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ABSTRACT 

This report summarizes computer r esults for the time­

dependent non-equilibrium conductivity of air subjected to an 

intense dose of ionizing radiation in the presence of a strong 

electric field. A two-temperature model is 0mploy ed throughout, 

and an appropriate set of reaction equations for the time­

dependent specie concentrations are solved. 

Results are presented for the conductivity, the electron 

concentration, and the ele~tron and gas tempe ratures for several 

cases of in~erest. 
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I I 



-----
I 

/ 

1 

1.0 INTRODUCTION 

When air is subjected to a short, very intense pulse 

of ionizing radiation the various degrees of fre dom of the 

air respond at significantly different rates . The ionizing 

radiation is absorbed in elect ronic degrees of excitation -­

exc iting, dissociating, and ionizing the ambient air mol ec ules. 

The kinetic temperature of the heavy particles remains ambient 

and the free electrons quickly thermalize to a temperature of 

the orde r of electron volts(~ 104
0K). Only after tim s of 

-9 
the order of nanoseconds (10 seconds) do the electron and 

heavy particle temperatures equilibrate, and the air the n re-

laxes to near quilibrium conditions vith a time "constant" 

of the order of mi croseconds -- depending on the fi nal air 

temperature obtained. The late time residual effect of the ion­

izing source r esi des mainly in the abnormally large concentrations 

of ozone o3 , NO, and N02 -- depending again on the final temper­

ature and, hence, total dose. In the presence of a strong elec­

tric field, the electron temperature and conce ntration remain 

far from equilibrium for as long as the field is applied -­

significantly changing the air conductivity and increasing the 

absorption of the electric field energy. 

These non-equilibrium effects have long been of interest 

to EMP studies (Ref. 1), and have recently been applied to free­

free radiation emission studies (Ref. 2). Earlier studies were 

restricted to doses and field strengths such that the final 

air temperature and chemistry was essentially ambient. We are 

interested here in cases for which this is not true, and the 

.. . 
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time e volut ion of the chemical composition and e ne rgy compon­

ents of the non- equilibrium air must be followed i n detail . 

The general chemistry code ALCHEM has been s uitably 

modi fied and appli ed to this purpose. I t is d sc ribe in Sec­

tion 2.0 below, and our results ar presented i n S ction 3.0. 

2. 0 TH E CHE~IISTRY CODE ALCHEM 

The code ALCHEM is a generalization of t he code devel ­

oped by Sc heibe o f Mission Research (Ref . 3) a nd Gunton of 

Lockheed (Ref . 4) for high alt itude deioni zation st udi es . The 

code has bee n e xt e ns ive ly modi fied into a mu lt i-temperature 

model with attention to the detailed e ne rget i cs . The specific 

elements o f our calculations are discussed in turn. 

2 .1.1 Included Species. 

The s pecie8 included i n our calculations are listed in 

Table I. Wat e r molecules have not been included although their 

important effect on the detailed final stages of elect ron ther­

malization is well known (Ref . 1). Similarly, t he hydrat ed 

molecular ions responsible for the late time 0-Region de ioniz­

ation are omitted; their inclusion was fo und to not chan ge otir 

results during the time intervals of int e r es t. 

The various entr ies in Table I are : 

(a) The "zero point" or dissociation energy o f each 

s pecies (eV/particle) 
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(b) Six specie identifiers: 

( i ) Specie type: 

0 - electrons 

1 - neutral specie 

2 positive ion 

3 negative ion 

4 - tota l ne utral concentration 

5 - total positive conce ntration 

6 - total nega t i ve conc'· n tra t ion 

(ii) Number o f Nitrogen atoms pe r mol ecul e 

(iii) Numbe r o f Oxygen atoms pe r molecule 

( i. V) Number of Carbon atoms per mol ecule 

(v) Number of Hydrogen atoms per molecul e 

(vi) (not used) 

(c) f, Number of classical degrees of freedom for the 

specie 

(d) If not equal to zero, the specific heat tabulations 

o f Gilmore are used (from Ref. 5) 

If eq ua l to zero, the specific heat per molecule 

is taken to be 

= wo (ew 0 /kT _ i)-l 
CV f/2 - 1 + kT 

(e) w0 , the vibrational spacing (eV) 

' 

' 
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TABLE I. 

