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SECTION 1

INTRODUCTION

During the past year or two , we have attempted to make calcula-

tions in which uncertainties in specific chemical reaction rates could be

correlated to variation s in UHF satellite communications degradation . Ef-

forts to this effect using the ROSCOE nuclear weapons effects code were not

successfu l and our attention turned to the ~~EJVT code. The ~1ELT code was

desi gned to describe th~ phenomenology following a high altitude nuclear

burst out to many hours , something the ROSCOE code was not LIesi4ned to do.

The degradation of UHF and higher frequency signals at hi gh alti-

tudes is in many ways qualitatively different from the types of degradation

encountered at lower frequencies . Dispersion , diffraction , scintillation ,

and phase effects play a relatively more important role at hig h altitudes

than at lower iltitudes where collision induced attenuation is the dominant

effect. \ t  UHF and hi gher frequencies , the structure of the ionized reg ion

causing the degradation becomes an important factor . Large scale regions

of ioni:ation are known to striate at hig h altitudes and the spacing, am-

plitude , and growth rate of these striations are important parameters in

calculating the effect of these reg ions of ioni:ation on UHF and hi gher

frequency s ignals propagating through them .

Theoretically, a variation in the chemistry parameters could im-

pact on the growth and development of striations as well as on the overall

electron density, thus having a compound effect on communications degrada-

tion . Unfortunately, the striation parameters in present high altitud e

H VPR~~~~~ING NOT FIL1I~D
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phenomenology codes are specified in an empirical manner and are not de-

rived from other physical parameters . Under these conditions , a variation

in chemistry would not impact the striation parameters and we had to con-

tent ourselves with just the effect of chemistry uncertainties on either

the total electron Content within the fireball or plum e or the integrated

electron content along a propagation path .

The reactions and rate coefficients which are in the MELT code

are treated in Section 2. The relative imp~.-tance of these reactions is

discussed and the rate coefficient data are examined and compared with the

coefficients used in MELT . The uncertainties in these rate coefficients

are estimated .

Section 3 deals with the gross results of the MELT code in the

area of the relative importance of specific reactions and a possibly impor-

tant deficiency in the code is noted .

Section 4 deals with effect of the revised rate coefficients and

their uncertainties on the plum e electron content as a function of time .

Section 5 deals with variations due to the chemistry uncertain-

ties of the tube electron content (TEC) along two hypothetica l propagation

paths and the effects this mi ght have on the degradation of UHF and higher

frequency communications . In order to appraise possible scintillation ef-

fects , fully developed striations were assumed.

In Section 6 we give our recommendations for the rate coefficients

of the critical reactions involved in the high altitude deionization pro~
cess. Reactions which are not now in MELT but possibly should be included

are also discussed .

4
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The last section deals with our recommendation for further work
in the general area of high altitude nuclear induced chemistry .
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SECTION 2
REACTIONS AND RATE COEFFICIENTS

First we have the electron-ion recombination reactions

(1)

O~~+ e + e - * 0 + e  (2)

+NO + e - ~~N + O  (3)

VIVh e first two reactions actually represent a complex series of processes

by wh ich an electron recombines , either by a collisional or radiative

transition into a highly excited neutral atom state which is then de-

t excited or reionized by radiative or collisiona l transitions. At low
- I electron densities , radiative processes dominate a~d the reaction is

second order in charged particle density . At high electron densities ,

collisional processes dominate and the overall reaction is third order.

The values used for the rate coefficient in the MELT code for N~~ and

are shown in Table 1 , where n is the electron density and T ise - C

the electron temperature in Kelvin. The rate coefficients are expressed

as second order in units of cm3/sec even when collisions dominate. These

values are theoretical 1 and very little supportive experimental data is

available. The uncertainty, however , in these values is probably fairly 
V

small , particularly when the electron density is low .

*
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Tabl e 1 . Radiative-Collisional Rate Coefficients (in crn 3fsec )

fl e
’\
\
Te 500K 1 000K 2000K 4000K 6000K

~~ cm 3 4.1 E-12 1.6 E-12 7.6 E-13 3.8 E-13 2.5 E-13

io 8 cm 3 9.3 E-l2 2.6 E-l2 9.7 E-13 4.3 E-l3 2.7 E-l3

lO~ cm 3 2.7 E-l1 4.8 E-12 1.4 E-12 5.1 E-l3 3.1 E-13

io l0 cm 3 1.1 E-lQ 1.2 E-ll 2.3 E-l2 6.7 E-13 3.6 E- 13

loll cm 3 1.0 E-9 6.1 E-ll 7.1 E-l2 1.5 E-12 4.0 E-13

io 12 cm 3 9.0 E-9 3.6 E-1O 2.5 E-ll 3.1 E-l2 4.0 E- 13

V 
The various dissociative recomb i nation reactions , which is shown

for NO~ in reaction 3 , have rate coefficients which are many orders of

magnitude f-~ster than the radiative -collisional rate coefficients. The

rate coefficie •It used for reaction 3 in the MELT code is

-1 —

= -
~~: 

H cm
)
/ sec  (4)

Because of this large diff:rence H the atomic and molecular recombination

rates , the mo leculTir ~~~ f~~~~~~j initiall y disappear almost immediately

relative to the atomic ions st ch IS and 0~ . The long-term disap-

pearance of the atomic ions is controlled b y either radiative -collisonal
reconbination , when the electron density is high , or reactions which cor.-

vert the atomic ions to molecular ions wh ich then disappear almost immedi- V

ately relative to the remaining atomic ions. Thus , the rate contr -111m g

step , when the electron density is moderate to low , is the conversion of

atomic ions to molecular ions and the values of the dissociative recom-

bination rate coefficients are not critical. One of the reasons reaction

3, howeve r, is important is due to the reverse reaction , i.e.,

-j 
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_  
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1

N + O - 3~ NO~~+ e  (5)

The rate coefficient for this reaction carried in the MELT code and ob-

tained by detailed balance is

k5 = 3.6 l0~~
2 
exp (-3l8OO/T~) cm

3/ se c (6)

where T is the neutra l particle temperature in Kelvin. The pre-

exponential factor is actuall y a function of temperature and the value

shown is for about 5000 K. At the elevated temperatures found in the

fireball or plume , reaction S can be an important source of ionization .

In addition , reaction 3 is known to produce the excited state of atomic

nitrogen , N( D), as a product . The presently accepted value for the

fraction of ti~e nitrogen produced as N(2D) is 0.75. If we consider

N( 21J) only in reaction 5, i.e.,

N(2D) + 0 -
~ NO~ + e (7)

