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SECTION 1
! INTRODUCTION

Reasonably accurate prediction of the infrared environment following
atmospheric nuclear bursts is necessary for a recalistic assessment of its

impact on the performance of defensive infrared syvstems. Such prediction

entails a knowledge of various quantities including the principal radiating

species, their optical properties, excitation and quenching mechanisms, 1
disturbed air chemistry, and bomb phenomenology. In most instances, not 1
all ot the quantities are known with sufficient accuracy to provide an

adequate representation of the infrared environment. This report, along

with an earlier companion volume (Reference 1-1), attempts to pinpoint the

major uncertainties associated with our infrared prediction capability in

a nuclear environment and to make recommendations for a research effort

designed to improve the prediction accuracy. Reference 1-1 dealt with the

shorter-wave infrared region from about 2 to 5 um. This report deals with

the long-wave infrared (LWIR) region at wavelengths greater than about 5 or

6 um. ;

LWIR sensor systems are valuable for use in detection and tracking
of relatively cold objects whose thermal emission peaks at wavelengths in
the IWIR region. Sight paths that intersect the carth's surface, orncarly so,
will tend to he avoided by such svstems so that the sional from the tracked
object will not be ohscured by the large carth-background emission.  Thus,
viewing aspects will be upward-looking or, at worst, limb-viewing with the
sight path nadir at a high cnough altitude to sufficiently reduce the limb j

radiance.

FHECEDING PAGE BLANK-NOT F1LVED




In the work reported here, we have attempted to determine how
window regions* in the ambient atmosphere, under limb-viewing conditions,
are modified in a nuclear environment. The extent to which a species is
excited to radiate and fill a window region is taken as a measure of the |
importance of that species under nuclear-burst conditions. Uncertainties
in the radiating properties (including excitation/deexcitation mechanisms,

etc.) of the most important of the species arc identified so that a priori- ,

tized listing of needed research items can be delineated. Uncertaintics
arising from inadequate knowledge of nuclear-burst phenomenology, however,

which in some cases may overshadow those associated with the chemical/optical

phenomena, generally lie outside the scope of the present effort. The one

A

exception is the case of metal oxides where differences arising from different

models of debris deposition are considered. .r

The procedure adopted was to first identify those molecular species
known to radiate in the LWIR region. Next we estimated the limb-viewing
window regions existing in the ambient atmosphere at limb altitudes between !
60 and 200 km as determined from high-latitude rocket field data, from
published calculations of earth-limb radiance, and from our own calculations

of ambient chemiluminescent processes. We then utilized results of prior

MHD/chemistry code runs for high-yield, high-altitude bursts to estimate

the burst effects in the windows from each of the species of potential

importance above 60 km. Included in these considerations are limb-radiance
effects from plasma in high~altitude fireball plumes. These results were
then used as a yardstick to measure the relative importance of the various
species and mechanisms expected to contribute to the LWIR nuclear environ-
ment, and to formulate a priority listing of needed data to upgrade our

prediction capacility.

* A window region is defined in terms of a threshold radiance such that
the radiance is less than the threshold at all wavelengths in the window.




Section 2 presents the results of our survey to identify the
potentially important LWIR molecular emitters and wavelength bands, and

provides a graphical estimate of the ambient limb windows. d
|
|
!

Section 3 contains our work on the determination of limb radiances
in a nuclear environment and assessment of the principal emitters and un-
certainties associated with prediction of the radiation. Included for con-

sideration are the species 03, N02, N20, COZ’

!
and metal oxides, with emphasis B
on their LWIR emission following a megaton-class high-altitude burst. Speci- ﬂ

fically treated are chemiluminescence from O, and NO,, photon excitation of

3
N,O0 formed by reaction between N2(A3E) and 02, €O, vibraluminescence, and

R R

photon excitation of metal oxides. Special attention is paid to oxides of
aluminum, uranium, and fission fragments. Results of MICE-Code calculations 4
are used to estimate the vertical distribution of the oxides and to determine
the resulting limb radiances. Also included is a comparison between the

molecular emissions and plasma radiation from the fireball piume. Uncer-

tainties in key quantities needed for calculation of the radiation from each
species, alony with required work to reduce them, are identified in the ;

appropriate subsections.

Finally, Section 4 gives a summary of our findings and presents

ot

an overall priority listing of recommended field, laboratory, and theoretical

research programs needed to upgrade our modeling capability for the LWIR,




SECTION 2

SPECIES IDENTIFICATION
AND AMBIENT LIMB WINDOWS

SPECIES IDENTIFICATION

The species of potential importance in the LWIR can be divided
into two classes: (1) those that exist in the ambient atmosphere and,
(2) those that are formed following a nuclear detonation. Table 2-1 is a
listing, in order of incrcasing wavelength, of LWIR bands, the transitions

that give rise to them, and the associated species. Also shown (Column 4)

is the type of cach species, i.c., whether it cxists in the ambient atmosphere

or is formed from the bomb material, the fission fragments, weapon carricer,
ctc. The last column in Table 2-1.shows the approximate altitude region
where the species may be important* in the limb-viewing mode in the ambhient

or nuclear cnvironment as inferred from work to be described later.

The listing of metal oxides in Table 2-1 is not necessarily very
complete, particularly those of the fission fragments and their ions whosc
spectroscopic properties are generally not well known. Furthermore, the
precise altitude region over which certain of the species could be important
is rather uncertain, especially for the metal oxides, although the last
column in Table 2-1 is an attempt to provide realistic estimates that may
be valid at various times following a high-vield burst at altitudes above
100 km. For D-region bursts, the upper limit on altitude for the metal

oxides will be determined by the fircball stabilization altitude which will

N

. - -0 - -1 -1
*  Bascd on a threshold radiance of 10 wiatts om ster um

12

R



Table 2-1.

$ome LWIR bands and radiators of potential importance
in a nuclear environment.

U -
Band Center Transition Species Species Type Altitude (h)
(1) (hm)
—
5.85 ND? assym. stretch HNU3 amhient _ RN
6.19 001-000 NU,’) ambirnt [in
6.27 010-000 H?O ambient _lon
6.561 Vs CHII ambient SRl
7.20 010-000 H()? ambient 1nn
7.52 NOH bend HNO3 amhient Ca0
7.55 NO, symm. stretch HNO ambient < 60
7.57 100-000 Nﬂ? ambient R
7.66 Vg CH,‘ ambient 2100
7.78 100-000 N0 ambient S L
; y
g.01 100-000 ()3 ambient <100
.07 100-000 IIO? ambioent 100
9,60 n01-000 ()} ambient Sl
? 1-0 Nd()‘ fission fragment 130G h- 274%
10.3** 1-0 r0 fission fraament 130 h o 275
? 1-0 Smi0 fission fragmuent 130 h o 776*
1.4 001-100 0, ambient _130
«
11.21 01 -000 ot bomb matrerial 10K Ao
11.382 g HiO amhient < A0
b 3 -
11,644 1-0 ceot fission fraquent 130 h_ P70t
1.8+ 1-0 uo’ baut material 120 h AR
11.8%¢* 1-0 vo'! ficnion fraament 130 k. 27n

* Very tentative

*h

13

Rased on fundamental of the peutral oxide




in a nuclear environment.

Table 2-1 (continued). Some LWIR bands and radiators of potential importance

Band Center Transition Species Species Type Altitude (h)
(um) (km)
12.0 100-000 UO; homb material 120 - h . A50*
12,24+ 1-0 pro* fission fragment 130 . h - 275
12.4 1-0 Lao* fission fragment 130 h o 275%
13.1 N out of plane 1NC, ambient < 60
13.3 010-000 NO2 ambient < 125
14.2 010-000 03 amhient < 100
15.0 010-000 C02 ambient < 120
15.5 NO2 valence bend HNO3 ambient < 60
17.0 010-000 NZO. ambient < 170*
17.3 ONO bend HNO3 ambient < 60

> 18 rotational H20 ambient < 100

* Very tentative

** Based on fundamental of the neutral oxide




—

be considerably less than the upper limits shown in Table 2-1. Other

potential LWIR emitters in a nuclear environment, such as vaporized rocket

fuel, have been omitted from consideration here due to a lack of time. t}
AMBIENT LIMB WINDOWS 1

In this report, limb windows are defined as wavelength regions

over which the earth's limb radiance is less than 1071° or 107? watts cm™?
ster—l um_l. Results will be presented for ecach of these two thresholds.

Figures 2-1 and 2-2 are graphical estimates of the limb-window regions in

the ambient atmosphere under night and day conditions, respectively, for

a radiance threshold of 10_10 and for altitudes between 60 and 200 km.

The ordinate in these figures is the tangent altitude, or distance of closest
approach to the earth's surface, of the viewing sight path. The abscissa

is the wavelength of the earth-1limb radiation. The cross-hatched areas are

altitude-wavelength regions for which the limb radiance exceeds 10_]0 watts
e ster™ ! umnl. All non-hatched areas are window regions. Thus, for

example, the figures show that at an altitude of 65 km the limb radiance

10

exceeds 10", both day and night, for all wavelengths from 2.5 um to

at least 25 um. That is, no window region exists at that altitude. On the
other hand, for an altitude of 140 km at night, the only wavelength regions
that are not windows occur in a narrow band near 4.3 um (due to co, emission),
a band from 5 to 6 uym (due mainly to NO emission), and one from ab;ut 14.3

to 15.6 uym (due to CO2 emission). Figures 2-3 and 2-4 are corresponding

=9
representations of the window regions for a limb-threshold radiance of 10 ).

Figures 2-1 to 2-4 are essentially "low resolution' represcntations
of the window regions. This is especially true of the wavelength region
beyond about 19 um where the emission arises mainly from rotational lines
of water vapor and where narrow windows actually exist between the lines

but are not shown in our figures. However, since any system operating in

15




©
T 1 T T 1 1 T ] S )
8 4
~ 3 - [ o
iz %3 R S
T 22 3 -
T B g .§ "g .
.33 s < 5
“II N\ S 2 -
2 = [~ g 5 (] %
- 77 q o "
Hﬂ % Q :
o
iz N 5
| ——— = <
2\ ) 0 =
2 \\ 1 ‘ = oy
2 &
~ >3 M g'g’ :
->% M- E © ,
= 2 te) bt
QU+ B
. o o ‘g
or— )
: -~ £t |
— = — = '
\ = z 3 1
— Q H
s — = —r— .
~ - > 1 ;
ENEIel f S 45 :
= _ZE ¢ . v E¥
~ = L= > — W
= T= = '_g_ ~N z 14
z“:*‘i*—~<1~r- ®. / ! '! NS Py
b w e il Eo— o E
H S 1 }[| P A
([~ £& AT &SN =717 o~
i NI PR
- \@Q\\\\\\ N S
h Q \ - —_—=
- \ NN :
= SsussiiEn NN B
o7 )V W\ -
\\ - ny
“‘r-— AR\ s K S.—C—)
Ny TS =
i NN s DR
L \ H —_— e~
4 SN \ ‘\\\\\J‘ - - 8
= \\\\\- . B o z c
N N e EE
- \ ,‘ o . \\\“ . ““ T .c o—
NN 2NN MMMy e £%
Vs N\ w = <
= = T T T TS \‘\—X\j( e eaunall \\ﬂ .
3 S . J,
—J_ ’ _ —:M .
L F g) J
f N T IS U S N N ~ 3 3
< = < o < o =) < [=} o—
g 2 &€ £~ 2 & % 2 & w 3
»
(wy) apmiiiy Iuabuej 4




punoubyoeq juaLque adaym Au3awoad

*Aep ul

-E: P-prmN-Eumupmzp
ULMILA-qQuL| 404 Agmmﬁow

(wnt) yybuajorem

-0l 5 3dueipeu
suoLbaa mopuiM -z-2 a4nbiLy

S¢ w2 €2 2 (2 02 ol 8L LU 9L St ¥ [ U4 S ¥ | Gl (4] 8 { g g v £ Z
T T T T 1T T T DA g v T T 1 1]
[¢11D] un \ Gov Ap ,mc: , \ ‘ 7 ,mc_. .F ! R:r
[T [N
mc_c (Co i UN Nc: s ¢ ) () un
onl Nc: ”c: Mc_: An Z.;_.
09
674
\ g
] Ul
[ ~11
A 0% 0 M“ |
3 \\\‘\xﬂ”“”uﬁn Ut
0J \\\x,,,,lﬁu
— . mm\\ 00t
O L1
5 Z=¢
—Z R’
\ ﬂ €22
B “ g 5
L=
- ZK
- Zu: w Z
24
[~
- . & s st 8
- I P ZR o E
; ZR'
- w0 Pr o2 mmm ’ 011
N 1
e o R g0 ZR o1
. € -1 H
1wyl "o SaPLXQ ¢
_ = Wy “o\zu S
N B R B N D RN S N - .
" =1 1.1 — 1.1, 1 T T I 1. LI Ty 00e
(r0aetn \ ( 101)0%n /1 o
(vou) %00 (104 Ju%H {spury 10u)%0) (20u)%) oineuln oy
(¢~)0%N *(10u)%0) (¢s)m {uut-10uyo0) ) Wty Py
(104)0%n 0% 203 (%1t ) wdon Cotfos N odn e

