spectral intensity in the

um and .2-um regions with sufficient
resolution (< 5 ¢m ) to unambiguously identify the radiating
species in the disturbed atmosphere. The measurements should
be made under conditions of intense auroral bombardment
and/or in the afterglow region from an EXCEDE-tyvpe experiment.

Pertorm laboratory experiments to determine the branching

3 . : I A, .
ratios for production of N( S) and N('D) atoms (a) by dis-
+
sociative recombination in N, and, (b) immediately following

energy \h‘i‘\‘\'i(i\‘n by fast (keV) electrons.

Simultancous with Item 1 above, make field measurements of the

(72

NO and O concentrations, especially in aurora.

5 Perform laboratory experiments to measure, simultancously,

the spectral intensity of CO, vibraluminescence near
and 4.3 um. Vary the pressure over a sufficient range to

establish the quenching factors involved.

Perform field measurements of the spectral intensity in the
1.1- to 4.8-um region with sufficient resolution
(£ 5 cm l‘ to unambiguously identity the radiating species.
These measurements should be made as an integral part ot the
auroral or EXCEDE experiments recommended under Item 1 above.
I'he experiment should determine the relative contributions
trom \I l\l“‘ NO', and the "hot" and isotopic bands of C0,.

6. Perform laboratory experiments to determine the band strength

. . ) 157
for the fundamental of \l N

~
~J




200~km altitude.

04
R T E—— = 1

{ 1
1
‘0
.
F |
o
4 s Perform laboratory experiments to determine rate constants
{ as functions of temperature, for the reactions E
| 0 + NO(v=0) —= 0 + NO(v=1)
1 3 v r 5
¢’ 0 + NO(v=0) —= 0 + NO(v=2) !
- 3
| 8. From laboratory measurements, determine rate constants for

vibrational transfer from N,(v>1) to CO,, and establish

branching ratios for production of 4.3- and 2.7-um radiation

R —

arising from the difference bands (hot bands) of CO,.

)38 Perform laboratory experiments to determine the vibrational
: ‘ : e : : : . ;
distribution of NO immediately following its formation by

chemi luminescent reactions.

10, From laboratory measurements, determine the quenching rate

i LU - : . e ok
E of XllNl (v) by V-V exchange with N, and by V-T collisions

)

with atomic oxyvgen.
LR, Measure the CO, mixing ratio at altitudes above 100 km.

‘ 12, Perform code calculations to confirm the tentative conclusion
that in a nuclear environment the intensity of OH chemi-

luminescence is depressed below normal airglow levels.

v, Perform code calculations to confirm the tentative conclusion

that HO, chemiluminescence is not important in a nuclear

| environment.
14. Perform laboratory experiments to determine the quenching

rates for NO(v>1) by 0, and O.

15. Perform laboratory experiments, supplemental to those of
-~ 3 i -
Bien, to determine the quenching of NO (v>3) by NJ and also

! to establish, more conclusively, Einstein coetficients

A for N0,
v,v-1
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| APPENDIX A ’f
| PHOTONS PER N(°D) +0, REACTION

Adetermination of the average number of photons produced per
>
N(TD) +0, > NO +0 reaction in the fundamental and overtone bands of NO, using

the recent COCHISE data (Reference 4-8), proceeds as follows.
ZERO QUENCHING LIMIT

Let o be the highest vibrational state populated by the reaction.
From encrgy conscrvation, n =18. tlowever, the maximum level seen in the
t COCHISE experiments is n =12, a value that we will adopt here. If we ignore
collisional excitation and de-excitation, the steady state population of
state v, [N (v)], is determined by a halance between production from a
combination of the chemiluminescent reaction and vadiative cascade from
higher levels, and by destruction from radiative decay to lower levels. Thus,
4 P(n)
(N,(M)] = e (A-1)
A + A =
n,n-1 n,n-2 ]
where  P(n) is the production rate of state n by the chemical veaction,
and A and A , arce the Einstein rates of spontancous emission.
n,n-1 n,n-2
Similarly,
P(n-1) + A [N, ()]
. n,n-14%"2 £
INy(n-D] =