we obtain a rate constant of

3.0 x 
~~~~ (

_.21_.)l/2 exp (-4300/T) cm
3/sec (8)

This can produce an even greater amount of ionization at even lower tem-

peratures than reaction 5 using N in the 
4S ground state. To get an

appreciable effect , however , the concentration of N(
2
D) must be signifi-

cantly larger than that at thermal equilibrium . If N (2D) is in therma l

equilibrium with the ground state , then its effect is not significant and

is included in the rate for reaction 5 when the total nitrogen atom con-

centration is used .

10
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N(2D) is produced in nonequilibrium amounts in and near the f ire-

ball primari ly from dissociative recombination of N and N0~ , i.e.,

N~ + e - -  N (
2

D) + N(4S) (9)

N0~ + e 0.75 N(2D) + 0.25 N(4
S) + 0 (10)

The proportions of N(2D) produced relative to the ground state, N(4S),
are somewhat uncertain but probably not by more than 20 percent. N(2D) is

probably produced also by the reaction

N~ + 0
2 ~ 

N(2D) + 0~ (11)

though no experimental evidence is available. This is likely because the

above reaction is very nearly resonant and charge exchange reactions prefer

channels which are resonant. Even in regions where the 02 is ultimately

destroyed , this reaction should contribute at early times.

Whether these large nonequilibrium concentrations of N(
2D) re-

- - main over long periods of time depends in large measure on whether molecular

oxygen is present in sufficient quantities to quench the N(2D) by the
reaction

N(2D) + 0
2 NO + 0 . (12)

The NO produced will help deplete t”e N(2D) by the reaction

N (
2

D) + NO -
~~ N2 

+ 0 . (13)

The rate constants for these reactions are 7 x i~~
12 and 6 x 10

_ li 
cm 3

/sec ,

respec t ive ly .

11
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In regions where the 02 has been destroyed or is not present

in sufficient quantity the quenching of N(2D) proceeds more slowly. The

quenching by electrons is fast when the electron density is large but the

electron concentration may not remain l arge enough for enough time to

significantly affect the N(2D) depletion. The quenching rate for molecular

nitrogen is small. 2 The rate for atomic oxygen is somewhat uncertain but

is probably of the order of magnitude of io~~
2 cm 3/sec .~ Thus , in the

V 

region of 150 to 250 kilometers altitude the characteristic decay time for
2 . 

V)

N(  D) will be of the order of 100 to 1000 seconds. If the N ( D) is

several orders of magnitude above its equilibrium value it may take an

order of magnitude longer than its characteristic decay time to reach

equilibrium . Thus, under the right conditions , reaction 7 can be a signi-

ficant source of ionization . This was demonstrated when the results of

the high altitude chemistry model written for ROSCOE were compared to a

number of benchmark calculations . In one case , that of a parcel of air

at about 150 km altitude close to, but not in , the fireball , the ionization

obtained over a long period of time by the ROSCOE model was significantly

greater than that any of the other codes had obtained . This was due to

the N(2D), which was carried in the ROSCOE model and allowed to deviate

from equilibrium.

The experience with the ROSCOE model , however , indicated that
this effect was not widespread but limited , at least during the first 10

minutes, to regions near the burst in which large amounts of N(2D) are 
V

produced and the ambient 02 is destroyed by the energy input from the

weapon . At altitudes above 200 or 250 kilometers and in the fireball ,

the dominated the ionization to the extent that the N0~ was not

significant. A systematic study of this, however , was not made.

Unfortunately , the MELT code does not carry N ( 2D) as a separate
species and therefore we could not assess the importance of reaction 7 at

late times . In addition , MELT does not do neutral chemistry and at

12
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I
80 minutes all neutral species concentrations are replaced by ambient

concentrations .

Again one of the main reasons for the importance of reaction 3

is the importance of the reverse reactions , the rates of which are usually

obtained from the forward rates by detailed balance. Another reason for

the importance of NO~ recombination , as contrasted with N~ and 0~
recoinbination , is due to the fact that nuclear bursts produce nitric oxide.

This nitric oxide, or NO, will persist in the atmosphere for a long period

of time after the bursts have occurred and after the other atmospheric

species concentrations have relaxed to -ambient or near ambient values .

This NO can be ionized by the Lyman a radiation from the sun and will

increase the natural ionization in the atmosphere for long periods of time

after a burst. The magnitude of this effect depends on the amount of the

extra NO produced , the production rate of N0~ by Lyman a, and the rate

of disappearance of the N0~ . Thus the recombination rate of NO~ is also

important for this reason .

The value of the rate coefficient for N0
+ 

dissociative recomb-

ination at 300K is fairly well established . At higher temperatures the

situation is confused . Measurements in which the overall temperature was

varied yield a dependence . Measurements in which only the electron

V~4 temperature was varied yield a T 4 dependence.~ At 1000K and 3000K

this amounts to factors of 2 and 4 respectivel y in the rate coefficient .

The electron density will depend at most on the square root of the re-

combination coefficient and thus this does not represent a very serious

uncertainty, particularl y if the real values are indeed bracketed by the

two temperature dependences. In addition the measurement discrepancy

should be resolved within the chemical kinetics community with a reason-

able amount of time .

13
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We come now to the important exchange reactions which convert
the atomic ions N

+ and 0~ to molecular ions such as 0~ and NO+.
It has been cons istently demonstrated in the past that in most regions

these reactions are the controlling factor in the deionization process.
In regions where 02 is present in sufficient quantities, the N~ will

be converted to N0~ and 0~ by the reactions

N~ + 02 -‘- O~ + N ( 20) (14)

N~~÷ O 2
-~~NO~~+ 0  . (15)

V 
The best value at this time for the sum of the rate coefficients of these

-10 3 5 6two reactions is 6.1 X 10 cm /sec. ‘ (Because the MELT code does not
explicitly carry the species 0 , only reaction 15 is carried with a rate

-10 3coefficient of 5 X 10 cm (sec).) The uncertainty for the total rate

coefficient at 300K is small enough to be unimportant in the context of

high altitude nuclear weapons effects and the dependence on temperature

in the region of interest is slight . The other uncertainties regarding

these reactions are in the branching ratio between reactions 14 and 15

and the amount of N(2D) produced . An even split in the branching ratio

is usually assumed though the most recent measurement5 yielded 51 percent

and 43 percent for reactions 14 and 15, respectively, with the remaining

6 percent going to 0~ and NO as the products. The main impact of these

uncertainties would be in the N(2D) and NO production. Since 07 is

present, however, subsequent reactions would yield close to the same result -~~~

V 
regardless of the specific initial channel assumed, i.e., the production
of NO and three oxygen atoms. The uncertainties are , therefore , unimpor-

tant for our purpose.

In reg ions where molecular oxygen is not present in sufficient

quantities to accommodate the N~ , such as at very high altitudes and in
— and near the fireball, the charge exchange reaction

14
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N~ + 0 0~ + N (16)

+
is a necessary first step in neutralizing the charge. The 0 formed can

then enter into reactions , to be discussed later , wh ich y ield mo lecular
ions . Thus , if large quantities of N

+ 
are formed , reaction 16 is of

critical importance in the deionization . Of the significant reactions ,

reaction 16 is also the one with the greatest uncertainty. The MELT code
-12 3carries a constant rate coefficient rate of 10 cm /sec up to a value

of 0.2 eV or about 2300K for the sum of the ion and neutral temperatures.

Above that the rate coefficient is taken to be a linear function of the

sum of the ion and neutral temperatures. The constant rate coefficient

at low temperatures is a guess. The values at high temperatures are based

on an extrapolation of cross section measurements at energies of 5 eV and

above. More recent experiments have extended the data down to 0.5 eV,

which is much closer to the temperature regime of interest.7 This data is

presented in Figure 1 (circles) and is given in terms of the measured cross

section , a, times the relative velocity, v , of the colliding particles in

the center of mass system versus the center of mass energy . The solid line

represents a fit to these points between 0.5 eV and 3.5 eV energy . Though

the quantity cv has the dimensions of cm3/sec , it is not, strictly speak-

ing , a rate coefficient . However, when the fit to these values is inte-

grated over a Maxwellian velocity distribution , we obtain a rate coefficient

V 
equal to the solid line for the temperature scale shown in Figure 1.

Th is yield s

-13 T 3k
16 

= 3 x 10 (.
~

-
~~

) cm /sec (17) V

The triangular point in Figure 1 represents a prel iminary upper l imit for
the cross section at 0.19 eV. This value was not used in obtaining Equa-

tion 17 bu t is shown in order to ind icate tha t , if tru e , it does not re-

sult in any inconsistency .

15
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Equation 17 yields values for k
16 

which are within 20 percent

of the values used in MELT above 800K. Because of the scatter in the data ,

the total uncertainty above about 4000K is easily a factor of three . Where

the fit depends strongly on the extrapolation of these data values , the un-

certainty increases . At 1000K, an order of magnitude or more uncertainty

must be considered .*

The O~ ion is the most important ion throughout most of the

space above about 120 km , particularl y if we assume the N~ can charge

exchange with atomic oxygen quickly enough. In the absence of any large

source of ionization , 0~ will be the last ion to disappear and will thus

dominate the late time ionization . The two primary reactions involving

0
+ 

are

0~ + O~~-~~0~ + 0 (18)

0~~+ N 2
-~- N 0 + N  . (19)

The rate coefficient carried in the MELT code for reaction 18 is 2 ~ 10
_ li

cm3/sec for all temperatures . This is about the measured value at

300K5’8’9’’’’’~ but higher temperature measurements 6’9’10 ’11 ’1
~ show a

distinct decrease in the rate coefficient up to about 1800K at which point

the rate coefficient is less than one-half that at 300K. The rate coef-