~EtlES SPECIFICATION CAROS 
(a) (b) ( C ) (d) ( ) 

\ E 0.00 0-1)-0-0-0-0 3 -o -0 . 0000 

2 N2 0 . 00 \ 2-0-0-0-0 7 I . 2890 

3 02 0.00 \-0 2-0 .:0-0 7 0 . 19 30 

.. 02( \0 > . 118 1-0 2-0-0-0 1 -o . 18H 

5 N 14 . 88 \ 1-0-0-0-0 3 0 -0 .0000 

f, Nl 2D) 1 . 2f> \ 1-0-0-0-0 3 -o -0 .0000 

7 0 2.5f> 1-0 1-0-0-0 3 9 -0 . ~000 

8 NO . 9 3 1 1 \-0-0-0 7 3 . 232b 

' 0) \. 51 1-0 )-0-0-0 12 -0 . l 000 

\0 N02 . 37 1 1 2-0-0-0 12 -o . 15 30 

\ 1 N20 .88 1 2 1-0-0-0 12 -0 . l f> 90 

\2 CO2 -It .08 1-0 2 1-0-0 \2 -0 . l II 20 

13 TE -0 . 00 1-0-0-0-0-0 -0 -o -0 0000 

1 .. N+ 19 .ltl 2 1-0-0-0-0 3 8 -0 . 0000 

15 O+ lf> . 18 2-0 \-0-0-0 ) \0 -0 .0000 

\ f, N2• \5 .51\ 2 2-0-0-0-0 7 2 . 2b% 

17 02• \2.0b 2-0 2-0-0-0 T f, . 2 322 

18 NO+ 10 . 0 2 \ 1-0-0-0 7 4 . 2901 

1' NJ+ 111. 00 2 )-0-0-0-0 12 -0 -0 .0')00 

20 Nit+ \5. 00 2 lt-0-0-0-0 18 -0 -0 . 0000 

21 Qlf ♦ \ \ . f,5 2-0 a+-0-0-0 18 -0 -0 .0000 

22 COl- -5 .50 )-0 ) \ -o-o 18 -0 -0.0000 

23 COit- -it . 80 3-0 It 1-0-0 2'4 -o -0.0000 

2 .. 0- -\ .08 3-0 1-0-0-0 
'l -0 -0 . 0000 

25 02- - . It 3 3-') 2-0-0-0 7 -0 . . 1320 

2& 03- - . f,0 3-0 3-~-0-0 \2 -o . \ 320 

21 "' 
-0 . 00 i+-0-0-0-0-0 -o -0 -0.0000 

28 Pl+ -0 . 00 5-0-0-0-0-0 -0 -0 -0 . 0000 

2, Pl- -o.oo f,-0-0-0-0-0 -0 -0 -0.0000 

SPEC IE INDICES- tit:UTRALl 2-13) POSI Tl VE< \lt-21 l NEGATIVE( 22-2f> l TOTALS- 2T 28 2, 
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Source and Initial Conditions. 

Three ionization sources are employed in the code at 

1. Instantaneous energy deposition at time t = 0 

q(t) = Qo 6(t) eV/cm
3sec. 

2. The continuous source 

q(t) 

where I'() 

12 << 1 1 , and /q(t)dt = 

0 

Qo (eV3) 
cm 

3. The source 

q(t) = (lo(t/11). (ts_;; Ti) 

= Qo, (11 ~ t..; 12) 

=O, (t>T2), 

Most of the results we report here are for the third source 

9 -8 
above, with -r

1 
= 2xl0- sec, 12 = 10 sec, and we assume a constant 

electric field ~(v/cm) only during the time t ~ T 1 • 

For initial conditions, we follow Gilmore (Ref. 6) -­

reproduced here as particles per ion pair 
Particles per Energy Spent pe r 

ion 

N+ 
2 

o+ 
2 

N+ 

o+ 

pair 

0.62 

0.16 

0.18 

0.04 

.. . -

ion pair (eV) 

9.66 eV 

1.93 

3.49 

0.65 

-
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Particles 
ion 2air 

per En e rgy Sp nt per 
ion pair ( eV) 

02 ( lti) 

N 

N( 2D) 

0 

0.4 

0.45 

0.61 

1. 3 

0.49 

2.20 

4.43 

3.33 

26.18eV 

Observing that 33.73eV are deposited per ion pair produced, 

that 26.18eV are account ed for by dissociation and ionization, 

and assuming the kinetic energies of the heavy ~~rticles un­

changed, we obtain 7.55eV kinetic energy pe r e l ectron produced, 

corresponding to an electron temperature of 58,400°K. 