“340 (%230

17



—— e ——— R -

*3ubLu e TE: [-493S Z-WO S}3eM 5.0 > doueiped
puUNoUBYdeq JudLqUE BUBYM A433W036 BULMILA-qUL| 404 (4e3[2) SuoLbau MOoputpm ‘€-g d4nbl4

(wr) yybuajanem

S v2 €2 22 12 02 6L 8L L1 9l SU ¢l €L 2t 1L o0l 6 8 L 9 S |4 € P4
Tt T A BN R
c.:\ - o \ 0 ()2, \ & 2o (b yon
~c.< ha>vm:z wc: 04 Nomqv A_>v~cz 1
(18] mc: ”:: on) .m.VNLz
. \lanmm““W“ g X 3 [ 09
o i
— e ll-ll-lIl-ll-““\nnu “ 0L
= “.._llll.l\n ._\ ‘
= = ——— :ZH I
— \‘\Jll 1] g 0°H
w— ” ,-l-llllllln“““nnu n““““ “ N
- S ~— =2l o
i \ . “ : -T™
4 Z
— ] —
\ “ ! otL
\ ZI:
ﬁu, “““ f —joct
4 %00 .m @
- “ \ —jot!L 3 —
g Z .
- v & ot =
' -
| ON Lom_ m
E— ¢ d
- i} % —oa1 =
w0 (222 g
b —
T NN RS m oct
- ey € % —ost
— Juoubied 4 cowmmmg\ﬁ n =061
I VR SR VN N T SUSN U RN NN (X N O VAN U O IO (O U N A
<z T=1 T —— } PN VI SR SIEN U B R ¥ AR P I A TTASN'
{100)0% (-10410% "o (&t yolu
:218.325?& ol :o.:NSV\\ ! 20% .Nch\ /Aowg.cmz.weu
14200 * (10u)%0) %+ 1%0) {out-1001%03 a5 (0" 1)oN 20y ol form
(-201)0% 0%+ 22 2% (% (*~yolu ofwion forfey  “(Eapedw T ode

n_uvmo.A~>~vo~z

e o . . e e e v s e _



—

\Ev,:- prmm;sumﬁmz,mo_vwucmGE
punoubydoeq juaLque asaym Aujowoab E:zm; ~qui| 204 (4ed|D) suoibaua MOpulM "p-z dunbLy

(wr) yybuaiaaey
G2 ¥2 €2 2 12 02 6L 81 L1 91 81

AA_AMAA_\

¢l L oL 6 8 9 S 14

— mp £

u . FEoy |+ 4 I 4

7 % ol / LT € o
, s_ %__ Zo) *e)%um

con) { Cn)Con

\\\ \\\\ z | 09

0L

— i~
P

&

A

1

08

06

|

001

|

o1l

L

ozt

19

]

oL

TCTTTTCS \Y\\\\\\\\\]\\\\\\\\

[

—jovl

leom—

e Lo ]
o Zon FST g 01+
" Hwsyy no M SapIXQ

judubeai uotsstd

- _L_L_b_b__ 1 |

AﬁhL~ » : T =T11"1T -.21ufﬂ~ 00

( S.;on..\ {*102)0%H :c /m,;_. 0%
touyéor uevowz (spueq 10u)%0) (304)%02 ;EN.. ,N:E o =~...c~=.~8
(%108 * (aow) %03 (%)% (001-100)%0 ofu"

(o' :o._ ALY :
(-104)0%0% 20> (%)% (Eyto ooy forlm ?,EN.. oon
{*5)%0 (%az)o%n

(wx) apnii3(y juabuej

—}091

T

—josl

—1081

I
Y

z

R

06l

\\\
|




that spectral region is likely to be rather broad band, so as to maximize the
detected signal, the existence of these narrow windows is not important for

our purpose.

The bases for Figures 2-1 through 2-4 are the following: (1) the
Degges high-altitude infrared-radiance model for 1974 (Reference 2-1) and
for 1977 (Reference 2-2), (2) carth-limb data from the SPIRE experiment
(References 2-3, 2-4) and, (3) calculations by us of the ambient limb
radiance from 03 and NO2 chemiluminesence. The model by Degges includes the
species COZ’ “20’ NO, and 03 and assumes excitation by photon scatter as
well as by thermal collisions. Other nonthermal excitation processes, such
as chemiluminescence, are not included. The 1977 model (Reference 7-2) was
utilized except for the case of water vapor where the 1971 model results
were employed. The 1977 model assumes an H,0 profile above 100 km that is
believed to be too large. SPIRE data was u;cd mainly to modify the €O,

and OZ peaks calculated by Degges.

The Og and NO2 chemiluminescence models are described in Appendices
A and B, respectively. The calculated effect they have in filling window
regions is indicated in Figures 2-1 through 2-4.*% The combined effect is
particularly significant for the wavelength regions 6.5 to 9.5 ym, 10.5 to
13.5 ym and 17 to 19 pm, with the result that there is effectively no o~ 10
limb window in the ambient atmosphere below 100-km altitude over the wave-
length region from 2.5 to about I8 nm.

We should emphasize that these results (Figures 2-1 to 2-4) are
estimates for which there are as vet only limited field data to substantiate
them. Nevertheless, we feel that they are sufficiently good to provide a
framework within which to judge the relative importance of the difterent

For computing the ambicnt chomilhminesvent emissions<, the O and M ocon-

centrations were obtained from the 1972 CIRA Mean Atmospherd (Reference 7-53,

the day and night 0 concentrations from Reference 2-6, and the day and nipht

NO concentrations from Reference 2-2.
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INIR emitting species and mechanisms in a nuclear environment and to permit

a determination of the arcas of major uncertainty in our prediction capability.
In later sections of this report, our estimates of the nuclear-induced emissions
will be overlaid on these ambient results so as to determine the extent to

{8
which the ambient windows are filled in. 1

Indicated near the top of Figures 2-1 through 2-4 are the principal

species responsible for radiation in the various spectral regions under
1 g

thermal excitation conditions in the ambient atmosphere. These have been
determined largely from Reference 2-7. Also shown at the top of the figures
is the approximate spectral region over which the fundamentals of the fission-

fragment oxides should occur in a nuclear enpvironment. Necar the bottom of

cach figure is shown the positions of the band centers for other species that
mav be formed, or excited to radiate, in a nuclear environment including {4

NO,, HO

. bR 3

and certain metal oxides. However, the oxides of some of the :
metals shown, especially Li, A%, Cu, and Fe are presently believed to be {
formed (by a high-altitude burst) in concentrations too low to present a

problem to systems.

21
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SECTION 3
LIMB RADIANCE IN NUCLEAR ENVIRONMENT

As we have seen in the previous section, there is essentially no

10-10

limb window below 100 km in the ambient atmosphere at IR wavelengths
out to about 18 um. Consequently, it seems unlikely that LWIR systems

would operate in the limb mode at altitudes below 100 km. We are interested,
therefore, in determining how window regions at altitudes above 100 km may

be adversely effected by a nuclear environment.

Although bursts at altitudes below 100 km can rise and perturb
the atmosphere above 100 km, the greatest potential for large scale excita-
tion of IR radiation above 100 km occurs for large-vield bursts at altitudes
considerably above 100 km. For this reason we have concentrated our efforts
on megaton-class high-altitude bursts. Specifically, we have utilized
results of prior MHD/chemistry code calculations, performed at MRC for such
bursts, to determine the limb radiance based on models of emission that
reflect our current understanding of the species and radiation mechanisms.
Treated here in some detail are the species 03, NOZ’ NZO’ CO2 and metal
oxides, as well as radiation by free electrons in the high-altitude fireball

plume. We now consider separately cach of the foregoing species.

0ZONE (03)

Role in Nuclear Environment

With its three fundamentals in the LWIR region, as well as some

weaker intercombination bands, ozone is an important minor constituent of

22




the ambient atmosphere, at least at altitudes below 100 km.,  Its concentration
above about 90 km, however, decreases rapidly with increasing altitude due to
the large rate (10_2 molecule ’ Sec_l) of solar photodissociation by day and
its slow three-body reformation ratc at night. Thus, excitation of its

bands, even the strong Vs band (9.6 um), by thermal collisions and photon
scatter cannot produce significant limb radiance at altitudes much above

about 110 km (sec previous section, Figures 2-1 through 2-4).

As detailed in Appendix A, and illustrated in Section 2, however,

chemiluminescent excitation of O3 by the reaction

0+ 0, +M—>0, +M (3-1)

serves to excite the higher-lying vibrational states of O; and to thus broaden
the thermal spectral bands and narrow the window regions. But, as scen from
Figures 2-1 through 2-4, the ozone contribution to the ambient limb radiance

is effective mainly at altitudes below about 100 km.

In a nuclear environment there is the potential for raising the
ozone limb by upward heave of the atmosphere following a high-altitude
detonation. We have investigated the magnitude of this coffect for a single
megaton-class, high-altitude burst by utilizing previous MiN/chemistry code

runs, and incorporating the spectral efficiency for ozone chemiluminescence

as described in Appendix A. Figures 3-1 and 3-2 show the maximum perturbation,

which occurs under nighttime conditions. These figures are representations
of the 1071 and 107" window regions, respectively, and include the effect
of the ambient radiance (compare Figures 2-1 and 2-3) as well as burst-
induced O, chemiluminescence. As can be scen from Figure 3-1, the burst

5 -10
serves to modify the 10

window region near 19.5 um, but only over a small
wavelength interval, and only at altitudes below about 90 km. The effect

-9 . . . .
on the 10 7 window regions (Figure 3-2) is seen to he somewhat greater by

raising the limb altitude in the wavelength intervals 6 to 7 ym, 8 to 13.5 um,

23
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and 17 to 19.5 um. However, in each of these regions, the limb is raiscd

to altitudes below 100 km. For daytime conditions, modification of the

ambient window regions (Figures 2-2 and 2-4), due to burst-induced OK chemi -

luminescence, is entirely negligible.

The conclusion then is that a single high-vield, high-altitude burst
should do little to enhance the LWIR radiation from ozone, over and above
the contribution due to 03 chemiluminescence in the ambient atmosphere.
The effect on LWIR systems operating at altitudes above 100 km should be
negligible. It is, of course, conceivable that more severe cffects from
ozone may occur in a multiburst environment, but this has vet to be

demonstrated.
Uncertainties

The principal uncertainties involved in predicting the chemi-
luminescent emission from ozone in a nuclear environment arc: (1) the
spectral yield of photons per reaction from Reaction 3-1, (2) the species
concentrations involved in React.on 3-1, and (3) the bomb phenomenology
relating to energy deposition and subsequent motion of the perturbed
atmosphere. However, if burst-induced ozone chemiluminescence were to
raise the earth limb to altitudes above 110 to 120 km, as would probably he
necessary for there to be any systems impact, the implication would be that
our calculated intensities are low by as much as two orders of magnitude.

It is very unlikely that uncertainties (1) and (2) above can lead to such
large errors in the computed intensity. The photon efficiency, as described
in Appendix A, is based on energy conservation and on certain laboratory
data, albeit incomplete at this time. Likewise, the chemistry contained in
the code computations of species concentrations is based largely on measured

rate coefficients. Uncertainty (3), however, related to lomh phenomenology,

cannot be ruled out as a possible source of substantial error.




Recommendations

No experimental work on ozone is recommended at this time beyond
the efforts already underway. However, multiburst calculations should
probably be done to establish whether or not ozone emission is ever important
in the LWIR at altitudes above about 120 km. If the results are positive,
further field and/or laboratory work might be in order to refinc the chemi- !

luminescent yield and spectral distribution.