ficient rises rapidly again above 1800K and at about 3000K it is 2 10
_ li

again. At higher temperatures , however , there is not likely to be an)

02 it these altitudes so we need not be strongly concerned with the data

Ver recently an analysis of the Atmospheric Exp lorer data has yielded
a value for k 16 of 2.2 ~ 10-12 cm3/sec at 840K with a claimed accu-
racy of ± 20 percent. ’7 Thi~ value has been added to Figure 1. The
dashed line represents a low temperature fit discussed in a footnote in
Section 6. 1 .
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above 3000K. The uncertainty is fairly small at 300K (20 percent) but
because of scatter in the data , increases to about a factor of two at
about l000K.8’9”°”~ This is a tolerable uncertainty if the alternate
path for 0

+ 
depletion , reaction 19, is strongly dominant . If, however,

reaction 18 makes up a significant, even if not dominant , fraction of the
0~ depletion , this uncertainty becomes significant.

Reaction 19 is the most important reaction involved in high alti-

tude deionization . The rate coefficient in the MELT code is, in units of
3cm /sec,

k19 
= 1.2 x 10 12 (30c ) T* < 300K

k
19 

= 1.2 x 10
12 300K~~T*< 1200K

k
19 

= 1.2 ~ 1o
_
12(.~.~~~

)

2 
l2O0K~~T*< 10000K (20)

k
19 

= 8.26 x lo
l 1V

(l0~~~o) 
T* > l0000K

where T* is the greater of the ion temperature and the N2 vibrational

temperature . This points up not only the strong dependence on translation

temperature above 1200K but also the strong dependence on the vibrational

state of the reacting nitrogen molecule. Figures 2 12  and 3 8 show the
exper imental data for k

19 
as a function of N2 vibrational temperature

and translational energy. This is probably the best data available. The

constant value of the rate coefficient up to about a thousand degrees

nitrogen vibrational temperature (Figure 2) is attributed to the fact

that the rate coefficient, at 300K translational temperature, of 0~ with
nitrogen in the v = 0 and v = 1 vibrational states is the same (1.2

x io _ 12 
cm3/sec) and the ‘

~~ 
= 2 state has not been appreciably popula ted

yet . The rap id increase in the rate cons tant above 1000K , when the v > 1

levels progressively become popula ted , is taken to mean that the rate

18 
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I

I ,
constant with \~ in the i = 2 and higher levels is much larger than

that for ‘-~ = 0 and 1. Anal ysis of the data in Figure 2 yields a value
- -11 3 - - - - ‘ 2/ 10 cm /sec for the reaction with the in the ‘ = 2 state.

The rate constants continue to increase with increasing ~V alues of V~~ and

level off at about V = 6 at a value of about 5 ~ 10 
10 

cm3/sec .12 it

should be emphasized that the rate coefficients in Figure 2 app ly only when

the translational temperature is 300K. When the 
~2 

is in the lowest

vibration state and the kinetic temperature is varied we have the situation V

in Figure 3. We see that the value of the rate constant decreases from

its value at 300K with increasing temperature (T = 773OKEcn
) and reaches

a minimum value of about S ‘~ io~~~
3 cm3/sec at about KEcm 

= 0.16 eV or

1200K. In this temperature range, when the higher vibrational levels ( > 1)

of nitrogen are not significantly excited , it is the translationa l temper-

ature which controls the variation of the rate coefficient. Thus, the use

of a constant rate coefficient between 300K and 1200K is wrong by up to a

factor of 2.4. This can be significant since the ambient temperature of

the atmosphere encompasses just this range above 100 km altitude. Above

200 km altitude , the range of ambient temperature is 600K to 1200K. Thus,

the rate coefficient of reaction 19 used in obtaining most of the late

time ~1’~LT results is wrong by about a factor of two . W e will discuss this

more later.

Above about 2000K the rate coefficients as a function of nitrogen

vibrational temperature and kinetic temperature are approximately the same .

However , this does not mean these values are correct to use when both the

ion and vibrational temperatures are in this range . To repeat , the data

in Figure 2 is for ‘a kinetic temperature of 300K only and the data in Fig-

ure 3 is only for the lowest vibration state. The rate coefficients when

both temperatures are high may be quite different . There is , unfortunately, V .

no experimental data in this regime to guide us.
4.

/~~
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Theoretical calculations have been made for the dependence of

the rate coefficient as a function of both kinetic and vibrational temper-

atures up to 7000K .’3 The results agree fairly well with the data in

Figure 2 , when onl y the vibrational temperature is varied , but not too

well with the data in Figure 3, when only the translational temperature

is varied . The calculations are probabl yV a good guide to the qualitative

behavior of the rate coefficient when both temperatures are varied but a

fairly significant uncertainty still exists quantitativel y.

Another source of uncertainty is apparent in Figure 3 and applies

to other rate coefficient measurements as well. The measured coefficients

are different for different buffer gases (helium and argon) used in this

particular set of experiments. Extrapolation of the argon data to lower

energies shows signifi cant differences down to about 600K. The helium

data more closely approximates the case for a Maxwellian speed distribu-

tion. However , the procedure of relating the ion speed distribution brought

about by the app lication of an electric field to an effec tive therma l tem-

perature introduces uncertainties , particularly when the interna l excitation

of the reactants plays a role in the reaction .8

Another problem is how all of the rate coefficient data is app lied

to a case in which the translational temperatures of the reactants are dif-

ferent. ViVhis is a different problem than when the translational and vi-

brational temperatures are different . Ana lysis’~ indicates that one may

use a single translational temperature which is the mean of the transla-

tional temperatures of the reactants , each of which is weighted by the

inverse of the molecular weight. For the 0~ + N 2 reaction , this yields

- ; a T which is equa l to 0.64 + 0.36 T .  For the 0~ + 0
2 

reaction ,

we have I = 0.67 I. + ~~ for the N~ + 0
2 reac tion , I = 0.70 T.

+ 0.30 T and for the N~ + 0 reaction , T = 0.53 T. + 0.47 T
fl I n

V 
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SECTION 3
MELT CHEMISTRY RESULTS

We shall discuss in this section two separate calculations using

the MELT code. In the first case the MELT code was run for a megaton range

burst at 200 km altitude to a time of about 30 minutes. The procedure

beyond that time was to choose the central striation in the plume and carry

it forward to about 12 hours using the MELT chemistry routines in conjunc-

tion with crude hydrodynamics .’8 Figure 4 contains the results of this cal-

culation presented in a way which shows the relative importance of the

different reactions we have discussed . This figure shows the number of

reaction events , on a relative basis , which have taken place up to a

specific time . Since the values given at any time are proportional to

the integrated number of reaction events for each reaction , the slope of

the curves at any given time is indicative of the relative importance of

each reaction at that particular time. We see that this figure tends to

contradict the assertions we made in the previous section concerning which

reactions are the most important. The main bulk of the ionization is

removed by the radiative recombination reactions (a reaction which results

in the formation of a molecular ion is considered to be an ion removal

reaction because of the rapid subsequent dissociative recombination) and

up to several hours these reactions are the fastest ion removal reactions.

The 0~ + 
~~2 reaction (reaction 19) is never dominant and contributes no

more than the 0~ + °2 
reaction (reaction 18). This, however , is not a

typical case. This calculation dealt only with the central tube or stri-

ation of the plume for a burst in which the total electron content was

initially much higher than is usual. Since the radiative recombination

rate depends on the square of the ion or electron density and the other

22
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reactions depend only on the first pots€r of the ion density, the radiative

recombination is enhanced relative to the ion-neutra l reactions when the

ionization level is high. This , however , is only part of the reason .

Another reason is that because of a complicated interplay of the hydro-

dynamics , plasma-neutral interaction and chemistry thring the time span

when the tube electron content is high (> 2 x io 16 cm 2
), the bulk of

the electron content is held at high altitudes . At these altitudes there

are ye few molecules so the radiative recombination tends to he dominant

in these regions.

The second calculat ion ’9 gives results which we believe are more

typical of the overall plume chemistry . This calculation was a full blown

ME LT calculat ion for a lower yi eld bu r st in the megaton range at 250 km

al t i tude which was ru~ t o t e n hours . Figure 5 shows i n f o r m a t i o n  from t h i s
I

I 
run similar to that in Fi gure 4 except that the total number of react ions

are plot ted and the integration is over the whole plume rather than over

j u st the central striation . We see that the primary ion removal reaction

at most times is reaction 19, which accounts for about 46 percent of a l l

the ions removed at ten hours . In addition , the bulk of the ions are

depleted by reaction 16. This is in agreement with what past experience

has indicated would be the important reactions.

Figure 5 shows certain discontinuities at about 80 minutes , par-

ticularly in the reactions involving 02• This is due to a crude artifice

in t h i s  p a r t i c u l a r  ME LT c a l c u l a t i o n , t he pu rpose of w h i c h is to compensate

f or the lack of neutral diffusion in the code. At about 80 minu te s , it is

assumed that diffusion , were it in the code , would have brought the atmo-

sphere back to near normal with respect to neutral species concentrations

and so all neutral concentrations arc replaced by their corresponding am-

bient concentrati -‘is. Thus , at 80 minu te s , t he  regions in the p lume wh i ch

have been depleted of ambient molecular oxygen , for instance , suddenly

have it replaced . There is at least one possible objection to this

24
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Figure 5. Chemical reactions as a function of time after burst
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procedure . We have discovered from calculations regarding low altitude