2 .1. 3 The Reaction Set. 

The reaction set we employ is adapted from Scheibe's 

D-Region set (Ref. 3), extended to include some fast electron 

reactions from NRL (Ref. 7) and from EGG (Re f. 2). Except for 

the fast electron reactions, our rates were generally taken from 

the DNA Reaction Rate Handbook (Ref. 8). 

The various reactions we have considered are listed 

in Table II, including their rates, R, at ambient temperature, 

the rate coefficients A,B,C, the reaction type N, and the energy 

emitted per reaction, tiE(eV). The various reaction ratf pre­

scriptions employed are identified by the reaction type index 

N, defined as follows: 

N = 0: Electron production reaction due to the 

.. . -



ionizing radiation source q(t). The 

reaction rate is 

7 

R = A[§~~i 3) reaction/sec per target particle. 

N = 1: Photo dissociation. R = A 

N = 2: o
2 

photo dissociation. R = 6.33xlo- 3Ae-h/
17

•
76 

where h = altit ude (km). 

N = 3: o
3 

photo dissociation. (Altitude dependent). 

N = 4: The composite r eaction 

0- + N
2
0 +NO-+ NO , (R 1 = 2.3x10-lO) 

and 
NO-+ o

2 
➔ NO+ o2, (R 2 = 5x10-lO) 

r esulting in 

0- + N
2
0 + o

2 
+ o; + 2NO, with reaction 

rate R = 2xlo-10 (3~ 0) 8e-C/T 

N = 5: The NRL reaction "KTV" (Re f . 7) 

+ N O+ + N
2 

+ NO+ 

R = 10-12 (1 - x)jl.2(l+x) + 50x2 + 120x
3 

+l 

l260x4+400x5+500x6 (1+x+x
2 )j 

where x = exp(-3481/T ), where T is the 
\) \) 

N
2 

vibrational temperature (°K), here taken 

to be the electron temperature Te. 

N = 6: Dissociative capture on o2 : 

o
2 

+ e + 0- + 0, the reaction rate being a 

fit to the thermal average of the cross 

section quoted by Kroll and Watson (Ref. 9), 

.. . -
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N = 7: 

N =- 8: ---
N = 9: 

N = 10: 

8 

e = kT is the electron "temperature'' 1· n eV 
e , 

and n = 1 fore~ 1.0eV 

n = o for e < 1. 0eV 

R = A 

R = A(300/T)
8 

} 
R = A(300/T)8e-C/T 

T being the gas temper­
ature (OK) 

Radiative Decay. 

R = A, the Einstein A-value, and the photon 

energy w :: C 

N = 11-14: Not used. 

N = 15: Dissociative recombination - vibrations at 

gas temperature TA 

R = A(3~~)Be-C/Te(l - e-D/TA) 

N = 16: Dissociative recombination - vibrations at 

the electron temperature T (OK) e 

R = A( 3~:)
0

e-C/Tec1 - e-D/Te) 

N = 17: R = A 

N = 18: R = A(300/T )8 
e 

N = 19: R = A(300/T )8e-C/Te 
e 

N = 800 + n: The nth electronic/ionization rate 

tabulated by Ali (Ref. 7 - reproduced 

as Table III.) 

N = 900 + n: The inverse of the excitation rates 

of Ali/NRL: 
R(900+n) = Ae-C/TeR(SOO+n) 

• 

, \ 
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N = 950 + n: The inverse of the ionization rat es of 

Ali/NRL - React ion rate obtained from 

the direct reactions of Table III with 

Saha relations at t emperature Te , 

using partition functions from Refer­

ence 5, Table B-VI. 

In the presence of the strong electric f l elds of inte res t 

here, the Druyvesteyn distribution is a more appropriate electron 

energy distribution than the thermal average we have employed 

here (Ref. 11). Except for the strongest fi e lds we have consid­

ered, this modification results in only f ew percent co ections 

to the conductivity. The stronge r high energy tail o f the 

Druyvesteyn distribution somewhat enhances ionization processes 

and slightly increases the electron concentration. 