NITROGEN DIOXIDE (NOZ)

Role in Nuclear Environment

Nitrogen dioxide, with its vl’ Vs and v fundamentals at 7.6,

13.3, and 6.2 um, respectively, is a very minor conztituent of the ambient
atmosphere, having a mixing ratio of only about 10_8 in and below the D
region, and probably less at higher altitudes due to its rapid rate (5% 10_3
molecule | sec—l) of photodissociuation by day. Thus, thermal and photon
scatter excitation of the species results in negligible emission in the
ambient atmosphere, especially above 100-km altitude. The potential
importance of the species in a nuclear environment, however, lies in the
possibility of chemiluminescent excitation of its bands, particularly through

the reactions
NO + O(+M) —» N02(+M) + 3,12 eV (3-2)

NO + 03 —> NO2 + O2 + 2.07 eV (3-3)

where the concentration of the reactant NO may be considerably cnhanced.
Reactions 3-2 and 3-3 are sufficiently cxothermic to permit the population
of high vibrational states of the fundamental and intercombination bands of
NO2 and to broaden the spectrum considerably beyond that due to thermal
excitation alone. The assumed spectral distribution arising from NO2
chemiluminescence is described in Appendix B and includes contributions from

ninc intercombination bands as well as the three fundamentais.

27
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This spectral distribution has been incorporated with results from
prior MHD/chemistry code calculations at MRC for the case of a megaton-cliss,

high-altitude burst to obtain the limb radiance as a function of tangent

L altitude and wavelength at a time of 60 sec after burst. The results, for
-10

- -9 . . . .

the cases of 10 and 10 limb-threshold radiances at night, are shown in
Figures 3-3 and 3-4, respectively, superimposed on the previously-shown
results (Figures 2-1 and 2-3) for the ambient atmosphere. We sce, for example,

10

that the 107 limb is raised by about 20 km in the spectral regions 6.5 to

9 um and 12 to 13.5 um to peak altitudes of about 130 km and 125 km, respect-
tively. As comparison between Filgures 3-1 and 3-3 shows, our estimate of
the nuclear-burst enhancement of NO, chemiluminescence is considerably

greater than that for 0, chemiluminescence. This is because of the enhanced

3
NO concentration, even at higher altitudes, which serves to increase the

rate of NO, formation through Reactions 3-2 and 3-3.

The conclusion then is that, to within the uncertaintics present
in the model adopted, a single high-vield, high-altitude burst can probably
raise the earth limb enough to causc potential interference with LWIR
systems operating in certain spectral regions, particulariy in the 6.5 to
8.5 um and 12 to 14 um bands, at tangent altitudes below about 135 km.  The
severity of the interference will be critically dependent on the degree

and naturc of any structure that exists within the omitting volume.
Uncertainties

The principal uncertainties involved in predicting the ceffect of
NO, chemiluminescence in a nuclear environment are similar in nature to those
listed above for ozone chemiluminescence, namelyv: (1) the spectral vield of

photons per reaction from Reactions 3-2 and 3-3, (2) the specics concentra-

tions involved in Reactions 3-2 and 3-3, and (3) bomb phenomenology relating

to the dynamics of the post-burst environment.
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The spectral yield of photons in the various LWIR bands of NO2
from Reactions 3-2 and 3-3 has not been measured. The yield values that we
have adopted, as discussed in Appendix B, are those used in the WOE code
and are based on the usual assumptions of energy conservation and equal

population rates of vibrational states during formation of NO Thus, there

5"
is considerable uncertainty regarding the spectral yield, possibly by as much

as an order of magnitude at certain wavelengths.,

As to the species concentrations involved in Reactions 3-2 and
3-3, perhaps the largest uncertainty (outside of the homb phenomenology
pertaining to atmospheric heave) relates to the NO concentration whose

determination is rather sensitively dependent on the relative amounts of

N(ZD), N(ZP), and N(4S) that are formed following & nuclear burst (sce, for
example, Reference 1-1}). Order-of-magnitude uncertainties in the predicted (1
NO concentration ar celated to relatively small uncertainties .o the ratioe
of metastable to ground-state nitrogen atoms formed both initially and by N; |
recombination. Formation rates of NO, N(:D), and N(lﬁ) by the reaction

NJA%)+O+NO+N are also very uncertain.

Recommendations

In view of the potential for degradation of LWIR systems from NO,
chemi luminescence following high altitude detonations, it is recommended

that measurcments be made to determine:

1. the spectral yvicld of photons from Reactions 3-2 and 3-3,
together with sufficient data to permit a determination of

the cffect due to quenching.

£ 2 R
2. branching ratios for production of N(js), N(D}, and N(°P)
atoms (a) by dissociative recombination in N: and, (b)

imnediately following deposition by fast (keV) electrons.,

3
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2
3. rate constants for production of NO, N("D), and N(AS) by the
reaction NZ(A32)-+O-+NO-+N.

Recommendations 2 and 3 above were included in the (revised) list of recom-

mendations contained in Reference 1-1.

NITROUS OXIDE (N20)

Role in Nuclear Environment

Nitrous oxide, with its v,, v and Vs fundamentals at 7.8, 17.0,

1, '7)

and 4.5 um, respectively, is a very minor constituent of the ambient atmo-

sphere, with a measured mixing ratio that decreases with increasing altitude

7

- -7 .
from a value of about 3x 10 " at 10 km to 1x 10 ° at 30 km. The potential

importance of the species in a nuclear environment lies in the possible

degradation of LWIR windows by excitation of its v, and v, hands, and of

1
enhanced background radiation from its vz band which lies in the red-spike

region of the v, fundamental of CO,. As discussed in Reference 1-1, until

3

recently the species has not becen considercd very interesting from the nuclear

IR point of view for several reasons. With a dissociation (+ activation)
cnergy of just over 2 eV, it 1s destroyed at relatively low temperatures in
fireballs, and so thermal emission from it is quite low. Outside fireballs,
the principal formation mechanism has been considered to be the reaction

N + NO2 —> N20 + 0 (3-4)

where the NO2 is formed mainly from rcaction of NO with odd oxygen. However,
by the time NO, has formed, most of the nitrogen atoms have been consumed

to form NO by reaction with the much more abundant O,.

Recently, however, it has been found (Reference 3-1) that N O is

formed quite efficiently by the rcaction

NL(AE) + 0, —e NJO+ 0+ 2.73 oV (3-5)

32
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3

involving the first metastable state of N Since N7(ASZ) has a lifetime

5
against radiation of about 2 sec, and since it is believed to be formed

copiously (up to about one molecule per ion pair) in a nuclear environment,
Reaction 3-5 would appear to provide a mechanism for N20 formation, even at
high altitudes, at least where the 02 is not dissociated. Further cvidence
of this possibility comes from LABCEDE experiments (Reference 3-2) in which
IR radiation from N,0 was detected following electron bombardment of air at
moderately high pregsures. These data could not be accounted for on the

basis of Reaction 3-4, but were found to be more consistent with N,0 forma-

tion by Reaction 3-5.

In Reference 1-1, we implied that since the lifetime of N_(A) is

only about 2 sec, Reaction 3-5 can be significant for N_O radiation only in

2
regions where there exists a continuing production source for N, (A). This
statement is truc for N20 chemiluminescence, but it ignores the—possibility
of continuing excitation of the NZO’ formed in Reaction 3-5, by photon
scatter. We have investigated the magnitude of this effect for the case of
a single megaton-class high-altitude burst, using results of MHD code calcu-
lations of the initial clectron density distribution, to estimate the volume
production of N,(A) molecules. In so doing, it was assumed that onc N,(A)
molecule is formed per initial ion pair, a value that is within a factor of
about 3 of most estimates to date. [Cstimates of the N,O concentration were
then made by assuming that Nz(A) is quenched mainly by rcaction with O2 and

0 and by radiation of the Vegard-Kaplan bands.* Thus, given the reaction

set:

3 kl

N2(A ) + 02 > NZO + 0 (3-5)
3 ks

N,(ATZ) + O2 ~—» other products (3-6)
3 k3

N,(AE) + 0 » products (3-7)
N2(A32) » N + hu(V-K bands), (3-8)

* The quenching of NJ(A) by NO and N can also bhe significant in regions
where the concentration of those species is comparable to that for
atomic oxygen,
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where A 1is the Einstein transition rate for the A32—>XIX transition in

N2, the concentration of N,0, relative to Nz(ASZ), is casily shown to be

2
[N,0] k;[0,] ~[(ky#kp) [05] + k5[0] + Al
= l1-e s
N,(0T ~ k+ ) [0, + %[0T+~ ‘
(3-9)

where kl’ k2, and k3 are rate coefficients for Reactions 3-5, 3-6, and

3-7, respectively. The maximum value for this ratio is, therefore,

| N0 k;10,]
[N, (07, ~ (K T0,] + k5[0] + A

(3-10)

The earth-limb spectral intensity, Iv’ for an N,O column density

N molecules cm-z, excited by photon scatter, is

_hv o2 -1 =1, 1= )
Iv = I va (ergs em s0C ster {em 7)) (3-11)

where hv 1is the photon energy (ergs) and fv is the number of photons

emitted per molecule per sec per wavenumber. In other units, the result is

I, = 1.58x 1072%¢£. /2 )N (watts cm 2 ster”?
y T

where Au is the wavelength in micrometers, and fxu is the number of

photons emitted per molecule per sec per micrometer.

The 1limb intensity for each of the three fundamentals of NZO has
been determined from Equation 3-12 using values for FAU computed for
carthshine scatter, described in Appendix C, and values of N, bascd on
Equation 3-10, determined from the MHD-code results of electron density
(E[NZ(A)]) at a time of 3 scc. In performing these calculations, the
values for [NZ(A)] were assumed equal to the electron density, except in

Oz-dissociated regions where they were taken to be zero. Three separate

estimates of the N, O concentration were made corresponding to different

am ) (3-12)

t




values for the rate coefficients Kk k k and the common value A=20.5

1 722 73
sec-1 (Reference 2-6). The first estimate was an attempt to see if N_,O
emission might be important, by using the values k1= 1 x 10—11, k2= k3= 0,
which should lead to upper limits on the N,0 concentration. The results,

for the cases of 10_10

and 1077 limb-threshold radiances at night, are shown
in Figures 3-5 and 3-6, respectively, superimposed on the previously-shown
results (Figures 2-1 and 2-3) for the ambient atmosphere. The effect is
seen to be quite dramatic, particularly on the 10_10 window regions (Figure
3-5) near 4.5 pym, and from about 7.4 to 8.4 um and 16 to 18 um where the
limb is raised to altitudes above 180 km. However, these results are
probably unrealistically high because the value used for k; is larger

than any quoted recently and because the quenching of N2(A32) by atomic

oxygen (rate coefficient k_,) has been neglected. Values of k. ranging from

3

2% 10-ll to 1.3X% 10_10, with a mean value of 7.5X 1()_11 cmslsec_l, have
been inferred from auroral measurements (Reference 3-3). Using this mean
value for k3, together with the values k1= 1 X 10'12, k2= 2% 10'12 (Refer-
ences 2-6, 3-4, 3-5)*, we find that Equations 3-10 and 3-12 lead to values

10 Latts em™? ster ! um'l at all alti-

for the limb radiance that are <10~
tudes. Thus, the ambient window regions shown in Figures 3-5 and 3-6 would

be unaffected by the N_O emission.

2

As a third estimate, we used the values k, =2x 10_12, k.=4%10

1 2
and kg =2x 10711,

12

These values are still within the uncertainty limits of
each of the rate coefficients. The results are shown in Figures 3-5 and
3-6. As expected, the window regions are less severely affected than they

are in the upper-limit case where NZ(A) quenching by atomic oxygen is

~10

neglected. For the 10 window regions (Figure 3-5) the limb is raised

to about 130 km between 16.5 and 17.5 um, to about 190 km between 7.6 and

* Reference 3-4 gives results for quenching of N2(A°Z) in various vibra-
tional states. The value adopted here for ky+kp is an average for
the v=0 state of results obtained by different experimenters.
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7.9 um, and to about 167 km near 4.5 um. The 1()_9 window regions (Figure

3-6) are unaffected by N O emission except in a wavelength band near 7.7 um

2
at altitudes between about 115 and 155 km.