fireballs (<100 km), in which entrainment of surrounding ambient air was

included , that the initial molecular oxygen entrained was dissociated by

the atomic nitrogen in the fireball. The reactions accomplishing this were

N + 0 2 -- N 0 + 0  (21)

N + N 0 -~~N2 + 0  . (22)

It is not until the atomic nitrogen is used up in this or other ways that

the molecular oxygen concentration can build up to appreciable values.

The situation in the MELT case is somewhat different as to temperature

and density but the plume does contain atomic nitrogen and a certain

V 
amount of 02 diffusing into the plume would be destroyed and the process

of the 02 replacement would be prolonged . This could eliminate, or at

least mitigate, the enhancement of the reactions involving 02 seen in

Figure 4. Since this effect would increase the amount of atomic oxygen

we might expect instead an enhancement of reaction 16 (N
+ 

+ 0 -~ 0
+ 

+ N ) .
This process wou ld also increase the NO concentrations in the plume,
the possible effects of which were mentioned previously. Since the MELT

code does not carry any neutral reactions as well as not carrying diff usion ,
it is difficult to determine how important this effect is.

Because of the assumption of- ambient 02 concentrations af ter
80 minutes , the reactions of 0~ and N~ with 02 (reactions 18, 14,

and 15) become significant . Reaction 18, in fact, becomes dominant af ter
about eight hours . It is difficult to say how signif icant this result is

consider ing the discussion of the last paragraph and the fact that these
reactions also tend to deplete the 02.

I
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SECTION 4

EFFECT OF NEW RATE COEFFICIENTS AND UNCERTAINTIES

V In Figure 6 are plotted the MELT results for the plume total elec-
tron content (solid line) as a function of time. The altitudes and temper-

atures at which most of the reactions depleting the electrons are taking

place are as yet largely unknown although further analys is and examina tion
of the MELT outputs will eventually yield th is information. The exponen tial
decay time of 1.7 hours, or 6000 seconds, would indicate an altitude region

of under 400 km. This is not surprising since this is where the bulk of the

neutral species is located . The temperatures (the electron, ion, neutral

and N 2 vibrational temperatures are all likely to be different) at which

the reactions are taking place are not easily estimated without further

analysis of the MELT outputs. The fall of the plasma, after the initial

r ise , into the neutrals causes a renewed heating wh ich may y ield k inetic ion
temperatures as high at 104K. Actually, the plasma rises and falls twice

before stabilizing at about 1 1/2 or 2 hours. After this time the temper-

atures are probably fairly close to those assumed for the ambient ionosphere .
These were assumed to be 1000K for the heavy particle kinetic temperature

and 1600K for the nitrogen vibrational temperature for altitues above about

200 km.

To get some idea of what might be the effec t of the d ifferen t

rate coefficients and uncertainties we have discussed we have used what

I ‘
- we considered the best values for the reaction rate coefficients , and

plotted in F igure 6 the electron content of the plume versus time us ing
these values. We have assumed that the changes in the chemistry do not

affect the plasma and hydrodynamic motions and we believe this is a good

_  
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assumption as long as we restrict ourselves to times after the plume has

stabilized . We have taken this stabilization time to be 100 minutes and

have applied the new reaction rates after this time. This was a simple

procedure since the total electron exponential decay time was fairly constant .

As long as the ion-molecule reactions remain dominant we would expect the

decay time to remain constant in time even though its value changes with

changes in the rate coefficients.

With the 1600K nitrogen vibrational temperature the rate coef-

ficient in MELT for reaction 19, the reaction of 0~ with N7, is 2.1 X

10
12 

cm’
~/sec. The reaction we have used is based on the fact that at

1600K about 1.4 percent of the N
2 

is in the v = 2 vibrationa l state ,

0.2 percent in the ~ = 3 state , and the remainder in the v = I and

v = 2 states . From Figure 2, we have the rate constant for N 7 in the

= 1 and v = 2 states , at 1000K translational temperature , is

5 x l0~~~ cm
3/sec. We assume that the rate constant for v = 2 at 1000K

is the same as at 300K , i.e., is equal to 5 ~ lO~~~ cm3/sec . Since 1. -i

percent of the N
2 is in the ~ = 2 state , we have a contribution to the

overall coefficient of 7 x 1o 13 cm3/sec. Similarly , the v = 3 state
-12 3 . -12 3

contributes 2 X 10 cm /sec. The total value is 1.4 x 10 cm /sec

- . or two-thirds of the rate coefficient used in MELT.

The value we have used for the rate coefficient of reaction N ,
i.e., the 0~ + 0

2 reaction , at 1000K is io U cm3/sec. This is half
the value used presently in the MELT code .

At 1000K the rate coefficient we use for reaction 16, i.e., the

N + 
+ 0 charge exchange reaction, is the same as the val ue used in MELT.

Although this reaction does not directly produce an ion-electron recombina-

tion nor a molecular ion which can immediately recombine , it does produce
V 

much of the O~ wh ich then feeds into reac tions 18 and 19. A severe decrease
in the rate coeffic ient of reaction 16 could cause thi s reac tion to con trol ,
at some poin t, the overall rate of ion decay . An examination of Figure 5.
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1

shows , however, that the supply of N~ is essentially depl eted by about

3 to 4 hour s . A severe decrease of a factor of two or more could have a

significant effect and this is a possibility considering the uncertainty

in this rate coefficient . A substantial increase in the rate coefficient

of reaction 16, on the other hand , would have little overall effect in this
case since reactions 18 and 19 are controlling the O~ ion decay .

The rate coefficients for the other reactions involved were not

changed from the values in MELT. The changes in reactions 18 and 19 were

enough, however , to change the exponential decay time from 1.7 hours to
2.2 hours. The effect of this on the total plume electron density is shown

by the dashed line in Figure 6. At 7 hours we have a difference of about

a factor of two and at 10 hours a difference of almost a factor of three.

The effect of the uncertainties in these rate coefficients can

be estimated in a similar manner. We have already pointed out that the

differences and scatter in the data from different experiments yields about

a factor of two uncertainty in the rate coefficients as a function of kinetic

temperature for reactions 18 and 19. The lack of experimental data for re-

action 19 concerning the variation of the rate coefficient with kinetic

temperature for the higher N
2 

vibrational states certainly causes at least

an uncertainty of a factor of two in this contribution to the coefficient .

To these uncertainties must be added the uncertainty in reaction 16,

the N~ ÷ 0 charge exchange reaction , which affects the ion decay time in

an indirect way. As we mentioned before , the effect of this uncertainty
will be more pronounced when the coefficient is decreased than when it is

increased . A factor of two uncertainty at about 1000K either way is no t
unreasonable for this difficult to measure rate coefficient .

The effect of these uncertainties on the plume electron content

is shown by the dotted lines in Figure 6. The electron content due to

I
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increasing the rates coincided closely with the MELT results so this curve

was used for both. These curves correspond to a 1.7 hour decay time when

the rate coefficients in question are increased and to a 2.7 hour decay

time when the coefficients are decreased . The fact that the effect on the

electron content when the rate coefficients are decreased is less than when

they are increased is due to the other reactions, whose rate coefficients

are not varied. These become relatively more important in the first cir-

cumstance and limit tha effect on the overall time decay constant.

‘
i

_ _ _ _ _  
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SECTION 5
COMMUNICATION EFFECTS DUE TO CHE II ISTRY VARIATI ON

To determine the effects of the chemistry uncertainties as ac-

curately as possible would involve running the MELT code at least twice

with different rate coefficients and using the results with a communications

systems code for a large number of different design parameters , frequencies

and transmitter-receiver configurations . Not only would this be expensive

but would not resolve the effect of N(2D) and the lack of diffusive trans-

port and neutral chemistry in MELT .

What we have done is to apply the uncertainties in the chemistry

to two values of TEC (tube electron content) which might be encountered

along a transmitter-receiver path and have tried to determine what the

effects of these uncertainties would be on UHF and higher frequency com-

munications. Many of these effects depend strongly on the type of receiver

and its desi gn parameters . We are strongly indebted to Robert Bogusch for

enumerating the various communications effects , evaluating a number of these

effects using realistic frequencies and design characteristics , and providing

the information necessary to calculate how they would v a ry with variations

in TEC.

The values of TEC as a function of time used were derived from

the MELT results. Tn Figure 7 is plotted , as the first case , the TEC for

the central striation (upper solid line). We have assumed that this approx-

imates the TEC a ray path which looks up the central field line would see.

Actually, because of the field line curvature this represents an upper limit 
V

for such a ray path. Ray paths probably could be found (transverse to the
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c.

plume at low altitudes), however , which would exhibit larger values of TEC.

The second case was meant to approximate a ray path looking up an off-axis

field line. For this average TEC a curve like that in the first case was

used , but with values uniformly a factor of three lower . This is shown by

the lower solid line in Figure 7. The dotted lines , together with th~sc

solid lines , represent the range of variation due to chemistry uncertainties

and were plotted using the decay times obtained in the previous section .

Before we get into the specific communications effects we can

examine the times these various TEC curves take to get into the range of

values usually encountered in the ambient, natural atmosphere . This is an

important general consideration when dealing with any communication system. S