The electron swarm energy equation is assigned Reaction 

type 20. Expressed in terms of the electron temperature, Te, it 

is written 
(1) 

d:~ = _ [\TA] 
( 2) 

T dn e e 
n dt -

e 

(4) (5) 

[d::]S-field + [d:~1 
The five contributions we consider are: 

(3) 

1 dED 

(~nek)dt + 

source 

1. The electron energy loss due to collision with the 

cooler gas particles at temperature TA. The energy 

exchange time 1 is evaluated as a function of time 

using the calculated specie concentrations and the 

relaxation times per specie particle of Table IV 

( from Ref . 5) . 
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TABLE II 1 

-1 

Elec tron impact exci t ation and ioni zat i on rates ( sec 

per mol ecule ). The temperatures are in eV and the r e ac t i on· 

are numbered as follows: 

1. 0: < 3p .. Jo) 11. N2 : (X1 t ➔ A3 t ) 

2. 0: ( 3P➔1S) 12. N2 : (X1 t ➔B3 11) 

3. 0: (lD➔ lS) 13. N . 
2· 

( XJ t c3
11) 

4. 0: 2p4 { 3P) ➔2p 3 3s( 3S) 14. N2 : (X1 t ➔D3 t ) 

5. 0: Ion i zation 15. NO : Ioni za t ion 

6. N: (4S➔2D) 16. N2: Ionization 

7. N: (4S➔2P) 17. 
+ (X2 t ➔B2 t) N2: 

8. N: (2D➔2P) 18. 02 : { X2 11 ➔a 1i~) 

9. N: 2p3 ( 4 S) ➔2p2 3s( 4 P) 19. 02: (X2 11 ➔b 1 t ) 

10. N: Ionization 20. 02 : Ionization 

The data are from the compilation of Al i (Re f. 7), except 

f or the NO ionization rate, for whi h the xp rimental 

data of Rapp and Englander-Golde n we r employed (Re f. 10). 

' 
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'~ j,t>'°'f•l 6 1 , l tit- • t C/ \ , '1 o t • l t 1,l4r.•li' 1,0 0 t-. •10 .~ l, O'i r•'i'~ J • j,_HJf. •f!"J ~.O'Jt•l l 4,.Hl•lc t.~1[•10 
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J ' ., 1,nn-11 '.\, J h l • l 4 i,')~f .•lC u.t~t-11 ~.06t.•09 
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1. 9 .s.on-1t t • <1 I r .. t ~ 1, • l OE.• 1 o " • ,, t, f. - t \ 7,i.101-. •04 

2,li 11 , t\ 1 ~ .. I ,i 1 • ti ~ f, • I .~ ~ • . S •, f .. 1 Ci t,Ult•l O H,09E.•09 
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2. The temperature loss due to energy r edi st ribution 

among increased electron de nsity r esulting from 

co lli sional ionization reactions - and the i nv e r se . 

3. The e ne rgy loss due to ionization. The me an io n­

ization e ne rgy E8 is e valua t d conti nuou. ly as the 

specie concentrations vary . 

4. The heating due to the app lied l tri c fi e ld 

, (volt/cm) is taken as 

19 f,
2 

= 1.36x1O (OK/ sec ) 
V 

m 

wh e r e u is the elect ron drift velocity and v is the 
-1 m 

mome ntum transfer frequency ( sec ). Values of v 
m 

are from Re f. 8, reproduced here as Tabl e V. 

5. The heating due to the ionizing source 

[
dTe ] - µg - 9.iU o / dt - 312n k q(t) - 58,400 n ( K sec), 

source e e 

wh e r e µ is the energy depos ited in e l ectrons per ion 
q 

pair created, taken to be 7.55eV from th discussion 

of page 6 above. 

The e l ec tron e ne rgy swarm equation is then ol ved simul­

taneously with the concentration equations, and the gas temper­

ature TA is obtained from energy conservation, using specific 

heats as specified on the Specie cards described in 2.1 . 1 above . 