The results shown in Figures 3-5 and 3-6 pertain to a time of 3 sec
after burst. Subsequently, there should be some change in them because of

the initial upward motion that will tend to heave the N, O to higher altitudes

2
for at least the first 5 minutes and, later, because of the downward motion

as the air falls back under the influence of gravity. Thus, for at least

S minutes the earth limb may well be raised to altitudes higher than that
shown in Figures 3-5 and 3-6. We have not had time to pursue this point.
Nevertheless, the results at the early time shown should serve to point up

the potential importance of NZO in a nuclear envircnment,

The conclusion then is, that to within the considerable uncertain-
ties currently present, a single high-yield, high-altitude burst can possibly
produce enough NZO to cause potential interference with LWIR systems operating
in spectral regions near 4.5 um, 7.6 to 8 um, and 16.5 tu 17.5 um. The
severity of the interference will again be very dependent on the nature and

degree of any structure in the emitting volume.

During daylight hours one might expect additional excitation of
the NZO bands by the solar pumping mechanism.* However, N20 does not absorb
in the visible spectral region and most UV absorption appears to result in
photodissociation of the molecule (References 3-6 and 3-7) except, possibly
in the far UV (A 515003) where the solar flux is not inte se. It therefore
appears that the solar-pumping mechanism is ineffective in exciting the IR
bands of N2

critical review of the NZO literature.

0, although a definitive conclusion on this must await a more

* This is the process whereby the molecule is first raised to an electron-
ically excited (discrete) state by absorption of a visible/UV photon and
then, following radiative cascade, is generally left in a vibrationally
excited state of the ground electronic state.
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Uncertainties

Apart from uncertainties in the bomb phenomenology relating to the
dynamics of the post-burst environment, the principal uncertainties involved
in a prediction of the NZO radiation in a nuclear environment are: (1) the
rate constant for quenching Nz(A321 by atomic oxygen, (2) the rate constant
for N,O formation by Reaction 3-5, and (3} the spectral yield of photons
arisi;g from photon-scatter excitation of N,O, especially by sunlight. Of
lesser uncertainty is, (4) the number of Nv(ASZ) molecules formed per initial

ion pair.

Probably the fastest collisional quenching of N_(A) is by atomic
oxygen. As mentioned above, measurements on the Vegard-Kaplan bands in the
aurora (Reference 3-3) can be accounted for on the basis of a quenching

-11 10

.. . - 3 -1
coefficient, k ranging from about 2x10 to 1.3x10 em® sec . As

)
we have seen, 3alues for k3 as large as 7.5X% 10_10 appear to produce suffi-
ciently fast quenching of N,(A) to effectively climinate N,0 as an important
radiator in a nuclear envir;nment. On the other hand, a v;]ue of 2x 10_1]
seems to permit sufficient NZO formation to make it a potential syvstems
threat. Therefore, the degree of importance of NZO in a nuclear environment

depends critically on a better knowledge of the rate coefficient kz.

In Appendix C we treat the case of excitation of N,0 by earthshine
scatter. The basic ingredients involved are the vibrational f numbers for
the fundamental bands of N,O and the spectral flux of carthshine photons,
all of whicharce reasonably well known. As for solar scatter, excitation of
N,O by the UV (or visible light)-pumping mechanism has not been treated in
d;tail, and so at present the rate is very uncertain. However, as mentionced
ahove, the rate is probably small because NZO does not appear to possess the

nccessary absorption bands in the visible or UV regions, although this necds

to he confirmed.
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ome uncertainty exists in the number of N,(ASZ) molecules formed
per ion pair from electron impact due to uncertaintices in the excitation
cross sections for formation of the ASZ state, as well as the Bzﬂ, CSH, and
WSA states that lead to the ASZ state by radiative cascade. lHowever,
uncertainties in the individuai cross sections appear to he relatively small
(25 percent) because of recent improvements in experimental techniques
(Reference 3-8). As far as we Kknow, no studies have been made to determine
the overall uncertainty in the number of Nj(ASX) molecules formed following

radiative cascade.

Recommendations

To permit a definitive conclusion regarding the possible degrado-
tion of both MWIR and IWIR systems in a nuclear enviromment from N O radiation,

the following work is recommended:

1. Laboratory mecasurements to determine the rate cocfficient

. o .
for gquenching of N, (N X)) by atomic oxygen,

2. Laboratory measurements to determine, more accurately, the
rate cocfficient for formation of N,O by the reaction

NL(AE) + 0,>N,0+0.

3. Calculation of the excitation rate of the N,O fundamentals

by sunlight pumping.

1. Sensitivity calculations to determine the uncertainty in the

. 3 - . . -
number of NJ(AL) molecules formed per ion pair, from clectron
hombardment, by utilizing the best current upper and lower
limits on excitation cross sections tor the relevant states of

of N5, including A™E, BN, €77, WA,
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CARBON DIOXIDE (COZ)

Role in Nuclear Environment

Carbon dioxide is an important infrared radiator in the ambient
atmosphere with its fundamental, intcrcombination, and hot bands prominent

in the SWIR, MWIR, and LWIR regions. For example, its v, fundamental at

15 um has a measured limb radiance at 100-km altitude of about 5 10_7
watts cm_2 stm‘—l um_l (Reference 3-9). The potential importance of the
species in a nuclear environment lies in the fact that N {(v=1), which is
initially the sink for about 5 percent of the X-ray cnergy released from a
high-altitude nuclear burst, can rveadily transfer this energy to CO, which
can then radiate it over a long period of time by the Vs fnndnmontui at

4.3 yum and by other bands at longer wavelengths,

In the past tfew vears a lot of etfort has gone into modeling this
emission, particularly for the Vs band, although considerable attention
has recently been given to the longer wavelength bands as well.,  Refine-
ments have been added to the theory to allow for radiation trapping of the
4.26-1m resonance radiation helow about 100 km, for emission by the so-called
weak isotopic and hot bands, and for fluorescence resulting from absorption
by CO, of sunlight and bomblight at 2.7 um with subsequent reradiation in
other bands, especially those near 4.3 um (sce, for cexample, References 3-10
to 3-11). The basic theory of €O, vibraluminescence near 1.3 im has been

substantially verified by the TCECAP auroral measurements,

For our purposc of estimating the relative importance of IWIR
vibraluminescence of €O, in a nuclear environment above 100-km altitude, it
is not necessary to invoke all the refinements in theory rceferred to above,
but rather to consider the basic mechanism of vibrational cnergy transfer
from N, to the 001 vibrational state of the major isotope of €O according

to the reaction

NL(v=1) + €OL000) —» N_(v=0) + CO_(001) | (3-13)

-

a




In Appendix D we describe the simple model used to compute the subsequent
radiative cascade from the 001 state to lower vibrational states of CO2 with
emission in bands near 4.3, 9.4, 10.4, 13.9, 15.0, and 16.2 uym. The spectral

distribution for each of these bands was adopted from the WOE code.

The model in Appendix D was applied in estimating the limb radiance
from CO2 vibraluminescence following a megaton-class high-altitude burst by
utilizing values for [Nz(v=1)], [CO2], and temperature determined from
prior MHD/chemistry code calculations. The results, for a time of 60 sec

10 and 1077 limb-threshold radiances

after burst, and for the cases of 10~
at night, are shown in Figures 3-7 and 3-8, respectively, along with the
previously-shown ambient results for comparison. In both cases we see that,
except for the 4.3-um band where the carth limb is raised to over 200-km
altitude, the effect in the LWIR is relatively small. In rather narrow
spectral regions near 9.3 um band 10.4 um, the limb is raised, by about

20 km, to an aititude of about 125 km. Near 13.5 um, it is raised by about

10 km to an altitude of 120 km.*

In these calculations, the spectral yicld of photons adopted was
based on an atmospheric temperature of 300 °K. The actual temperaturce
exceeded this at various points along the sight paths so that the vibra-
luminescent contribution should be a little broader in wavelength than that
shown in Figures 3-7 and 3-8 and would not extend quite so high in altitude.
Nevertheless, the conclusion would remain essentially the same. This is,
that a single high-yield, high-altitude burst should not producc sufficient
CO2 vibraluminescence to seriously degrade the LWIR window regions,

especially at limb altitudes above about 125 km,

* The SPIRE data (Refcrence 3-9) indicates that the cross-hatched areas
in Figures 3-7 and 3-8 (corresponding to regions where the ambient limb
radiance exceeds 10-10 and 1079, respectivelv) should be a little
broader near 14 ym at tangent altitudes from 100 to 120 km than that
shown in these figures. Thus, the burst-induced vibhraluminescence near
13.5 um may be almost obscured by the ambicent emission.
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Uncertainties

In our cestimation, the major uncertaintics associated with a
determination of the nuclear-induced LWIR vibralumincescence from €O, arc
related to bomb phencmenology, particularly to the dynamics of the disturbed
region and its temperature distribution. Apart from these, there arc, of
course, other uncertainties relating to the actual mechanisms of energy

transfer from N, to CO to the internal redistribution of this encrgy among

R

the many vibrational states of CO,, and to quenching rates for the various
states, Although the rate coefficient for Reaction 3-13 is well known, as
are also most of the Einstein transition rates necessary for calculating

the branching ratios in the radiative cascade to lower states, the rate of
energy transfer from N,(v>1) to higher vibrational states of €O, is not well
known. flowever, this is probably not a serious limitation, cxcept possibly
in 2 multiburst environment, because after a short period of time following
a burst most of the v>1 states of N, should end up in the v=1 state,

by resonance exchange with Nj mo]ccu];s in the ground vibrational state,

where they can then transfer their energy to €O, by Reaction 3-13.

Given that the hyvdrodynamics and chemistry involved in the calcu-
lations lecading to the results presented in Figures 3-7 and 3-8 is reasonahly
correct, we belicve that the other uncertainties referred to above are not
sufficiently great to substantially alter the LWIR results and conclusions,
at least for the case of a single high-altitude burst. There has not been
sufficient time to consider possible modifications in the case of a multi-

burst environment,
Recommendations
In Reference 1-1 a recommendation was wmade for laboratory experi-

ments to measure, simultancously, the spectral intensity of €O, vibralumin-

escence near 2.7 and 4.3 um. We believe that, for the SWIR, this is stil}
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an important experiment to perform. For the LWIR, however, no experimental

work is recommended at this time.

We do recommend that further code work and/or analytical studies
be carried out to determine if CO2 vibraluminescence (LWIR) plays a more

significant role in a multiburst environment than it appears to do in the .

single-burst case. Depending on the outcome of such studies, further con-

sideration might then be given to the need for specific experimental work.

-~

METAL OXIDES

gy

Role in Nuclear Environment

PR

Oxides formed from metallic or other weapon debris atoms have
long been considered a potential threat to LWIR systems operating in a
nuclear environment because most, if not all, of their fundamental bands
lie in the LWIR region. Considerable work, both laboratory and theoretical,
has been done over the past decade to determine the basic parameters needed
Y to formulate good predictive models for this radiation. Much has been learned,
but there are still many unknowns. Before attempting to pinpoint which,
if any, of the unknowns are crucial, however, a fundamental question to
answer is this. In view of the fact that LWIR systems will probably operate
at tangent altitudes greater than about 120 km (to avoid the ambient earth- ﬂ
limb obscuration) and since much of the weapon debris from a high-altitude
burst is believed to be deposited below 120 km, is the depth of the region
above 120 km in which systems may be adversely affected sufficiently great
to worry about? This is one of the main questions addressed in this

subsection.

The metal species of potential importance in a nuclear environment

] have been reviewed by Gilmore (Reference 3-15). The dominant ones cited are

aluminum and uranium. Many of the metals, including Fe, Li, Ni, Cu, and Mg,




do not react strongly with 02 to form oxides because the reactions are
endothermic. Thus, the concentrations of their oxides, following a high-
altitude burst, should be sufficiently small to cause negligible inter-
ference with LWIR systems. In addition to aluminum and uranium, we will
also consider oxide formation by certain fission fragments whose collective

concentration may be nearly as great as that of uranium.

Aluminum (AQ). Aluminum oxide can be formed by the reaction

AL + O2 —» A0 + 0 . (3-14)

However, aluminum, like the other metallic species, will be fully ionized
initially. For Reaction 3-14 to proceed, A must first be ncutralized.