The TEC values encountered in the natural atmosphere are in the

range of 1013 to 10
14 

cm 2. We see from Figure 7 that the variations in

chemistry cause significant uncertainties in the times the TEC takes to

decrease into the ambient regime . In the first case (central tube) the

variation in time to decay to io14 
cm

2 
is about 4 hours (from about 8 1/2

hours to over 12 hours). For the second case (off-axis tube) the variation

is almost 3 hours (from 6 1/2 hours to over 9 hours). Uncertainties such

as these could be important .

The specific propagation effects which tend to degrade the per-

formance of any communications system can be divided into two categories.

The first category of effects include those which depend only on the mean

electron content along the propagation path.  These are absorption , disper-

sion , doppler shift and time delay rate of change. The second category

includes scintillation effects which depend on the structure or degree of

striation of the propagating medium . These are amplitude scintillation ,

phase scintillation , scintillation decorrelation time and scintillation

decorrelation frequency. The estimates which follow regarding the magni-

tude of these ef fe cts and their variation due to our chemis try var iations

34
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are crude estimates and depend on numerous simplifying assumptions , many

of which will not be explicitly stated .

The absorption , a, can be expressed as

z
~ 

-2 p T
a .2 10 1 n V . d~ dB (23)

~2 j  e ei
L o

where f is the propagation frequency in l i z , :T is the hei ght of the

transmitter , and ‘
~~ . is the electron-ion collision frequency . V V isei ci

given by

Vei = 1.8 
~e 

.1 -3/2 
~n (1.2/10

16 

~~
) sec~~~ . (24)

If we take I = 1000K and f = 300 MHz, we obtain
Z T

= 1.5 x l0 22f n
2 d dB . (25)

Assuming the TEC is equivalent to a uniform ne over a layer thickness
of io

8 cm , we have

V 

U = 1.5 x io
_30 

(TEC) 2 dB . (26)

If we assume 3 dB attenuation as the cr i ter ion for si gnificance we obtain

that , for f = 300 MHz , we need

15 -,

TEC ? 1.4 x 10 cm - 
. (27)

Examination of Fi gure 7 shows that , for the central striation case , the

uncertainty in chemistry prolongs the time of significant attenuation from

about 4 hours to 5 hours. For the off-axis striation case significant

attenuation exis ts for abou t 2 hours and the chemis try uncertainty causes

~TV 
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only about a 15 minute effect. This last result is strong ly aff~ctud by

our assumption that the uncertainty in chemistry starts at 100 ninutes.

This was done because of our lack of specific knowledgc concerning the

various temperatures during the recompression phases of the otion which

occurs during the first 100 ninutes. There ;could , however , be uncertainties

in the chemistry, primarily due to rca~ tion 19 , during this time. A time

of 30 ninutes for the prolongation of significant attenuation would prob-

ably be more reasonable for the off- axis striation case.

For L-band (1.5 GIlz), a TLC of greater than 7 / l0~~ is needed

to produce si gnificant attenuation . V fhis means that attenuation is not a

prob 1c~i at this frequency exce rt possibl y at very early tines.

V 
Losses due to dispersion depend on the value of the lEG and on

the modulation rate. At 1)111- (300 Mu :), dispersive losses are neg ligible

for any TEC below 10~~ cm
2 as long as the modulation rate is less than

300 kbps, a rate in excess of any rate currently being used . At L-band

(1.5 MHz) and a 10 ~1bps :adulation rate the dispersive loss is about 1 dB

at a TEC of 1016 cm
2. This is too small a loss to be significant. -\t

- . - 16 -2X-band (7.5 GElz) dispersion is neg ligible for any TEC below 10 cm and

modulation rates below 40 Mbps .

The degradations caused by doppler shift and time delay rate of

change are also negl i g ible for the cases shown in Figure 7. Thus in the

first category of propagation effects , only UHF absorption is important

and can be significantly affected by our chemistry uncertainties for the

cases we have chosen .

In the area of scintillation effects , more assumptions are needed

than in the previous category of effects to obtain any sort of quantitative

results. One of these assumptions we have made is that the striations are (

:-. -~~~-~ ~~~~~~~~~ V V V  
::~~~~ V~~~~~~~ V V . 

V _ ~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _

— 
— ~~~~~~~~~ ~ 
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full y developed after two hours and the square of the electron density

standard devia t ion  is g iven b y

2 1 ~ 1 TE C 2 -17 2= n = 
~~

- 
(_

~~VV_
_)  = 2.5 / 10 (TEC) 127 )

where Z , the total thickness of the ionized layer , was again taken to

be cm. Another assumption is that the propagation is perpendicular

to the magnetic field and thus the striations . This was assumed to make

the calculations simpler althoug h the effects in this case are less severe

than when the propagation is parallel to the striations .

These simplified calculations using the TEC values in Figure 7

yield the result that , for UHF , amplitude scintilla tion is saturated at

the Raylei gh fading limit for all values of TEC . This is true even at

ambient values and the problem in this case is , as it is in the natural

ionosphere , when and how the striations decay. The problem probabl >V does

not involve uncertainties in chemistry in any significant manner. The

size of the region of satirated scintillation will change , however , with

variations in the TEC values as a function of time .

For L-band (1.5 GHz), amplitude scintil lation is sa tura ted for

6 1/2 to 9 1/2 hours for the smaller TEC case in Figure 6 depending on

the chemistry values used . For the larger TEC case the spread in tine

is 8 1/2 to over 12 hours . This is the same uncertainty in the time as

we obtained for the TEC values to get into the ambient regime and can be

considered significant .

For X-band (7.5 GH z ) , the analogous times are 3 to 4 hours for

the lower TEC case and 5 to 7 hours for the larger TEC values. This also

can be considered significant . In both the L-band and X-band , as in the

UHF case , the size of the saturated region will be sensitive to chemistry .
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Phase scintillation effects are directly proportional to the

value of TEC thus a variation of a factor of 2 or more in TEC can translate

to the same variation in the magnitude of phase scintillation. This can

be important , part icular ly to phase coherent receivers , but quantif icat ion
1 6

of system effects critically involves many receiver design parameters .

The scintillation decorrelation time is the most important signal

parameter affecting receiver performance under saturated scintillation

conditions. 1 It varies approximately as the inverse of the value of the

TEC and thus is subject to a variation of a factor of two or more after

about 5 hours . This can be important to system performance but as with

phase scintillat ion, depends critically on the system design parameters.
’6

The decorrelation frequency provides a measure of frequency-

selective scintillation effects. When this is much less than the signal

bandwidth , these frequency-selective effects can be quite important to

system performance.’6 This is an area where investigation is currently

being pursued but
V 
it can be determined that the decorrelation bandwidth

varies approximatel y as the inverse of the TEC squared .’6 Thus , the
variance of a factor of 2 to 5 in TEC after 5 hours due to chemistry un-

certainty translates into a factor of 4 to 25 in the decorrelation band-

width. This can be quite important to systems that use large signal band-

widths (such as (‘IPS and DSCS spread spectrum links).’6

At t imes greater than 5 hours , when the variation due to uncer-

tain chemistry is greatest , X-band and higher frequen’ y systems tend not

to be scint i l lation saturated. Thus the sensitivity to chemistry of

scint i l lat ion effects  is more important for L-band and UHF systems .

To summarize the main areas where reasonable chemistry variations

wil l  affect communications , we have first that the resultant variation in

times to reach ambient ionospheric conditions is significant . The times 
- 

-
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-
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for which signal attenuation due to ion-electron collisions is important

(> 3 dB) w i l l  also vary s ign i f i can t ly  for UHF systems . The same is true

for the variation in times over which we have amplitude scintillation

saturat ion at L-band and X-band frequencies. The size of the region of

scintillation saturation will probably also vary significantly with chem-

istry but quantification is difficult without much more analysis . Finally,

during the time of scintillation saturation, important degradation effects

associated with phase scintillation and scintillation decorrelation time

and frequency will probably vary significantly with chemistry variations,

particularly for UHF and L-band systems which are saturated to late times.

These effects are critically dependent, however , on specific systems and
receiver design parameters.
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SECTION 6

RECOMMENDED RATE COEFFICIENTS

The most important reaction, reaction 19, is the most difficult

one for which to determine a coefficient. The problem , as indicated before,

is that there is no experimental data available when both the translational

and nitrogen vibrational temperatures are above about 1000K. This temperature

region, however , is where most of the action takes place following high
altitude bursts. We have constructed a rate coefficient based on several

assumptions . The first of these is that the rate coefficients and transla-

tional temperature dependence of the nitrogen V = 0 and V = 1 vibrational
states are identical . This probably isn’t true, but is consistent with the

fact that, at 300K translational temperature, the rate constant does not

increase with vibrational temperature until the V = 2 state is significantly

populated . The second assumption is that the rate coefficients for the

higher vibrational states are independent of translational temperature .

These are taken to be 5 x ~~~~~~ 1.2 x 1o 10
, 2.5 x ~o~

10 and 4.0 x l0~~
0

cm3/sec , respectively, for the V = 2, V = 3, V = 4, and V > 4 states. 12

The assumption of no variation with kinetic temperature is probably not

true either hut seems to be the most reasonable assumption in the absence

of any hard experimental data. The third assumption is that the vibrational

levels in ni trogen are equally spaced . In view of the uncertainty caused

by the first two assumptions, the error involved in this is trivial.  Us ing

these assumptions and some curve fitting we obtain