.. 
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TABLE IV 

h1 l 1. /I , A I J r_1 ~ 1 {lit:5/!,~' l(.I(• UH.CICC) 

IH: AC I I PN $PECH I: lj, 0 h. IJ tj. u 10,U 12,0 

ELASTir: r<i c' l j, e' •H + 1 1 ?. • r:i ·1 r + I l ~ , <111 l t t 1 1 , 7 H . + l I ! . 6 H. + 11 

ELASTIC l )i:' l'1 • II ':I~ ♦ 1 I (1,/ Uf: +ll 'J.llnt.-tll '> • 4 1 ►. • l l ~.O .H. +t 1 

HAST IC I, ',,/fft11 11 • r, /, I: + 1 l j,6cftll .\ , 0 0 f_ + 1 1 ?. .~,9f:+~l 

~LAST JC r J l • u -~ t + I ;, 1.1-t-F.+ll ~,.6<.iE+ll 4,nl+ll Ll,O~t+ll 

ROT Al JIJ~AL NjJ r.1.~'>f+ll $ 0 11<,[+ll 4,Clt'f.+11 4,~0l+ll o, 9 .H. + 11 

IWT Al [ nt,AL f.12 I.C:OH11 l • 4 ·1 f + 1 l 1,/0E:.tll l,'IOt.+11 1..o~t:+11 

V I(\ I( /\ 1 I(HI t J ;.> t . ,' \ 1- + 0 11 t, • ~r. l-+ 0 h .~ 0 4bl- ♦ 01) 5 • .. HH. + 0~ 3,ebt+OB 

\JlHl(AJlll N I It" l,7Htl 0 l , h 1-t t- + l 1) t.Hlttl'l ~.ltlt+l O i!. , '> ·1 f t l v 
E.XCIH. l r, ,> I • l u r + l 1

1 'I, I H + l i.' },Y,f+ll II, j 1H. ♦ I 0 l • 1 U t t l I.I 

1-. XCll[ ~ 1-:t' 1,r! ':-it. tl'I ~\ • (i r) ~ ♦ ! ~> ,1. ':>9f. + H ~.hl~+lt' b,r,ot-. +11 

f.XCllE. l L'c' I , .., ~ ~- t I ~ 1.,,~ ♦ 13 l,6M. +U U 0 09l+lt l.i;> ~[+ll 

f.:)t'f.lll ' 11 ' r. l , .')c' f.+ I '> II , ·, .H + 1 'l H, (, ~~ + l j 7,t>H.+1~ t , ~Of. t 1 i!. 

ItJt-; IlAl !UN t,(' i, ,c1 ~r + c 1 I ,'lt1 l+c.J ti, t: ~ f. + I 1 d,jbE+lC., j,f>IJl ♦ ILI 

IONlZl\ll(IN ( 1 I. c..Ult+cn r..,l OF +lb l, '·l'if.+14 1,1/t+lJ 1,"/it+lt 

Rt::ACJION SPt::C H . 1: l '.>. O 
1 '' ·~ 

23,l 34,ti 5t1,0 

ELA~TIC ~c 1,':>H+ll l,~Ot-. +11 l.4H~+ll 1, l9E.+ 11 l,l';l+ll 

~.LA~llC Ji:' Ll,~4[ ♦ 11 4,18l+11 j,4/l:.+ll 2,~'.>E+ll l,7'H:.+l1 
H.A5Tlt ~ 2, 1 ll t- + l l l,qbt.+11 1,b2l:.+\t 1,31(+11 l,21E+ll 

~LASfJC 0 .S, i.nt- t 11 j,0'1f.tll i.',~31:+11 2,02E.+11 l,83l ♦ ll 

Rl)TATJIJ~AL P>J;i •;, ':> 1 t-. + t 1 ~,<i4[+11 n,t1'.>l+t t fl ,.Jqt+ll l,08E+l?. 
J, l) TATIO~AL (J 2 l,.Bt-+11 1., 5 a : + 11 i,t4<it.+ll 3,~4E+ll 4,~tH+l\ 
VIH ~ATJCHI •J t' .S,50ltCl6 j.8blt08 '->,lbt:+08 Q,22t::+08 l,l.H.+oq 
\Jlh~A fIQf\; r11 ~.lU.+10 4,0'.:>E+lO o,l9l:.+t0 1 , 3 O l . + 1 l 3,b5f+l1 

E.XCIH. l r, ,> t!.. 7~t. ♦ (l•J t,,UE+oq :s,~ot.+oB t,14£ ♦()~ 4,~8t+07 

I- XCllE I ~ c' 1.1/t+ll II,._, H + 10 1.oot:+10 2,lQt:+09 b,bq~_+06 

t. XCJlE l t.1c t>,OOt+lO j,'jOf. +10 l,'.>Cll ♦ lO b 1 45E+oq 3,~oE+oq 

E)t'r:tll t l l • r..,"10t.•l 1 l,tM.tlJ t, /7t::+t0 b,';t!t::+Oq i., 12Et0'1 . t'.. 