This can be accomplished through radiative-collisional recombination with
free electrons, but the process is very slow, requiring several hours. A
possible alternative that we considered involves the formation of AL0" by

the reaction

At %y 4 0, —» A0T(x%5) + 0(3P) + 1.2 oV (3-15)

. . . . + .
followed by dissociative recombination of AR0 with electrons:

A0 + e —» AL+ O . (3-16)

Here, AZ*(3P°) is the lowest triplet state of ALY, It is metastable and has
sufficient energy (4.65 cV) to make Reaction 3-15 exothermic. The difficulty
with this scheme, however, is that AQO+ can also be destroved by reaction

with atomic oxygen:

Aot + 0 -—» a2t + o0 (3-17)

2
which has a rate coefficient (unmeasured) that is probably on the order of
10710 nd sec L. Thus, given a rate coefficient for Reaction 3-16 of about
4x 1077 en® scc_], Reaction 3-17 will dominate Rcaction 3-16 when

[0] =4 Xlﬂ3 No’ where No is the clectron density. Except within the

a7

|
1
|
L

PR




.

fireball region (where AL0 would not be formed anyway), this condition is

generally satisfied following megaton-class high-altitude bursts.

We conclude that A0 formation, following a high-altitude burst,

is probably insufficient to cause degradation of LWIR systems.

Uranium (U) and Fission Fragments (FF). The situation with

respect to uranium, and at least several of the fission fragments (including
Zr, La, Sm, Nd, Y, Ce, Pr), is quite different. It is not nececssary to first
neutralize the tons because they can react directly with 0, to form oxide

ions that are very stable. For example, the reactions

10

Ut + 0, ~» V0" + 0+ 3.1 eV (ka8.5x107 1) ] (3-18)
+ + -9
UO* + 0, —» UOY + 0 + 2 eV (k~2x107) (3-19)

procecd rapidly to form the LWIR-emitting species uo® and U0;. In fact,

with the measurced values for the rate coefficients shown above, most u* ions
deposited in the ambient atmosphere would be converted to UO: ions in less
than 1 secc for altitudes up to 170 km, and in less than 1 minute for altitudes
to 280 km. Once formed, these ions should retain their identity because their

dissociation cnergy is nearly 8 eV. The dissociative recombination reaction
+ )
Uo, + e —»UU0 + O (3-20)
<~

is endothermic by 2 ¢V and should be quite ineffective in destroyving the
+ . + .
U0,. The same is true for U0 ions.
+ + . .
Once formed, the U0, and U0 ijons can he excited continuously
by carthshine scatter at night and, possibly in addition, by solar pumping

by dav.

Similar remarks apply to the above-mentioned fission-fragment

oxides (for which the dissociation potential exceeds the ionization potentiall,

- e e —




We have attempted to estimate the magnitude of the limb rad.ance
from uranium and fission-fragment oxide ions as a function of altitude for
selected times following a megaton-class high-altitude burst. The details
of this calculation are presented in Appendix E. In this section we will
just give a brief description of the procedure adopted and a composite

picture of the final results,

The daytime spectral limb radiance is determined from the
expression
a0 0o+ 0 -2 -1 -
—XSZX—E—-) [oxide]d? (watts cm 7 ster = um 1)
R (3-21)

1 =1.58x%x10

-0 .
where the integral represents the column number density (molecules cm 7) of

. . .
oxide ions along a detector's sight path, ¢C and ¢ _ are the rates of
S

photon emission per molecule by carthshine and sunlight scatter, respectively,

\Ll is the wavelength in micrometers, and AAU is the effective bandwidth
over which the radiation occurs.* At nighttime, %S:(7. Vatlues of &C and
&q for uranium and fission-fragment oxide ions are not known. To he
explicit, we have assumed both of them equal to 0.2, the same as for ALO

{see Appendix ).

Briefly, the column density of oxide ions along a limb path was
estimated by considering the following sequence of cvents. To begin with,

- 26+ . - 260 L. . . +
we assume that 7x 1077 U ions and 3> 10 fission fragment ions' are

*  For uranium and fission-fragment oxide ions, the band shapes are not well
known. Tor simplicity, we assume here that the contributing bands of
V0% and UO* radiate uniformly over the region from 10.5 to 12.5 um
(A =2) and that the fission-fragment oxide ions radiate uniformly over
the region from 9.5 to 13.51ﬂn(AR1[= 4). Sce also Appendix E.

-

+  These numbers are based on 2% 1077 uranium atoms present initially.,
Thirty percent of these arce assumed to fission Teaving l.dx 1027 U* ions
and 1.2x 10=" fission-fragment ions. Half of these are lost in the upward
direction and half arc deposited in the downward hemisphere.  Fifty percent
of the fission-fragment ions arc assumed to be of a varicty that can form
oxide ions,

et
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ejected toward the downward hemisphere with the common velocity of 2 ><108

cm sec_l. The component of the velocity of these ions normal to the earth's
magnetic field pushes the field outward and it, in turn, drags the air ions
with it. 1In this manner, a considerable fraction of the initial debris
kinetic energy is transferred to the air ions. It is the air ions that
ultimately deposit most of the original debris kinetic energy. Following

the debris-air interaction, the energy-degraded debris ions will be left with
a velocity distribution. The fastest moving ions will be deposited at the
lowest altitude possible; the slower ones will be deposited at higher
altitudes. There will thus be established an initial vertical distribution
of the debris ions that will be dependent on their velocity distribution
immediately following the debris-air interaction. After the air ions have
deposited their kinetic energy, an upward motion of the heated atmosphere
will ensue which will carry the debris ions with it and, thereby, alter

their verticel distrivution. Given the velocity distribution of the debris
ions, we can compute the initial vertical distribution of these ions. Given
a model for the subsequent heave, we can then calculate the vertical distri-
bution of the ions at subsequent times. If, additionally, the lateral spread
of the debris ions is known, the column number density in the horizontal

direction can be found as a function of limb altitude and time after burst.

As described in Appendix E, the lateral spread of the debris from
a megaton-class high-altitude burst is taken to be 200 km. Two initial
vertical distributions of the debris ions were calculated. One of them
corresponds to a velocity distribution proportional to v"2 (Case 1); the
other to a velocity distribution independent of v (Case 2). In both casex
the subsequent vertical distributions were determined from the MICE-code
description of the heave. In determining whether a debris particle is an

oxide ion or an atomic ion we assume, because of the large rates for

Reactions 3-18 and 3-19, that oxidation will occur where 0, is not dissociated,

i.e., everywhere outside the fireball plume. Elsewhere, the ions are taken

to be atomic.




The calculated 1limb radiance from uranium and fission-fragment
oxide ions as a function of tangent altitude, and for selected times after
burst, is shown in Appendix E for Cases 1 and 2 (Figures E-8 to E-11 and
E-13 to E-16). Although the detailed shapes of the radiance-altitude curves ‘1
are different for the two cases, the altitude regions over which the limb
radiance cxceeds a certain value (say 1071 are nearly the same in both 1

cases, We conclude from this that a determination of the limb-window regions

is not particularly sensitive to the assumed velocity distribution of the

debris ions.

The detailed results presented in Appendix E have been used to

show the possible effect of uranium and fission-fragment oxide ions on the

ambient limb-window regions. The results, for tangent altitudes to 200 km, 1
are shown in Figures 3-9 through 3-12. Figure 3-11 shows, for example, that 4
by day the 1limb radiance from fission-fragment oxide ions may exceed 10_10

1

_9 - - .
watts cm - ster um 1 (at certain times after burst) for tangent altitudes

ranging from about 130 km to over 200 km in a wavelength band extending from
about 9.5 to 13.5 um.* Also, Figure 3-11 shows limb radiances from uranium

-10

oxide ions exceeding 10 , at certain times, for tangent altitudes from

about 120 km to over 200 km in a wavelength band from about 10.5 to 12.5 um.

Figures 3-13 and 3-14, respectively, show the effect on the 10—10 {

-9 . . . . . . . L.
and 10 7 ambient limb-window radiances at nighttime from uranium and fission-
fragment oxide ions as well as the burst-induced cffects from the other

10 window

molecular species considered carlier in this report. For the 10~
in particular, the potential effect of the uranium and fission-fragment
oxide ions is seen to be considerable. The effect is particularly note-
worthy in view of the fact that the oxide ions should be striated along the

magnetic field lines and thus give rise to structured radiation in the LWIR.

* Actually, according to Figures E-16 and E-9, at a time of 210 sec the
radiance from the fission-fragment oxide ions and the uranium oxide ions
exceeds 10 19U for altitudes to nearly 300 km and 500 km, respectively.
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Uncertainties

Apart, again, from uncertainties in the phenomenology relating to
debris deposition and atmospheric heave, the major uncertainties involved in
an accurate prediction of the LWIR emission from uranium and fission-fragment
oxide ions relate to the spectroscopic properties of the ions. To our
knowledge, the band strengths (or f numbers) for neither the vibration-
rotation (V-R) transitions nor the electronic transitions are known for any
of the ions. These quantities are required for a calculation of the IR
emission rate by earthshine und sunlight absorption. Our assumed values
for these rates, based on the rates for ALO, could well be in error by at
least an order of magnitude. Furthermore, the band positions of the fission-
fragment oxide ions are not well known nor, indeed, is that of UO+, although
the positions of the neutral oxides are known except for the fission fragments
Sm and Nd. If the LWIR sensor is broad banded, then the exact positions of
the oxide bands may not be too important, but we cannot at prescent be

assured of that.
Recommendations

In view of the potential importance of uranium and fission-fragment
oxide ions in a nuclear environment, we rccommend that experiments be

performed to determine:

1. The absorption oscillator strengths (f numbers) for the
fundamental V-R bands of UOE, UO+, and sclected fission-
fragment oxidc ions from among the group: Zro;, LaOZ, Smo;,
NdO}, YO, CeOF, PO (x=1,2

2. The f number(s) for permitted elecctronic transitions con-

nected to the ground state, for the same species listed

under ITtem 1 above.




If Ttems 1 and 2 are performed successfully, the LWIR excitation
rates of the species by earthshine and sunshine scattering can be computed.
If these rates turn out to be sufficiently small to render the species
unimportant in a nuclear environment, then obviously no further work is
required. If, however, the rates are comparable to, or greater than, those

for AL0, then we recommend further work to determine:

3. The wavelength positions of the fundamental V-R bands of uo”
and the fission-fragment oxide ions listed in Item 1 above,

especially Sm0; and Nd0; (x=1,2).

ELECTRONS (PLASMA RADIATION)

Role in Nuclear Environment

We consider here the emission from plasma in the plume of a megaton-
class, high-altitude burst. Included is continuum radiation resulting from
free-free and free-bound collisions between electrons and ions as well as
line radiation from bound-bound transitions that may occur following radia-
tive-collisional recombination in an 0'/N’ plasma. The potential importance
of this radiation for an LWIR system is twofold. First, there is the
relatively large dimension of the fireball plume that extends to altitudes
of several hundred kilometers. Second, there is the fact that after a few
tens of seconds the plasma will be striated along the magnetic field lines
with the result that the infrared radiation that arises will be structured.
In this section we attempt to estimate the magnitude and the spatial and
temporal extent of the mean plasma radiance by utilizing MELT-code results
of electron density and temperature in the fireball plume. These results
can then be compared with the results presented above for molecular radiation

so0 as to establish the relative importance of each.
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The volume emission rate due to free-free (ff) + free-bound (fb)
collisions of electrons with ions can be written as the frequency (v)-inde-
pendent expression (Reference 3-16)

(ﬁ;) e’ "N (ergs en” S sec™! ster'l(Av)_])
2 - - : :
2, ) w323 (s 12 1
€ (3-22)

8Tr1/2

3/6

Jv(ff+fb) =

Here, e and m are the eclectron charge and mass, respectively, NO and
N+ are the electron and positive ion concentrations, respectively, TC is
the electron temperature (°K), k is Boltzmann's constant, and g/g _ s
the ratio of statistical weights of the ground states of the neutral and
ion species. For hydrogen-like ions, which we assume here, g/g+= 2.

Alternatively, with N, = Ne’ and with a change of units, Equation 3-22

becomes
J(£E+£b) = 5.39x 107 NzTe_I/z (watts em > ster l(av) ™ (3-23)
or, - 2
-31 NzTe 1z -3 -1 -1
JX (ff+fb) = 1.62x 10 ? > (watts cm ster ~ um ) (3-24)
M A L
U ;
where AU is the wavelength in micrometers.