( _6600/Tvl _6600/Tv 
~k 19 = ktr

\l_e /~ 
kv e cm /sec (23)
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where 0 7
k = 1.2 x l0 12/ ~~~~\ T < 1200K
tr kT / tr

tr

kt 
= 5.22 x lo

_l
3(_~L) 12000K � T ~ 12 00K

k = 1.65 x l0 b0 (l2~~o) Tt 
> 12000K (24)

and
V / T  \0 .8

k = 9.6 x l0 I - ~-~ 5-) (25)

and T
~ 

and T
tr 

are the vibrational and translational temperatures.

For reaction 16 , the N~ + 0 charge exchange reaction , we have

already indicated our guess, i.e.,

= 3 x ~o 
3 (_I_) cm3/sec (26)

where T is the effective translational temperature .*

*
More jn-~~r n t  ion is now available on this reaction rate coefficient . The
an a ly si s V t

V 
the Atmospheric Explorer satellite data has yielded a value

of 2 . 2  ~ lo~~2 cm
3/sec at 840K with a claimed probable accuracy of ±20 per-

cent . This is significantly larger than the value obtained by extrapolating
the high energy data. It now appears this rate coefficient may behave as
many of the  other ion-molecule coefficients , i.e., first decreasing with
increasing temperature and then increasing after going through a minimum .
he would , therefore , now recommend (see Figure 1)

—12 1300’t1/2 3
= 3.69 x 10 

~
—T--/ cm /sec T < 1600K

k 16 = 3.0 x 1o
13 

(!~~~~~) 
cm3/sec T > 1600K 

V

T hj s  is an increase of a factor of 2 at 1000K over the value we have used.
Since we used a rather conservative uncertainty in our calculations and
since, as we have pointed out , an increase in this rate would not have much

V of an effect at times after stabilization , our res ults and conclusions are
no t seriously  affec ted by this new data.
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For reaction 18, the 0~ + 02 charge exchange reaction, we have
examined the data 8’9’’°”’~ and obtained

= 2.1 x ~~~~ (
300)

0.6 
cm
3/sec T < 1800K

1.25
k 18 = 7.6 x io~~

V 3 (i-) cm
3/sec T > 1800K (27)

where , as before , T is the effec t ive translat ional temper ature.

For the sum of reactions 14 and 15 a value of 6 X ~~~~~ from
300K to 6000K is indicated by the data.9’10’~ Above 6000K the rate coef-
ficient increases with a T”2 dependence.’° At these high temperatures,

however, ther e is litt le likelihood of 0
2 being present in any appreciable

amount so the high temperature dependence is unimportant .

We have discussed the possibility that NO may be present in
the plume in significant quantities. Unfortunately, the MELT code does
not carry any of the neutral reactions and processes (e.g., diffu sion)
involved so it is difficult to even estimate the NO production. If ,

however , appreci able amounts of NO can be found , certain other ion-
- -~ 

V 
neutral reactions should be considered for their possible importance.

Two of these reactions are

0~ + NO + NO~ + 0 (28)

N~ + NO NO~ + N (29)

The reac tion 28 rate coefficient has a value at 300K of about 8 x l0

and behaves at higher temperatures in somewhat a similar manner as the
reaction 19 rate coefficient , although it does not dip down as strongly
between 300K and 1200K nor rise as sharply above 1200K. Since it is highly

j
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unlikely that the NO concentration will ever be comparable with the N 2
concentration, this reaction is probably unimportant. Reaction 29, however,
has a rather large rate coefficient . At 300K the value is about 10~~ cm

3
/sec

and it is unlikely that it changes significantly above 300K. Thus if the

NO concentration is of the order of 10~~ of the atomic oxygen concentra-

tion it can compete with reaction 16 at ambient temperatures and directly
V convert N~ to a molecular ion.

Another reaction which must be considered is

0~ + N(2D) -- 0 + N~ . (30)

Analysis of the Atmospheric Explorer satellite data’7 has yielded a value

of 1.3 X lo~~~ for the rate coefficient of reaction 30 and it is claimed

that this reaction is important in the natural ionosphere.17 What the
effect would be in the nuclear disturbed case is difficult to ascertain.

If the N(2D) concentration is within two orders of magnitude of the N2
concentration, the 0+ will be converted more rapidly to N *~ by reaction 30

than to N0
V
~ by reaction 19. This would tend to slow the total ion decay

and to make reactions 14, 15, and 16 (the reactions of N~ with 02 and
0) relatively more important than we have assumed .
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SECTION 7 1
RECOMM END ATIONS FOR FU RTHER STU DY

The obvious recommendation would be to reduce the rate coefficient

uncertainties which have been determined to be important . The problem is

that one of the reasons these uncertainties still persist long after their

importance was recognized is the extreme difficulty in doing experiments

under the conditions of interest. Reaction 16, the N+ + 0 charge exchange

reaction , which is important at all altitudes within the plume below about

500 km, is a case in point . The interesting region is from 0.5 eV energy

down to thermal energies. The measurements, however , do not go below 0.5 eV

and these were not easy to obtain and have been accomp lished only recently.

Fortunately, the decrease in the rate coefficient of reaction 19 at ambient

conditions below what was used in the MELT code makes it more improbable

that reaction 16 will control the total ion decay at any time after plume

stabilization . A decrease of two or three in the rate coefficient of the

N~ + 0 reaction at 1000K from the value obtained by extrapolating the

experimental values would be needed to make this reaction the controlling

factor. Since the extrapol ation involves a range in temperature of a factor
of 4 rather than the factor of 40 we had prior to the recent measurements ,
this large a decrease in the rate coeff icient, though poss ible, is not very

likely. At times prior to stabilization , when the ion temper ature may be as
high as 1 eV, the O~ + N

2 reaction goes much faster than at ambient temper-

ature and the N~ + 0 reaction will  probably be the rate controlling re-
action, particularly since the 02 is depleted and diffusion certainly
has not had time to replace it . At these higher energies we are , however ,
in or very near the range of the experimental data. The uncertainty,

therefore , is less than in the region of the data extrapolation . It would

~~ ~~z’~i _ _
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~~ be reassuring to have experimental data in the region of 0.1 and 0.5 , par-

ticularly at the low end of this energy range ,* but this is not of the

highest priority. The uncertainty in reaction 18, the 0~ + 02 charge ex-

change reaction , which is important below about 350 km altitud e, ha s been

shown to have some measure of importance. This importance is not as great

as the importance in the uncertainty in reaction 19 except possibly at very

late times. In addition, this uncertainty stems largely from the scatter

in the data from a number of experiments. Assuming all the experiments

are equally reliable , which they are not, a reduction in this uncertainty

would involve doing a large number of further experiments. Finally, this

uncertainty is probably overshadowed by uncertainties introduced by the

lack of 02 diffusion and neutral chemistry in the plume . For these

reasons reducing the uncertainties in the rate coefficient of reaction 18

is also not of the highest priority.

The uncertainty in the rate coefficient of reaction 19, which is

important at all altitudes up to 500 km , is the most important uncertainty

we have discussed . This is the rate controlling reaction for total ion

decay and occurs at temperatures not encompassed by the experimental data.

It is of high priority to measure this rate coefficient when both kinetic

and N2 vibrational temperatures are above 1000K. In particular , measure-

ments which would reveal the dependence on kinetic temperature of the rate

coefficient for the reaction when N2 is in the V = 1, 2, and 3 vibra-

tional states would be extremely useful .

The uncertainty of N(2D) depends strongly on the uncertainties
in the excited state production in the initial energy deposition phase,

the production by electron impact during the recompression phases of plume

development, and the quenching by atomic oxygen. The quenching is particularly

* -12 3
The AE satellite data analysis has yielded a value of 2.2 X 10 cm /sec
at 840K.’7
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important and of high priority. If the quenching rate coefficient is of

the order of lO u, the effec t of N(2D) will be restricted to only the

first minute or two after its production, either initial ly  or during plume

recompression, and thus not very important to communications . If the rate

coefficient is of the order of i0~~
2 or less , the effec t of N( 2D) might

be important to communications for times of the order of an hour after

production. A measurement of this rate coefficient is therefore of high

priority.

In this respect, subsidiary questions arise. When N(
2D) is

quenched by atomic oxygen, is an 0(
1D) state produced? Also . when N0~

dissociatively recombines , is an 0(1D) produced in the channel where the
4nitrogen is produced in the N( S) state? If the answers to both of these

are yes, then we may have to worry about the reaction

N(4S) + 0(1D) N0~ + e . (31)

Quenching of 0(
1D) by N2, which has a rate coeff icient of about

3 x 10
_ li 

cm
3
/sec ,

h as well as a small rate coefficient for reaction 31,

probably makes this uninportant . However , a large production of O(1D),
and its subsequent quenching by N2, which results in N2 vibrational

exc itation, could substantial ly affect the N2 vibrational distribution .

This would impact strongly on the value of the rate coefficient of reaction 19.

Further investigation is nceded , bu t it would be usefu l if the amount of

production of 0(1D) for the N( 2D) quenching reaction were measured as
well as the value of the rate coeff icient .

A fur ther possibl e effec t of N( 2D) stems from the reac tion

0~ + N( 2D) N~ + 0 (32 )

which , accord ing to the Explorer satellite data analysis , has a fairly
large rate coefficient. The effect of this reaction on the total ion 

V

decay should be investigated .
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The last uncertainty we have discussed is that involved in the

depletion of 0
2 in and near the p lum e , its replacement by diffusion ,

and the mitigation of its replacement due to neutral reactions involving

atomic nitrogen. This impacts not only on all ion reactions involving 0
2

but on the production of NO, whose presence and persistence could sub-

stantially alter the ambient ionosphere for very long periods of time after

a number of high altitude bursts . This could involve important communica-

tions effects and should be investigated .

$

— — 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- — ~~~~~~~~~~~~~~~~~~~~~ - VVV ~VV.VIV