] , _ds
‘\n~l,n - '\n~l,n—3 (A-2

Plv) +» A NG G ] o AL N (V2]
NSV ] ...‘,'.lﬁ'.‘“.‘iw."- e et v 22,5, =2 (A=3) 1

Ny (1)) = —— PR e (\-1)
) 1,0
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Let kv be the rate constant for the reaction
2 Ry
N(°D) + O, — NO(v) + O ; (A-5)
If Kk is the overall rate constant, then
k. = £k (A-0)

where the fraction, f\" which is the probability per reaction of populating

state v, must satisfy the relation

Xf = ] . (\~7)

Define now the quantity G(v)  such that
[\y 2 (\) l

G(v) = ——————— ; (A-8)
KINCTDY] [0,]

Then, trom Equations A-3 and A-8, we can write

£f + A G(v+l) + A G(v+2)
¥ f+a sV

G(v) = rY—'vaj{~-»--~u~j{-—)3l~-—~"~— N R S S T ‘ (A-9)
v,v-1 v,v-2

Corresponding relations tor G(n), Gn-1), and  G(Y  follow from Eguations

A-1, A-2, and A-4.

Since the steady state volume emission rates for the fundamental

and overtone bands are given, respectively, by

n
\:‘. = » ¢ "‘ / i\ -
fund. ‘21 \yv-ll\:“\‘ (A-10)
and
% n
®nv0rtnnv > 24 \v,v.j‘\g(v‘| s (A-11)

v=2
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it follows that the number of photons per reaction, n, emitted in the funda-

mental and overtone bands are given, respectively, by

n n

in =y 2 v An YD

"fund. 2: nv,v—l 5 Zf Av,v—l(‘\) (A-12)
v=1 v=1
n n

Tovertone =‘Z; nv,v_g =ég; AV’V_QG(V) . (A-13)

In Table A-1 are listed the ingredients that go into a determina-

tion of Neund. and M certine P'(v) is the relative production rate of
state v as determined by the COCHISE experiments (Reference 4-8). The
value of P'(0) was not measured but, by extrapolation, is assumed equal
to that for states v =2 through 5. The data shown in Reference 4-8 gives
a value for P'(v) of about 1.4, but later work by AFGL (Reference A-1)

indicates that it should be closer to 1.0 as it is for states v =

ro

through 5. This gives support for the assumption that P'(0) is also close
to unity. The values for the Einstein coefficients are taken from a paper

by Billingsley (Reference A-2).

As seen from Table A-1, the results (to two significant figures),

in the zero quenching limit, are:

3 3.9 (photons/reaction)
ntuml. U i

).28 (pho s/reaction
Veenisiia ! (photons/reaction)

CASE WITH QUENCHING

The foregoing results can readily be modified to include quenching

yrovided a suitable quenching model is adopted. According to the literature
I ! N ¢

A-3
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the main atmospheric quenchers of NO(v) are atomic and molecular oxvgen.
We therefore assume the quenching reactions are
km
v,v-1
NO(v) + O, —=—= NO(v-1) + O, (A-14)
k(:)

NOEV) # 0 e HOEY-1] < O (A-15)

These reactions serve to de-excite level v and populate level v-1.
Whether Reaction \-14 is of the V-T or V-V type is not too significant

for our purposes.