For the volume emission rate due to bound-bound (bb) transitions

we have used the approximate expression (Reference 3-17)

J. (bb) = 2.65x 10720 v———E§£L‘-—-(watts em™? ster™! m‘l) (3-25)
) (bB) = 2.6 5.2145.1.97 ‘ W e
u T Xu

where o, the radiative-collisional recombination cocfficient, is

determined by

5
- / , . 3005
TC [—0.0501(loglnNo) +0,4641 ]ULIHNO 1.913255]

<13 .-0.1
a & 57510 No (Tuﬂm (3-26)

and T is the neutral temperature (°K).
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The maximum plasma limb radiance, as a function of tangent altitude
for the geometrical arrangement depicted in Figure 3-15, was computed by
integration of the volume emission rate (determined from Equations 3-24 and
3-25) along sight paths through the fireball plume. The results, for times
of 224 and 630 sec, are shown in Figure 3-16 along with corresponding results
for the ambient ionosphere. The burst-induced radiance is seen to decreasce
rather slowly with increasing tangent altitude so that, for example, even
at 630 sec, and for wavelengths up to 10 um, the limb radiance exceeds l(\_]0
for altitudes to at least 450 km, However, it should be pointed out that
we have chosen sight paths nearly parallel to the carth's field so as to
maximize the path lengths through the brightest part of the plume. For
sight paths more normal to the magnetic field the intensity would not be

so large.

Figures 3-17 and 3-18 present the results in our "window" format,

showing the regions in altitude-wavelength space where the limb radiance
10

exceeds 1071 and 1077 watts o2 ster ! um -, respectively. Included for
comparison in these figures is the cffect due to ambient nighttime molecular
emission. It is clear that the plasma radiation can be very effective in
wiping out the window regions, especially the 10-10 window (Figure 3-17),

to high altitudes. For example, at a timec of 224 sec, the limb radiance

exceeds 10710

for wavelengths to 12 um at tangent altitudes to 500 km, and
for wavelengths to 26 pm at tangent altitudes to 200 km. In fact, if one
compares Figures 3-13 and 3-17, it appears that the nuclear-induced plasma
radiation can be much more cffective than the nuclear-induced molecular
emissions in causing degradation of LWIR window regions, particularly 1()“]0
(and smaller) windows, for times to several hundred scconds after the burst.
This point is further amplified by the fact that the plasma is striated,
unlike the molecular species (with the exception of the uranium and fission-
fragment oxides), so that the emission is structured accordingly., However,

it is not entirely fair to comparce Figures 3-13 and 3-17 dircctly hecause

they refer to difterent geometrical arrangements., Figure 3-13 refers to the
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Figure 3-15. Contours of electron density (cm'3) at 630 sec after
megaton class high-altitude burst showing typical
sight path for plasma radiation calculation.
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Figure 3-16. Calculated plasma limb radiance (free-free + free-bound +
bound-bound) from plume of a megaton-class high-altitude
burst for sight paths similar to that shown in Figure 3-15.
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radiance along tangent paths whose nadir is directly below the burst point.
Figure 3-17 refers to the radiance along tangent paths whose nadir is dis-
placed by about 4000 km from the sub-burst point (as in Figure 3-15). Thus,
in the representation of Figure 3-13, the plasma radiance would be negligible

10 £or tangent

at tangent altitudes below about 500 km, but would exceed 10
altitudes from about 600 or 700 km to at least 1500 km for times to several
hundred seconds. The molecular emissions would be important in selected
bands to perhaps 200- or 300-km altitude and the plasma radiation important
over a large region above about 500 km. There would presumably be a "window"

at all wavelengths in the tangent altitude region from perhaps 300 to 500 km.

Uncertainties

Apart from uncertainties related to a determination of the electron
density and temperature distribution in the fireball plume, the largest
uncertainty associated with a prediction of the mean plasma radiance is in
the calculation of the bound-bound emission. As far as the free-free+
frec-bound continuum is concerned, the Kramers-Unsold formula (FEquation 3-22
1s on fairly solid theoretical ground and there is no good reason to suspect
much error in it. However, accurate prediction of the LWIR bound-bound linc
emission requires good knowledge of the population of energy levels near the
lonization limit of O and N atoms, their energy scparation, and transition
rates between the levels. None of these quantities is known with much
precision. Theoretical models have been developed (References 3-17 to 3-20)
to describe this radiation, but experimental data to corrbhorutc them are
scarce. Ncvertheless, since LWIR systems are likely to be broad banded
{to maximize the intensity of the rcceived signal), the exact positions of
the LWIR lines from recombining plasma are probably not critical. TFurther-
more, the low-resolution formula 3-25 yields values for the hound-bound
contribution that are gencrally comparable to those from the free-free +
free-bound mechanism over much of the fireball plume. 1t is our present

judgement that the best current models (not necessarily Lguation 3-251 for
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bound-bound emission, when integrated over a band of a few micrometers in

width, are probably good to a factor of about 2 or 3.

Recommendations

Because of the importance of LWIR plasma radiation in a high-
altitude nuclear environment, cxperimental verification of the theoretical
models is certainly desirable. We would assign medium priority to this
task, but would downgrade the necessity for it if a reasonably inexpensive

method of verification cannot be found.




T ———— —

SECTION 4
SUMMARY AND RECOMMENDATIONS

This report attempts to provide a basis for establishing a priority
listing of recommended work needed to improve our prediction capability for
LWIR radiation in a nuclear environment. Based on the assumption that LWIR
svstems will operate mainly at tangent altitudes above about 110 km, so as
to avoid natural carth-limb obscuration, we have concentrated our efforts
on estimating the spectral radiance induced by a single megaton-class high-
altitude burst. The results are based largely on previous MID/chemistr: -
code calculations performed at MRC. Included in the study is comission from
Og and NO, chemi luminescence, from N,O formed by the N,(ASX)-+O‘-+NQO<+O
rcaction und excited by carthshine scatter, from CO, vibraluminescence, from
uranium and fission-tragment oxides, and from plasma in the fireball plume.
The extent towhich the radiation fromcach species serves todegrade the ambient
limb windows is first determined, and the associated uncertainties are noted.
fhe relative importance of cach species in affecting the limb-window regions
is then determined. This information is used, in conjunction with the known
uncertaintics related to the emission propertics of the species, to assien
prioritics to the uncertaintics so that the required listing of recommended

cxperiments, or other work, can be established.

Although this report deals only with the magnitude of the nuclear-
induced limb radiance, any structurc inherent in the emitting vegions is of
potential importance, especially to scanning syvstems,  This fact is implicit
in our ordering of the priorities that gives a relatively high rating to
uncertaintioes associated with emission trom ionized species that are likely

to he striated along the carth's magnetic ficld.  This does not necessarily
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mean that spatial and/or temporal structure in the radiation from ncutratl
species is unimportant; only that widespread structure, with scale sizes
important to svstems (<1 km), has vet to be obhserved or theoretically

proven to exist.

The most important single source of LWIR radiation in a high-
altitude nuclear environment appears to be plasma emission from the fireball
plume. In fact, for certain viewing aspects, the plasma limb radiance cun
completely dominate that from all molecular sources, at tangent altitudes
above about 100 km, for tens of minutes after the burst. Furthermore, the
emission should be structured, due to the striated nature of the plasma,
and the outage Tegion to syvstems may extend to altitudes of 2000 km or more.
In the recommendations below, the only reason why top priority is not given
to ecxperiments related to plasma radiation is our belief that the uncer-
tainties associated with its calculation arce relatively minor compared to
those for certain of the molecular species whose contribution to the 1imb

radiance mav also be important, albelt to a lesser degrece.

In this report, as in the carlier one dealing with the SWIR
(Reference 1-1), we have restricted ourselves primarily to uncertainties

related to the chemical and optical properties of the disturbed air. We

again point out that uncertainties in the calculated emission, resulting from

incomplete knowledge of the phenomenology of nuclear burst-air interactions

may, in some cases, dominate thosce considered here.

Specific recommendations for rescarch items, independent of the
difficulty or feasibility of implementing them, are listed below in order
of priority.

1. For the purpose of determining INIR excitation rates by

carthshine scatter, measure the absorption oscillator

strengths (vibrational £ numbers) for the fundamental V-R
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bands of UOE, U0+, and selected fission-fragment oxide ions
from among the group Zro;, LaOi, Sm0+, Nd0+, Y0+, Ce0+,

+ X X X X
PrOx (x=1,2).

For the purpose of determining LWIR excitation rates by the
solar pumping mechanism, measure the f number(s) for permitted
electronic transitions, connected to the ground state by
visible light absorption, for the same species listed in

Item 1 above.

Perform laboratory experiments to measure the quenching rate
of NZ(ASZ) by atomic oxygen. This information is needed for

a good determination of the N.O build up in a nuclear

2
environment.

Measure the spectral yield of LWIR photons from the reactions
NO + O(+M) —» N02(+M)

N0+03 —> N02+02

Provided a reasonably inexpensive method can be found, perform
measurements to verify the theoretical models of bound-bound

LWIR emission from a combining o*/N* plasma.

Obtain laboratory confirmation of the tentative rate coef-

2+N20+O.

Measure the wavelengths for the V-R bands of U0’ and for

ficient for the reaction NZ(ASZ)4-O

the fission-fragment oxide ions listed in Item 1 above,
especially for Smo; and Ndoi (x=1,2). This task would
probably be accomplished as part of Item 1 above although
the information is necessary only if the rates determined in

Items 1 and 2 are significantly large, i.e., comparable to,

or larger than, those for AR0.

T T T T



10.

Using results of previous high-altitude multiburst calcula-
tions, determine if burst-induced 03 chemiluminescence and
CO2 vibraluminescence, at LWIR wavelengths, are ever

important in a nuclear environment for limb-viewing systems

at altitudes above 120 km.

The availability of spectroscopic data permitting, cither
(a) calculate the sunlight-pumping rate for the fundamental

bands of NZO or, (b) verify the unimportance of the process.

Perform sensitivity calculations to determine the uncertainty
in the number of NZ(ASZ) molecules formed per ion pair
(following cascade), from electron bombardment, by utilizing
the best current upper and lower limits on excitation cross

sections for the relevant states of N_, including ASZ, BSH,

2’
C3H, and WSA. This information i1s needed for a better
assessment of the overall uncertainty in the N,O emission

prediction.
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APPENDIX A
OZONE CHEMILUMINESCENCE IN NUCLEAR ENVIRONMENT

The chemiluminescent emission from ozone is based on the following

considerations. We assume vibrational excitation of 03 by the reaction

k1 4
0+ 02 + M—> O3 + M s (A-1)

followed by radiative cascade

+
0, A, 0, + hv(LWIR) (A-2)

and quenching of the excited 03* by

k
03* + M . O3 + M . (A-3)

The spectral photon emission rate, dI,k/df, at a wavelength AU

¢

(micrometers), is then

d1¢ -3 -1 -1
9 C anukl[o][oz](M] (photons cm ~ sec = um ) (A-4)

where Q 1is a quenching factor and ny  is the number of photons emitted

per micrometer, at wavelength Au, per reaction. Alternatively, the

spectral volume emission rate can be expressed as

dI n
A -20 A -3 -1 -1
—EEE = 1.58x%x 10 Q‘jji kl[O][OO][M] (watts cm ~ ster = um °)
0 u B
3 (A-5)

-
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The spectral intensity (for optically thin radiation) is then just the line

integral along the sight path:

d1
_ u X -2 . -1 -1
I = T de (watts cm ~ ster ~ um ") . {A-6)
sight path

The quenching factor is taken to be

A

Q= KTIIZ;EGT , (A-7)

where A is the radiative transition rate and kq the quenching rate
coefficient for Reaction A-3. For all relevant vibrational states of O3
we have taken Q to be the same as that for the (101) state, which is

obtained from Equation A-7 by sctting A=15 soc_l {(Reference A-1),
-14 3
4
The nuclear burst calculations werc performed using a rate cocefficient for

. - 34 2.5 -
Reaction A-1 of 5.5%10 ZJ(SOO/T) cm6 sec 1.
The values assumed for nxu are shown in Figure A-1. They are
those used in the WOE code (Reference A-3) for a temperaturce of 300 °K
and are based largely on theoretical considerations of energy conservation

augmented by very limited experimental data.