1 (.l t. t l A T 1 (IN r ·, l , ~ .\f' t l 3 l,bH.+12 1,'J':>E+tl ti,Oc!f:+0'1 ~,bbl: ♦ 08 
" C. 

ICHJllAllUN 01. ~, !lll l'. +11 0,06t-.tl0 1 • .s~t+10 l,9lE+oq 2,«IH.+08 

T = Temperature ( .1..03oK) 

.. -
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TABLE V. : Electron col I is ion frequencies per molecule~ 

£ (eV) N2 02 NO 0 N H
2
0 

.005 7 .5(-10) 9. 7(-9) 2.85(-6) 

.007 9. 7( - I 0) 8.0(-9) 2. 35(-6) 

.01 1.3(-9) 6 .7(-9) 1.93(-6) 

.015 1.87(-9) 5.7(-9) 1.57(-6) 

.02 2 .43(-9) 1.2(-9) 5.25(-9) 1. 36(-6) 

.03 3 .53(-9) I. 7(-9) 4.7(-9) 6. 0(-9) I . 10(-6) 

.05 5 .65(-9) 2.8(-9) 4.6(-9) 7 .2(-9) 8.5(-7) 

.07 7.7(-9) 4. 0(-9) 4.9(-9) 8.5(-9) 7.2(-7) 

. 1 I. 10(-8) 5. 0(-9) 5.9(-9) 1 . 02 ( -8) 6. O( -7) 

. 15 I .60(-8) 6.5(-9) 9 .0(-9) 1. 3( -8) 4.85(-7) 

.2 2. 08(-8) 8 .6(-9) 1.4(-8) 1.5(-8) 4.15(-7) 

.3 2. 90(-8) 1. 32( -8) 4 .0(-8) 1. 8( -8) 3. 4( -7) 

.5 4 . 15(-8) 2 . 16(-8) 1.2( -7) 2.4(-8) 4. 3(-9) 2 .63(-7) 

.7 5.1(-8) 3.05(-8) 1.06(-7) 2. 8( -8) 6. 2(-9) 2 .25(-7) 

1.0 6. 0(-8) 4.65(-8) 9.5(-8) 3.5(-8) 9 .5(-9) I . 93(-7) 

1.5 8. 7(-8) 5.5(-8) 9. 3(-8) 4.4(-8) 1.68(-8) 1.64(-7) 

2.0 1. 9(-7) 5. 75( -8) 9.2(-8) 5 .2(-8) 2 .55(-8) 1.48(-7) 

3 2 .2(-7) 6. 1(-8) 9.2(-8) 6 .6( -8) 4.1(-8) 1. 30( -7) 

5 1. 46( -7) 7. 3(-8) 9 .6(-8) 9. 3(-8) 8. 0(-8) 1.17(-7) 

7 1 .64( -7) 1.02(-7) 1. 1(-7) 1. 17( -7) 1 .03(-7) 1. 13(-7) 

10 2 .08(-7) 1. 48( -7) I. 77(-7) 1.52(-7) 1. 3(-7) 1. 24(-7) 

15 2. 75( -7) 1. 93(-7) 2.6(-7) 2 . 1(-7) 1.55(-7) 1. 74(-7) 

20 3.15(-7) 2.2(-7) 1. 95(-7) 2 .27(-7) 

30 3.6(-7) 2 .6(-7) 3.4(-7) 2. 70(-7) 

* 1 ( -7) means 1 x 1 o-7 cm3 /sec. As indicated in the text and in Figure 21-1 

the number of significant figures given is not a measure of the reliability of 

the data. 

.. . 
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3.0 RESULTS 

We report here some results from seven cases studied. 

Problem Number One: 

An instantaneous pulse of ionizing radiation at time 

t = 0 and no external elect ·ic field, 

q(t) = 7.3xlo17o(t)-e-~-­
cm sec 

This source results inn (0) = 2.16xlo16 
e 

= 1.2xl06o(t) e ~g 
cm sec 

3 
electrons/cm at t = 0 

at an electron temperature of 58,4000K and a final equilibrated 

gas temperature of ~400°. The time-dependence of the electron 

temperature is illustrated· in Figure 1. The electron concen­

tration (relative ton (0)) and conductivity, a(sec-1 ), are 
e 

given i1, Figure 2, where 

-1 
a(sec ) = 2 2 

m(w +v ) 
m 

6 = 6.43x10 

-3 n ( cm ) 
e 

-1 
v ( sec ) 

m 

for w << v , the momentum transfer collision frequency, discus­
m 

sed in Section 2.1.3 above. 