~~~~~~ Vl

-V -~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - - .- - -



REFERENCES

1. Sapper ifield, D., Radiation from a Recombining Oxygen Plasma, LA-4303
Supplement, Februar y 1971 .

2. Black , G., et al ., JCP 51 , 116 (1969),
Lin , C., and F. Kaufman~~JCP 55 , 3760 (1971).

3. Daven port , J. E., et al., JGR 81 , 12 (1976).

4. DNA Reaction Rate Handbook , DNA 1 948H.

5. Sm i th , 0., et al ., JCP 69, 308 (1978).

6. Lindinger , W ., et al., JGR 79 , 4753 (1974).

7 . Ru therford , J. A., and R. H. Neynaber , Measuremen ts of Selected Char ge
Transfer Processes at Low Energies , DNA 4695F, November 1978.

8. Albrittor,, 0. L., et a l . , JCP 66 , 410 (1977) .

9. Lin d inger , W., et al ., JGR 79, 4753 (1974).

10. McFarland , M ., et a l . , JCP 59, 6620 (1973).

11 . Dunkin , D. B., et al., JCP 59, 1 365 (1968).

12. Schmeltekopf , A. L., et al ., JCP 48 , 2066 (1968).

13. Van Zandt, T. E., and T. F . O’Malley , JGR 78 , 6818 (1973).

14. Chen , A., et al. , JCP 69, 2688 (1978).

15. Stoeckly, R. E., et al. , DNA 38271.

16 . Bogusch , R. L., private communication.

17 . Dal garno , A., AE Reaction Rate Data, AFGL-TR-79-O067, Marc h 1979 .

18. Ki lb , R. W ., and Chavin , S. , pr i vate communicat i on.

19. Fajen , F. E., Gregersen , A. W ., Ki lb , R. W ., Stoeckl y, R . E., and
White , W . W ., private communication. V

48

V :;



DISTRIBUTION LIS T

DEPARTMENT NE DEFENSE DEPARTMENT OF THE ARMY (Continued )

Assistant to the Secreta ry of Defense U.S. A rmy TRADOC Systems Analysis Act ivity
A tomi c Energy ATTN : ATAA-PL

ATTN : Executive Assistant
White Sands Missile Range

Defense Advanced Rsch. Proj . Agenc y Depa rtment of the Army
A T T N :  TIO ATTN: D EWL-TE—AN . M. Squ ires

Defense Documentat ion Center DEPARTMENT OF Tti E NAVY
12 cy ATTN: DD

Naval Electron ic Systems Command
Defense Nuclear A gency ATTN ELEX 03

ATTN : DDST ATTN : Code 501A
2 cy ATTN: RAAE ATTh: PME 117-20
4 cy ATTN: TITL

Naval Intel l igence Support Ctr.
Fi eld Command ATTN : Docume nt Co nt rol
Defense Nuclear Agency

ATTN : FCPR Naval Ocean Systems Center
ATTN : Code 4471

Field Command ATTN : Code 5321, 1. ~othn-j~ler
Defense Nuclear Agency ATTN : Code 532, .3 . Ricrter
Livermore Division ATTN : Code 5324, ~,.

ATTN : FCPRL ATT N Code 532 , P . ~a:cert
ATT N : Code 5322 , H . — -j~~~~~~

Inte rservice Nuclear Weapons School
A T TN : TTV Naval Pos tgrad ua te Sc hool

ATTN : Code 0142, Librar/
Unde rsecretary of Defense for Rsch. & Engrg.

ATTN : Strategic & Space Systems (OS) Naval Research Laboratory
ATTN : Code 7120 , P. K inzer

DEPARTMENT OF THE ARMY ATTN : Code 7175 , 3. Jo hnso n
ATTN : Code 1434, E. Brancato

Atmospheric Sciences Laboratory A T T N :  Code 2627
U.S. Army Electronics R&D Command ATTN : Code 6750, K. ~ai n

ATTN : DELAS-EO-M0 , M. Heaps ATTN: Code 6709, W. Al i
ATTN : DELAS-EO , F . Niles ATTN : Code 7175H , D. Horari
ATTN: DELAS-EU -ME , K. Bal lard ATTN: Code 6701 , 3. Brown

ATTN : Code 6 780 , S. Ossakow
BMD Advanced Tec hnology Center A TT N:  Code 6750 , 0. Stobel
Department of the Army ATTN : Code 7101 , P. Mange

ATTN : ATC—O , W. Dav ies P,TTN : Code 6780 , 3 .  Fedder

~ AT T N : ATC-T , M. Capps ATTN: Code 7122, 0. McNutt
ATTN : Code 6700 , T. Coffey

Harrj Di amond La borator ies ATTN: Code 7750 , J. Davis
Department of the Army

AT TN : DE LHD-N-P Naval Surface Weapons Center

I 

AT Th: DELHD-l -T L ATTN : Code F31
ATTN: Code F46 , 0. Huds on

i S. A r m y Bal l i s t i c  Research Labs. ATTN : L. Rudlin
ATT’I: DRDAR-BLB , M. Kregel ATTN: Code R41, 0. Land
A V.~