The functions  G(v), defined by Equation A-9, are now modified

as follows:

¢
n
Gn) =—4—4—---"-~-~—~———mm--roe o -
' : (N @)
\n.n~l ' An.n—l ! n.n—lloll ¥ kn.n—llo1

*(\
Gn-1) = - nyn-1"'n, BB e A

. @
¥ '\\—1.11—3 + n-1,n-2%"2 i k -1,n- l(‘]

1) ) ' i
(\\,[ WV ( IO ] + }\( lo])( (\+l) v :\\,‘_:‘\'h(\wk)

‘)
J j ) )
\v.v~1 N Av v-2 l“ I 4 Il(]

“‘[n K R ’|n]1u(:\ r &

P o )
- 5y Y (A-19)
TRE k‘ oy

These expressions can now be used in Fquations A-12 and A-13 to determine

the photon vield once values for the quenching rate constants are specitied.
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In order to test the sensitivity of the results to changes in the
quenching, we adopt here two different models: one where the quenching rate
constant is proportional to the vibrational state v; the other where it is

independent of v,

Model T : kv,v—l = vk“0

- . g 5
Here we assume the following rate constants (em sec )¢

l\{lg) = 2.4 X 1()-1“ (R(‘ft‘l't‘nfk‘ A'S)
TN ST : i ‘
o T Rt (inferred from Reference A-4; also sec

Reference A-5).
Model 2 1 &, = Ky

In this case we take

k{‘& = 4,2 X m'” (Reference A-3)
(2) =
kl‘o = 4 %10 .

These two quenching models have veen utilized in the foregoing
cquations to compute values tor n, and for Ve vai® and Ny, gag? at
. = v“,_

selected altitudes between 20 and 160 km.  The results are shown in

Figures A-1 to A-3.

Figure A-1 gives the total number of photons emitted per
reaction in the fundamental and first overtone bands. At high altitudes
the curves properly approach the zero quenching limits. Below 80 km, the
0, quenching. The minimum

)

photon yield rapidly decreases because of
that occurs at 100 km is due to quenching by atomic oxygen whose concen-

tration was assumed to peak at that altitude. Quenching by this species

evidently accounts for the major ditfference near 100 km between our




*S|opow burysuanb Jusua}jLp OM} U0} UOLZDR3U
0 + ON <« No + (Qz)N 43d QN wouy pa3jiwd suojoyd jo Jaqunu paje|nd|e) |-y dunbiy

(uor3oeau uad suojoyd) U

|
£
:

(wy) apnILILy




b\ i

= S alis i

» (photons per reaction)
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v' (upper vibrational state)

Figure A-2. NO overtone photons per N(ZD) + 0, * NO + 0 reaction at selected
altitudes (quenching model independent of v).
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Mo iy (photons per reaction)

107

10
v' (upper vibrational state)

Figure A-3. NO fundamental photons per N(ED) + 0p > NO + 0 reaction at selected
altitudes (quenching model independent of v).
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results and those presented in Reference 4-8 by Kennealy, which amounts to
nearly a factor of three. At 80 km, however, where 0, 1is the dominant

quencher, the two results are quite similar.

For the tundamental band, the two quenching models give results

that differ by at most 5 or 6 percent. In Figure A-1, in fact, they are

merged into a single curve. For the overtone band, the results for the two
models are at least distinguishable. At 20-km altitude the difference is
about 70 percent, but it decreases with increasing altitude. The main point
to note here is that unless the quenching rate varies with the vibrational
quantum number, v, much faster than v, the results are fairly insensitive

to the details of the vartation.

Figures A-2 and A-3 show the photon yields for individual transi-
tions of the overtone and fundamental band systems, respectively, calculated
using Model 2 quenching. Apart from the seemingly out-of-sequence position
of the curve for 100-km altitude (due to O-atom quenching) in each of the
figures, the main point to note, especially in Figure A-2, is the shift of
the peak emission to higher vibrational states with decreasing altitude.

For the overtone band at high altitudes, the peak emission is produced by
the (5,3) band (2.81 um). At and below 50 km, however, it is produced by the
(7.5) band (2.90 um). Thus, with Model 2 quenching, one would expect a shift
in the chemiluminescent overtone spectrum to longer wavelengths as the alti-
tude is decreased. However, for Model 1 quenching, our detailed results

(not shown) show that the peak overtone emission is produced by the (5,3)
band of NO at all altitudes. [n this case we would expect little or no

shift in the spectrum with changes in altitude.

A-10
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