MHID/chemistry-code calculations have been used to calculate the

limb radiancc from O% chemiluminescence induced by a megaton-class, high-

altitude burst. An ecxample of the results, for certain peak values of the
spectral limb radiance at 60 scc after burst, as functions of the tangent

altitude of the sight path, is shown in Figure A-2.

k =2x10 cm sec_1 (Reference A-2), and replacing [M] by ([N,]+ {0,]).
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Figure A-1. Assumed O3 chemiluminescent spectrum from the
reaction 84-024-M-*03+-M (as used by WOE code,
Reference A-3).
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APPENDIX B
NO2 CHEMILUMINESCENCE IN NUCLEAR ENVIRONMENT

The chemiluminescent emission from NO2 is assumed to be produced

by the reactions

NO+0+M —El~> NO, + M (B-1)
k,

NO + 0O > NO, + hv (B-2)
ks

NO + O3 —_ NO2 + O2 . (B-3)

The spectral volume emission rate can thus be written (by analogy with

Equation A-5 for the case of 0;) as

dr}‘u -20 Q
37 = 1.58x 10777 5 Iny (1)k, [NOJ[O][M] + n, (2)k,[NOT[O]
NO,, T T u

(B-4)

3
and rate constants, respectively, for Reactions B-1, B-2, and B-3. It

where My (1), ny (2), ny, (3) and k., k., k are the photon efficiencices
u 1 1 2

turns out that Rcactions B-1 and B-2 dominate Reaction B-3 at altitudes

above about 70 km, and Reaction B-2 dominatces Reaction B-1 above about 90 Kkm.

The quenching factor, Q, for all relevant vibrational states of

NO, is assumed equal to that for the (101) state, which is obtained from

oy (3)k3[NO] [03]) (watts em stm'_l unx-])
u

Bl bl s il
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~-1%*
Equation A-7 by setting A= 128 scc ! (References B-1, B-2, B-3), and
- w - - D
replacing kq[M] by (10 1J[N7] + 3% 10 13[O’]+ 9.1x10 1’[O]J(Roforcnco B-4).

Values adopted tfor the rate coefficients kl’ k,, and k_ are
- D
S

-37 38K - -17 { I
1.6 x 107> eosl/T cmb se¢ 1, 6.3x 10 17 (300/T)I")4 cm” osec 1, and

12 -1450 3 - .
2.1x10 12 e L450/T em” sec l, respectively, where T is the temperature
in °K.

The values assumed for the photon efficiences are shown in Figure
B-1. They arc those used in the WOE code (Reference A-3) for a temperaturc
of 300 °K and are based on theoretical considerations of cnergy conservation.

No experimental data arc known to us.

The spectral radiance along a sight path is determined from

Equations A-G and B-4.

MID/chemistry-code calculations have heen used to determine the
limb radiance from NO, chemiluminescence induced by a megaton-class high-
altitude burst. An example of the results, for certain peak values of
the spectral limb radiance at 60 secc after burst, as functions of the

~

tangent altitude of the sight path, is shown in Figure B-2.

*  Sum of the A values for transitions (101-000), (101-001), (101-100),
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APPENDIX C

EARTHSHINE SCATTER EXCITATION OF NoO FUNDAMENTAL BANDS
IN A NUCLEAR ENVIRONMENT

In this appendix we develop the values for fxu, appearing in
Equation 3-12, used for determining the spectral intensity of earthshine
scatter from N,0 formed in a nuclear environment by the reaction NZ(ASZ) +
02+N

20+ 0. Also given is an example of the peak 1limb radiance calculated

for a time of 3 sec following a megaton-class, high-altitude burst.

The quantity f , the number of photons emitted per molecule per

sec per micrometer by earthshine scatter excitation, can be written as
’ (C'l)

where ée is the photon emission rate per molecule for an entire V-R band,

and gxu is a spectral shape factor that distributes the photons in wave-

length over the band. For a molecule imbedded in a radiation field of energy

density oy ¢_ is given by (Reference C-1, p. 372)

e

. Trezfo1

% = Tmw  Pv (C-2)
where fo1 is the absorption oscillator strength, hv is the photon energy,
and e and m are the electron charge and mass, respectively. But oy is

related to the intensity, Iv’ of the radiation field by

21 _
pv_cfvdn (C-3)




where the integral is taken over all solid angles. However, since carth-

shine is only upwelling we have

_am .
P, T T Iv (C-4)

In terms of the wavelength, Au, in micrometers, and the carthshine intensity,

Iiu , in watts cm—2 ster—1 um_l, Equations C-2 and C-4 can be combined to

yield
s _ o, 3 3.e . -1 -1
b = 2.8x107f A1 {(photons molecule sec ) (C-5)
e ol U A
u
or, alternatively, in terms of the integrated band absorption coefficient,

. . -2 -
So’ in units of c¢cm ~ atm 1,

ée = 1.2x 10'4SOASI§ (photons molecule™! sec_l). (C-6)
u

The maximum intensity of upwelling earthshinc radiation above

100-km altitude at thec waveclengths of the v, v and \)_S bands of N,O0 has

1’ 2,
been obtained from recent LOWTRAN 5 code calculations (Reference C-2).
These results, together with values for SO and A“ for the threc funda-

mentals of N O, and the calculated values for ée, arc shown in Table C-1.

Table C-1. Calculated earthshine scatter rate for the three
fundamentals of N20

e -
BAND XU SO I>\u ¢e
(um) (cm'zatm']) (watts em™? (photons_] -
ster=1 um=1) molecule™ sec™')

v, 7.8 268 5.1x107" 7.7x 1073
-4 -3

v2 17.0 37 2.9x10 6.3x10
-5 -4

v3 4.5 1500 1.4x10 2.3x10
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The band shape factors, EAU, appearing in Equation C-1 for a
temperature of 300 °K, are shown in Figure C-1. They were obtained using

data from References C-3 and C-4. _

Figure C-2 shows the estimated column number of N,O molecules '
along tangent paths at 3 scc following a megaton-class, hig;-altitudc burst.
These results are based on the assumption of one NO(ASZ) molecule formed i
per initial ion pair (except in the dissociated-Fi;eball region) which
probably yields an upper-limit estimate for the N,O concentration since
recent calculations (Reference C-5) give a value gf about 0.4 A-state
molecules formed per ion pair (including cascade effects) for the X-ray

deposition region.*

Equation 3-12, together with the results shown in Table C-1

and Figures C-1 and C-2, were used to calculate the peak spectral limb

radiance as a function of tangent altitude. The results, for the three

N20 fundamentals, are shown in Figure C-3.

*  For the UV-deposition region, however, the value calenlated in
Reference C-6 is approximately 0.6,
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APPENDIX D
C02 VIBRALUMINESCENCE IN NUCLEAR ENVIRONMENT [

In this appendix we describe the simple model used to determine
the magnitude of CO2 vibraluminescence above 100 km in a nuclear environ-
ment, and show estimates of the peak limb radiance at 60 sec following a

megaton-class high-altitude burst.

The vibrational transitions in CO, that give rise to the bands of

interest here are shown in Figure D-1. Also shown is the =1 state of
o0 BE=18cm !
v 01
=
3 T+ J v
v
Ay TRANSFER OF !
LASER VIBRATION ENERGY
-1 A
20001~  960.99 cm 3
T DA 2330.7 cm™!
£ 1063.77 cm
> 02°0
—
z 4 2:49.16 cm™
1000 618.0 ¢cm™!
—oi'o
Ag ‘
667 .4 cm
0 L_. + 4 _J’ vz 0
€O,z *00°0 GROUND STATE N, (xlzg) GROUND STATE

Figure D-1. Lower vibrational Tevel scheme for CO2 and N2 molecules.
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N2 that is nearly energy resonant with the 00°1 state of CO2 which can

readily be excited by the vibrational transfer reaction

k
Nz(l) + c02(00°0) R N2(0) + c02(00°1) . (D-1)

<

1

N2 is vibrationally excited directly by the primary and secondary photo-
electrons following X-ray and UV-energy deposition and also by certain
chemical reactions. After energy transfer to CO2 has occurred, the (00°1)
state of CO2 can decay by radiation to the (00°0), (10°0)}, and (02°0)
states with emission of bands at 4.3, 10.4, and 9.4 um, respectively. The
corresponding transition probabilities are designated Al’ AZ’ and AS'
Subscquent cascade from thc (10°0) and (02°0) states lcads to radiation

at 13.8, 16.2 and 15 um.

A quasi equilibrium between excitation and deexcitation is rapidly

cstablished so that the C02(00°1) concentration is given by

K, 160, 1 (N, (1)]

1]
A1+A2+A3+k1[N

[C02(00°1)] ~ (b-2)

5]

where kl and ki (approximately equal) are, respectively, the rate

coefficients for the forward and reverse Reactions D-1. The volume emission

rate, dl4 3/d2, integrated over the entire 4.3-um band, is determined by

dI -
—334§-= 3.7x 10721 A [CO,(00°1)]  (watts en™ seer™h) (-3
and the band intensity, I4 3 is given by the line integral
dI
i 4.3 tre em s cpor ! -
14.3 f( It )dQ, (watts c¢m ster ) . (h-1)
sight path
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The spectral intensity, IAU’ for any wavelength, Au, can readily

be shown to be determined from the equation

_ 4.3 -2 -1 -1
L = M I (watts cm ° ster = um ) (D-5)
H H H

where nAu is the number of photons emitted per Reaction D-1 per micrometer

at wavelength Au.

Figures D-2a and D-2b show values for nxu, adopted from the WOE
code (Reference A-3), that include contributions from the 6 bands of CO2
mentioned above. The values are given for temperatures of 300 °K and 3000 °K

although only the 300 °K results have been used in this report. Collisional

quenching of the excited states, not included in these results, is not sig-

nificant at altitudes above about 100 km, where our main interest lies. ‘1

MHD/chemistry-code calculations were used to calculate the

quantity I4 3 along limb paths following a megaton-class, high-altitude .

burst. An example of the results, for a time of 60 sec, is shown in
Figure D-3. The results in Figures D-2 and D-3 have been used in Equation

D-5 to determine the peak spectral limb radiance at 60 sec as a function of

the tangent altitude of the sight path. The results are shown in Figure D-4,
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APPENDIX E 1
l

LWIR RADIATION FROM URANIUM- AND FISSION-FRAGMENT OXIDE
IONS IN A NUCLEAR ENVIRONMENT

In this appendix we estimate the limb radiance from the funda-

mental bands of oxide ions of uranium and certain fission fragments formed 1

following a megaton-class, high-altitude burst and excited by earthshine

and sunlight scatter. Although the calculation is fraught with considerable
uncertainty, particularly with respect to the photon excitation rates of

the oxide ions, the results should serve to point up the potential importance !
of these sources of LWIR radiation and the need for additional cxperimental |

data.

The oxide ions specifically included are UO+, UOZ, and fission-

fragment (FF) oxides FFO+, FFO; where FF includes the species Zr, La, Sm,
Nd, Y, Ce, and Pr. The atomic ions for each of these species can rcact
rapidly with O, to form oxide ions, the reactions being considerably exo-
thermic. We w;ll use the shorthand MeO; to refer to these oxide ions
(x=1,2).

EXCITATION AND RADIANCE CONSIDERATIONS

Once formed, the fundamental vibration-rotation (V-R) bands of

+ . . . . ’
Mer can be continuously excited by earthshine scatter and, possibly, hy ]

solar pumping in the daytime. Let ée and éq be the rates for these
two processes, respectively. The 1imb radiance (in the rectangular-band ;
approximation) can then be expressed as
(b, +d,)
_ ~20 %0 s + rpe =2 -1 -] .
IX = 1.58 > 10 -XUK}QV [McOx]dQ (watts cm ° ster  pm ) (k-1

M sight path
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where AAU is the effective bandwidth of the radiation. At nighttime,

) . . +

¢§= 0. The rates ¢o and ¢§ for Mer are not known, Howecver, for
calculational purposes, we will assume values for them ecqual to those for

ALG, which will now be considered.

Earthshine Excitation Rate (&e) for ALO

¢0 can be determined from Equation C-5. For the fundamental
band of A%0, S_= 1650 (Reference E-1), A = 10.4, and 1§u ~9.2x 1074

(Reference C-2). Equation C-5 then leads to the result

¢;(ARO) = 0.2 (photons molecule ! sec—l) (E-2)

Solar Pumping Rate (&S) for A0

The mechanism here is one whereby a molecule in its ground eclec-
tronic and vibrational state is first raised to an excited electronic state
by visible light absorption. Subsequently, following radiative cascade
back to the ground clectronic state with emission of a visible photon, the
molecule will generally be left in a vibrationally cxcited state which may
then be deexcited by the emission of LWIR photons. Specifically, for AR0,

the process can be described by the sequence
2.+ o 2.4 St - X
ALO(X"T ;0) + hu®4800A) — ARO(B"Z ;v') —» ALO(X'Y ;v™) + hufs 1800A°
RN 2.+
ALO(X"Z ;v") —» AQO(XTZ ;v" -1} + hu(10.4 um)
which involves excitation of the 822+ state by absorption (and subsequent

o
reemission) of 4800A solar photons.