V
~~4 :  DPDA -BLP , 3. eirierl

V A T T~ : DP P- Th-~ Nuclear Weapons Tng. Group , Pa c i f i c

~~ Department of the Navy
U.S. Armj Forei gn Sc i ence ~ e h. ~tr. ATTN : Nuclear Warfare Department

~~~~~~~~ DP/Y - ~ D-N
Off ice of Naval Research

U.S. Army M i s~ i l e  ~& C~ mnand ATT N: Code 4 21, B. Junker

- 
-- ATTN : Redstone SC V r I~~~~~ J~~ .f l~~ O .  Ctr. ATTN : Code 465, 0. Joiner

U.S. Army Nuc lear & h~r1i~ a l Agenc> DEPARTMENT OF THE AIR FORCE

, 
A~T’I : Library

Air Force Weapons Laboratory, A FSC
U.S. Army Re search ‘j ’~~ce ATTN: SUL

ATTN : P. Mace AT TN : DYV , E. Copus

49

— - ~~~~~~V~VVV~~~ 
= _ _ _ _ _ _ _ _  

——-- 
~V V~ -

- V _  ~~~~~~~~~~~~~~~~~~~~ — - 
- 

- V V

- - ~~~~~~~~~~~~~~~~~~~---~~~~~~~ V V - -  -~~~~~~ - - 

- - S.



DEPARTMENT OF THE AIR FORCE (Continued) OTHER GOVERNMENT AGENCIES ( Continued)

Air  Force Geophysics Laboratory Department of Commerce
ATTN : SULL National Oceanic & Atmospheric Adm in.
ATTN : PHG , F. Innes ATTN: Ass is tant  Administrator , RD
AT TN : OPR-1 , J. Ulw ick
ATTN : LKB , E. Murad Department of Comerce
A CT S :  LKB, 3.  P a u l s o n  National Oceanic & Atmospheric Admin.
A TTN : LK B, K. Champi on A TT S :  D. Al br itto n
ATTN : LKD , R. Narcisi ATTN F. Fehsenfeld
ATTN:  LK B, T. Keneshea ATTh : .~ . Spje ldvik
ATTN : LKB , W. Swide r, Jr. ATT S : G. Reid
ATTN : LKD , C. Phi lbrick
ATTN : LKO , P. Van Tasse l Department of Transportat ion
ATTN : LK O, P. Huffma n Tr a ns por tat ion Rsch. Cy~ ter- Center
ATTN: OP , 3. Garing ~~T N : F . ~‘a rmo
ATTN: OPR , T. Conno lly

V ATTN : OPR , 3. Kennealy NASA
ATTN : OPR , F. Dei greco Goddard Space Flip ~t CenterATTN : OPR , H. Gardiner A C T S :  3. .ecce
ATTN : OPR , R. O’Ne ill A CT S :  A. A i k i ’~ACT S :  Co de € 25 , “ . Sugiura

A ir Force Technical Applications Center A T T S :  S. Ba ’er
ATTN : ID A C T S :  Code 625, J. ~eppn erATTN : STINFO Off ice AT ~5: Te c hn i ca l  Library
A TTN: T F , L. Se iler

NASA
Foreign Technology Division George C. Marshall Space Flight Center
Air Force Systems Command ACT S : .-~ . Roberts

ATTN : NIIS , Library
• ATTN: WE N A SA

ATT’I : P. Sceiffer
Rome Air Development Center ATT N :  S . Roman
Air Force Systems Command A CT S : E. Schmerling

ATTN : OCSA , 3.  Simons
ATTN : OCS , V. Coyne NASA

Johnson  Space Center
USAFETAC ATTN: Code dM6 , Technical Libra ry
Department of the Ai r  Force

ATTN : CBTL , STOP 825 NASA
Ames Research Center

OTHER GOVE RNMENT AGENCIES ATTN : N-245-3 , R. Whitten
ATTN : W . Starr

Bureau of Mi nes
Pittsburgh Min ing & Safety Rsch. Ctr. National Science Foundation

ATTN: J. Murphy ATTN: P. S inc la i r
ATTN : Div. of Atmo s . S d . ,  P. McNea l

Department of Commerce
Nat ional Bureau of Standards DEPARTMENT OF ENERGY CONTRACTORS

AITN: S. Leone
ATTN : W. Lineberger Lawrence Livermore Laboratory
ATTN : A. Phe lps ATTN: Document Control for L-7 1 , 3. Chang

ATTN : Documen t Control for 1-262, W . Duewer
Department of Commerce
Nat ional Bureau of Standards Los Alamo s Sc ient i f i c  Laboratory

ATTN: J. Cooper ATTN : Dec ~nent Control for MS 2 12 ,
AIIM : J. Devoe W. Barf ie ld
AIIM : M. Scheer A C T S : Document Control for MS 664 , 3. Z i nn
AIIM: D. Garvin AIIM : Document Control for MS 668, 3. Mal ik
AIIM: D. Lide ATTN: Document Contro l for MS 560 , W . Hughes
AIIM: M. Krauss ATTN : Document Control for MS 668 , H. Hoer lin
AITN: P. Hampson , Jr. ATT N : Document Control for MS 362 , Librarian
ATTN : S. Abramowitz
AIIN: L. Gevantma n Sandia Laboratories

ATIN: Documen t Control for Org . 4241,
Department of Commerce T. Wr ight
National Ocean ic & Atmospheric Admiji . ATTN : Document Control for Org . 1250,

AIIM: J. Angell W . Brown
- 

- ATTN: L. Machta
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DEPARTMENT OF DEFENSE CONTRACTORS DEPAR TMENT OF DEFENSE CONTRACTORS (Continued)

Ae rodyne Resea rch , Inc. General Electric Company-TEMPO
ATTN : M. Camac ACTS : M . Dudas h
ATTh: Librarian , B. Duston ACTS: 0. Reitz
AIIM: M . Faist ATTN : 0. Chandler
AIIM : F. Bien ATCS : DAS IAC

ACT S :  J. T hompson
Ae rospace Corp. ACT S : L. Ew i n g

AIIM : Library ATTN : B. Gambill
ACTS: M. Wh itson ATTS : M . Stan ton
AITN: T. Taylor ACTS : T. Stevens
ATIN : R. Cohen ACTS : W . Knapp
ACT S : H. Mayer

General Research Corp.

~ni vers ity of A laska  ACTS: 3 .  Ise , ir .
ACTS: Technical  Library
ACTS: ‘I. Brown General Research Corp.
AIIM: P. Parthas~ ra trj ATTN : C . Z a krzew s k i

V AVC O Everett Research Lab , Inc. HSS , inc.
AT TS : C. Von Rosenberg, J r . A CN : 0. Hansen

ACTS: M. Shuler
Berkeley Research Associates , Inc .

AIIM: J. Workman :nstitute ~ or De fen se Anal yses
ACT S : E. BaLer

Boston College ACTS: H . ~o1fha rd
AIIM: Cha irman , Dept. of Physics
ACT S :  Science Library , F. McEl roy IRT Corp.
ACTS : Dept. of Chemistry , 0. McFadden ATTM : P. Overmyer

ACTS : D. Vroom
Un iversity of California at San Diego AC TS : R . ‘eynah er

AIIM : 0. Miller ACTS : 3. Rutherford

Un iversity of California at Santa Barbara Johns Hopkins University
AIIM : M. Steinberg ACT S : Document Librarian

Cal ifornia Institute o~ Technology Kama n Sciences Corp.
AIIM: V. Anicich ATC S :  0. Foxwel l
AIIM : S. Irajma r ACTS: W . Rich

- 
- Calspan Corp. r’arold ~~. Lewis

AIIM: W. Wurster
AIIM: Library Lockheed Missiles and Space Co., I nc.

• - AITN: C. Ireanor ACTh : R . Sears
ACT S : J. Reagan

Un i vers i ty of Colorado ATCS : N. ~a 1 t
AIIM : Dept. of Chemistry , V. Bierbaum ACT S :  J. Kumer

~
. ,~i 

ATC N : J. Evans
‘-

V
. EG&G , Inc. A T V S:  B. McCormac

AIIM : Document Control for 3. Colvin ATTS : R. Gunton
AIIM : Document Control for P. Lucero ACTh : C . James
AIIM: Document Control for D. Wri ght

M V  1.1. Lincoln Lab.
V ESL , Inc . ATTN : B. Watkinsj AIIM: W . Bel l

- 

~ r Mission Research Corp.
Genera l Electr ic Co. AIIM : M. Messier

AIIM : Technical Information Center ATIN : V. Van Lint
AIIM : P. Zavitsanos AIIM : M. Scheibe
AIIM : 3. Burns AIIM : D. Sappen field

‘, AITN : M. Linevsky AIIM : R. Ki lb
AIIM: 3. Peden AIIM : R. Hendrick

- 
; 

- 5 cy AIIM : I. Baurer AIIM: W. White
6 cy AIIM : M. Bortner AIIM : 0. Archer

5 cy AIIM : Document Control
General Elec tric Co.

AIIM : 3.  Schroeder

I
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DE PA RTM ENT OF DE FE NS E CO NT RACTORS ( C o n t i n u e d )  DEPARTM ENT OF DEFENSE CONTRACTOR S (Continued)

National Academy of Sciences Science Applications , I nc.
AIIM : 3. Sievers AIIN: ) . Ham lin

Nichols Research Corp., Inc. Science Applications , Inc .
AIIM : R. Tippets AIIM : N . Byrn

AIIM : D. Div i s
Pacific --Sierra Research Corp. ATC S : R. Deliberi s

ATIN: E. Field , Jr.
Science Applications , I nc.

Pennsylvania State University . AIIM : R . Johnston
AIIM : 3. Nisbet
AIIM : L. Hale SRI International

ACTS : E. in~ ernia nn
Photometrics , Inc . ATT N : i .

V AIIM: I. Kofsky AIIM: A. Peterson
ATTN : M. Baron

Phys ical Dy n a m i c s , Inc . AIIM: P. Hake , Jr.
AIIM : A. Thompson AIIM : G. Black

AII M :  0 .  Peterson
Physical Science Lab. AIIM: A. Whitson

V AIIM: W. Berning AIIM : J. Moseley
AIIM : R. Leadabrand

Physical Sciences , Inc. AT IN: D. Hildenbrand
AIIM: K. W ray AIIM: I. S langer
AIIM: P. Taylor

V AIIM: G. Caledon ia SRI International
AIIM: C. Hulbert

University of Pittsburgh
AIIM: W. Fite University of Texas System
AIIM: F. Kaufman ATIN: 3 .  Browne
AIIM : M. Biondi

TRW Defense & Space Sys. Group
R&D Assoc iates AIIM : Technical Information Center

AIIM: P. Lelevier AIIM: 3. Frichtenicht
AIIM : P. Turco
AIIM: B. Gabbard Utah State University
AIIM: H. Ory AIIM: K. Baker
ATIN : C. MacDonald
AIIM: F. Gilmore Vi s i dyne , Inc. -‘

AIIM : 0. Manley
R&D Assoc iates AIIM: C. Humphrey

AIIM: H. Mitchell AIIM : I. Degges
AIIM : 0. Rosengren ATIN: H. Smith
AIlS: B. loon AIIM : 0. Carpenter
ATIN: P. Davidson

Rand Corp.
AIIM : C. Cram
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