It can be shown (Reference C-1, p. 382) that

N f (E-3)




where n 1is the number of IR photons emitted per visible photon absorbed,

&, 1s the photon flux (photons 2 sec”? (Av)—l), and £ . is the f
number for the electronic transition. For AL0, we have fx+B: 3Ix 1()_2
(Reference E-2), and at 4SOOZ the solar flux is Jﬂ)x400. Thus, from ;
Equation E-3, i
is/h ~0.32 . (E-4) [

A value for n can be determined in terms of the Franck-Condon [

factors, Qyryms that give the relative transition probabilities between
vibrational states of the upper and lower electronic states. To the extent
that one allows only Av=1 transitions to occur (i.e., ignores overtone
emission), so that a molecule left in the v" state will emit (after

cascade) v" fundamental photons, then

" V'Zvn vt Qoy Uy ryr (E-S)

where v' and v" are vibrational quantum numbers of the BZZ+ and XZZ+

T

electronic states, respectively. Equation E-5, with values for q,

!V" b
from Reference E-3*, yields n#&0,63. From Equation E-4 we then obtain A
&S(ARO) ~ (.2 (photons molecule ! secﬁl) , (E-6)

which is the same as the emission rate ¢e from earthshine.

For each fundamental band of the uranium and fission-fragment

oxide ions there will be a value for ée and for &g. If, for example,

&13 and 613 are the values for the ith band of species j, whose
e s

i
* In some of the older literature the 822+ state of A0 was designated 3

as AZL* ]




. . + .
concentration is {Mer]j, then, more accurately, Equation E-1 should be

written as

20 (5%3“5;3) .
b i,5 '8 1 x"J

W sight path |
|

where AX;J is the bandwidth of the ith fundamental of species j and
A;J is its mean wavelength. However, for simplicity, and lack of better 5

knowledge, we will continuc to usc Equation E-1 and assume that 0.2 photons

by night and 0.4 photons by day, of mean wavelength 11.5 um, are emitted
per sec from each UOI ion, uniformly over a band of width A4X =2 um and,

from each FFo; ion, uniformly over a band of width AXU= 4 um,
INITIAL VERTICAL DISTRIBUTION OF DEBRIS IONS

As explained in Section 3, we assume that the burst releasecs

7% 1026 U* ions and 3x 1026 fission-fragment ions (capable of forming

oxide ions by reaction with 0,) in the downward hemisphere with the common

2
velocity of 2% 108 cm sec-l. After interaction with the air ions (bv means a

of the earth's magnetic field) these ions will have lost a considerable

fraction of their initial kinetic energy and will be left with a distribu-

tion of velocities. An initial vertical distribution of decbris-ion con-

centration will thus be established; the fastest moving ions being deposited

at the lowest altitude possible; the slower ones, at the higher alticudes.

The actual initial vertical distribution will depend directly on their

velocity distribution immediately following their energy loss to the air 3

ions. Two different cases have been considered: one where the initial

-9 .
velocity distribution, N(v), varies as v °, and the other where the dis-

tribution is independent of v.
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Case 1 (Distribution« v-z)

In this case we have

N(v) = kv @ (E-8)

where the constant K remains to be determined. To determine K, we assume
we know both the total kinetic energy, &, of the debris ions after the
debris-air interaction has occurred, and also the total numher, N, of

debris ions. Thus, if vy is the initial (and maximum) velocity of the

ions, and v . the minimum velocity,
min
Vo
. 1.2 kMo 1
£ = f 5 Mv N(v)dv = 5 (vo Vmin) (E-9)
Vmi
and n
Vo
- - 1 1 -
N = Jr N(v)dv = K(v — - ;—) , (E-10)
min o]
V.
min

where M is the ion mass. Equations E-9 and LE-10 can be solved for the

unknowns K and Voin t° yield the result
v . = f{y (E-11)
min (o)
K = Nvof/(l—f) ; (0<f<1) (E-12)

where f, given by

—+
1}

&/?%—vai) , (E-13)

is the fraction of the original kinetic energy that is retained by the

debris ions., Thus,

N(v) = Nv v . (E-14)

o (1-f}

In our calculations, we will consider cases where f=0.1 and 1/3,

B




Case 2 (Distribution Independent of v)

In this case,

N(Vv) = Kl (E-15)

Proceeding as in Case 1 above, wec find

K.M
_ 1 3.3
& = —g—-(vo Vmin) (E-16)
and
N = Kl(vo-vmin) (E-17)

It turns out that a real solution for K, and v . , with v_. 20, exists
min min

1
only for values of f2=1/3., When f=1/3, we obtain

Voin - 0 (E-18)

N(v) N/v0 (E-19)

The initial vertical distribution, Ni(z), of the atomic debris
ions can be found in these two cases by considering the stopping altitude,

z, in the atmosphere as a function of particle velocity, v. Specifically,

Ni(z) = N(v)

dv
1z (E-20)

The relationship between v and =z for various debris ions has been
reported in Reference E-4 and is graphically illustrated in Figure E-1.
We have used the results in Figure E-1 to determine v(z) for u* and A2t
ions (although the results for At are not used here), assuming magnetic
dip and pitch angles of 75° and 45°, respectively. The results, shown in

Figure E-2, can be expressed analytically as

v R=exp(ao+a1z+a212) (cm sec—l) (E-21)
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where z is the altitude in km. Equations E-20 and E-21 then lead to the

results
Nvof 5
- - > 27

N, (DT ee 1 =) |a1+2322'exp[ (a+a z+a,z”)] (E-22)
and

IN: (2)] - N a.+2a,zjexp(a _+a,z+a 22) (E-23)

i case 2 v I 1772 , o “17° 72

where, for uranium, a_=30.24, a 5 =-0.148, a,=4x 1074,

Figure E-3 shows the Case 1 results for f=0.1 and f=1/3,
The lowest altitude reached is 105 km, which is attained by those uranium
ions with the peak velocity of 2X 108 cm sec-1 (see Figure E-2). The
highest altitude of deposition occurs for those ions with v= Voin s fvo.
These altitudes are about 160 km and 125 km for f=0.1 and 1/3,

respectively. The peak in the listributions is seen to occur at or near
the top of the layer.

Figure E-4 shows the Casc 2 results for f=1/3. Since v =v

max a’
the lowest altitude is again 105 km. However, since Viin = (0, there is

no maximum altitude for the distribution in Case 2 as there is in Case 1,
but rather a monotonic decrease in the vertical distribution with increasing

altitude from the peak at the lower boundary of the layer.
LATER VERTICAL DISTRIBUTION OF DEBRIS IONS

The vertical distributions shown in Figures E-3 and E-4 will be
altered in time due to hcave that results from atmospheric heating above
about 100 km by deposition of the air-ion kinetic energy. Specifically,
if Z3 is the altitude at time t of an air parcel that was initially at

altitude 2z, then the vertical distribution, N(z],t).at time t is

- .y {4z >,
N(z,,t) = N, (2) (dz])t . (E-24)
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Values for (d:/d:l) have been obtained from the Lagrangian representation

t
of MICE-code results, at selected times, for the case of a megaton-class,

high-altitude burst. These values, together with Equations E-22 and 1-23,
have been used in Equation E-24 to obtain vertical distributions at later

times.

In partitioning the¢ ions between atomic and oxide species, account
must be taken of the fact that oxide ions will form only in regions where
0, is not dissociated. In fact, because of the fast rate of oxide ion
f;rmation (see, for example, Reactions 3-17 and 3-18), and the large dis-
sociation energies for the ions ( &8 eV), we assume that an atomic uranium
or (appropriate) fission-fragment ion will form an oxide ion, and so remain,
if at any time it finds itsclf in a region where O, is not dissociated.

Such regions are indicated in Figure E-5 that shows the MICE-code computed
altitude of the dissociation boundary, as a function of time, along vertical
paths displaced by 0, 50, and 100 km from the burst point. Points above

the curves correspond to regions inside the fireball plume where O is

dissociated.

The foregoing considerations have been applied in determining the
vertical distributions of atomic uranium ions and uranium oxide ions {assumed
to be mainly uo;) at times of 60, 210, 420, and 540 sec after burst. The
results for Cas; 1 (f=0.1) and Case 2 (f=1/3) are shown in Figures E-6 and
E-7, respectively.* In Figure E-6, we sce that at each time therc arc
essentially two layers formed; one, peaking at altitudes below about 300 km,
consists of oxide ions; the other, peaking at higher altitudes, consists of
U’ ions. At 540 sec the debris is beginning to fall back down and, by

. . . + -
compression, produces a marrow, high concentration layer of UOQ, near 170 ku.

* The values in Figures E-6 and [-7 are given in terms of concentrations
by assuming that the debris is distributed in a cylinder of diameter
equal to 200 km. Any lateral variation in the concentration is un-
important for determination of the limb radiance sincc it is only the
total number of oxide ions in a horizontal column that matters.
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Figure E-7, for Case 2, shows a generally similar behavior to that for

Case 1, although the concentration in the high-altitude u* laver i now less
than it was in Case 2, and the peak in the oxide ion layer tends to occur

at the lowest altitude in the layer (cxcept at 540 sec where again the

downward compression produces a narrow, high concentration layer ncar 170 km).

LIMB-RADIANCE RESULTS

Uranium Oxide Ions

Equation E-1, together with the results shown in Figures E-6 and
E-7, has becn used to compute the limb radiance from uranium oxide ions.
In so doing, we have assumed that the radiation is emitted uniiormly over
the wavelength interval from 10.5 to 12.5 um.* The results for Case 1,
under nighttime and daytime conditions, are shown in Figures E-8 and E-9,

respectively. The corresponding results for Case 2 are shown in Figures

F-10 and E-11.

From Figure E-9 we see that for Case 1 in the day, at times of 60,
10 1

210, 420, and 540 sec, the radiance cxceeds 107 ° watts cm’ ster ! um~

for altitudes to about 250, 500, 300, and 200 km, respectively. Simitarly,
from Figurce E-11 we sce that, although the radiance curves differ in detail
from those in Figure E-9 for Case 1, the altitude regions and times for

10

which the radiance exceeds 10~ are nearly the samec in both cases. Il'rom

this it appears that the answer to the question of whether or not debris-
oxide emission will adversely affect LWIR systems, does not depend criticaily

on the form assumed for the velocity distribution function of the debris ions,

* The v; and vz absorption peaks of UOE have tentatively been identified
as occurring at 12.0 and 11.2 pum, respectively (Reference E-5). Rotational
sprecading of thesc bands should provide emission approximately over the
indicated interval, albeit not uniformly.
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Fission-Fragment Oxide Ions

As indicated above, certain of the fission-fragment ions behave

. + . . .
like U in that they can react with O, to form stable oxide ions. The ones

2

that we have found, representing about 40 percent of the mass yield from the
fission of UZSS, are Zr, La, Sm, Nd, Y, Ce, and Pr. To our knowledge, the
wavelengths of the fundamentals of their oxide ions are not known, although
the band positions for the neutral monoxides are known for all except SmO
and NJO.  Figure E-12 shows the approximate emission regions for four of the
known bhands of these oxides at a temperature of 1000 °K. (The position of
the Pro fundamental is nearly the same as that for La0O.) From this figure,
and tor luck of more definitive information, we assume that the fission-
tragment oxide ions radiate uniformly over the spectral region from 9.5

to 1a.h oam.

The limb radiance from the fission-fragment oxide ions has been
estimated by scaling the UOt results (shown in Figures E-8 through E-11),
allowing for the different number of particles involved and the different
assumed bandwidth, The results are shown in Figures E-13 through E-16.
The curves are <imilar to those shown in Figures E-8 through E-11 for UO:
except that the magnitude of the emission is somewhat lower because of tﬂe
smaller namber ot fission fragments involved and the larger bandwidth

assumed for the emission.

Nut retlected in Figures E-13 to E-16 is the fact that, initially,
the fower boundary of the fission-fragment laver will be somewhat higher
that that for the uranium laver because the uranium ions, being heavier,
can penetrate to lower altitudes. However, allowance for this has bheen

made in the representations shown in Figures 3-9 to 3-13,

17
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Figure E-13. Estimated nighttime 1imb radiance from fission-fragment oxides
at selected times following a megaton-class high-altitude
burst (Case 1; f=0.1).
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Figure E-14. Estimated daytime 1imb radiance from fission-fragment oxides

at selected times following a megaton-class high-altitude
burst (Case 1; f=0.1).
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