The electron concentration in relative units as in 

Figure 2 -- is a fair approximation for other doses, up to values 

large enough that the final equilibrated gas temperature is 

several thousand degrees. In Figure 2 we also present results of 

a single temperature calculation, with the significantly lower 

electron concentration at early times. 

.. . -
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From consideration of Table V, it is clear that the low 

t emp erature momentum transfer frequency is dominat e d by water if 

the water vapor concentration is sufficiently high. For example, 

at 75% relative humidity in ambient sea level air, th contri­

butions of H
2
O and N

2 
to vm are roughly equal near kTe = 0.07eV 

or Te~ soo°K, and at lower temperatures water dominates. Thus, 

the dominant effect of water vapor on the low temperature con­

ductivity may be easily accounted for -- deer asing th conduct-

ivity according to Table V. 

Less easy to treat is the ~-field heatina term in the 

electron energy swarm equation -- increasing the water vapor 

content corresponds to a slightly weaker field at low temperatures. 

In practice, however, when the ~-field is important the electron 

temperature remains high enough so that the sensitivity to water 

vapor is unimportant. 

Finally, the long term persistence of relatively high 

concentrations of o
3

, NO and NO 2 is important. At 10-
5 

sec, when 

Te= TA= 394°K, practically none of these speci e s would be ex­

pected in KTE. Even for the small dose treated here, however, 

we find: 

to be 

16 3 
(03

) = 1.5x10 /cm 

(NO)= 5.5xlo
15 

(NO2 ) = 9 . 3xl0
14 

For problems numbered 2-7 the source and field are taken 

.. .. 

;J 
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q(t) = Qo (t/1i), (t~1,) 

= Qo (1,~t~1 2) 

= 0 (t >12 ) 

and ;(t) = ; 0 ( t ~ 11) 

= 0 (t > 1 i) ' 
with 1 1 

-9 and -8 
= 2x10 sec 12 = 10 sec. 

Problem Two: 

Qo = 8.lxlo
25

[7 _y__] = 1.3xlo
14

[ e~g ] 
cm sec cm sec 

00 

; 0 0 ' Q =I q(t)dt 
6 3 

= = 1.2xl0 erg/cm 
0 

Problem Three: 

3 
Same as problem two except ; 0 = 10 v/cm. Results of 

problems two and three are only insignificantly different. 

The electron and gas temperatures, Te and TA' respectively, are 

presented in Figure 1 (solid line). Thus, the electron temper­

ature is driven by the source, not the field -- for the chosen 

values. The conductivity, a(sec-1 ), is given in Figure 3. 

Problem Four: 

4 
Same as problem three except Co = 10 v/cm. The temper-

atures are in Figure 1 (dashed line) and the conductivity in 

Figure 3. For this field strength, the electron temperature 

is dominated by terms (3) and (4) of the energy swarm equation 

I 
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balancing the field heating against the lose due to co l lisional 

ionization. The result is an approximately constant e l ectron 

temperature of ~11,000° and a oughly constant e l ectron produc t­

ion rate and rapidly rising conductivity until the fi e ld is 

-9 
turned off at t = 2xl0 sec, after which t e solution quickly 

approach th field-free case, except for th large r gas tempe r­

ature obtained. The energy added by the fi e ld is 6. lxl0
6 

rg/ •m
3

• 

Problem Five : 

Qo = 8.lxlo26 [ ;v l = 1.3xl0
14

[ e ;~ l 
cm sec cm secJ 

00 7 3 
Q = q(t)dt = 1.2xl0 erg/ cm 

0 

Co = O 

Problem Six: 

3 
Same as problem five except ~ 0 = 10 v/cm. Again, the 

results of problem five and six are essentially the same. Tem­

peratures are in Figure 4 (solid line) and the conductivity in 

Figure 5. 

Problem Seven: 

4 
Sa1!1e as problem six except ~ 0 = 10 v /cm. The same re-

marks appl here as did to problem four -- only the numerical 

values dif f er. The total energy added by the field is 1.24xl0
7 

rg/cm
3

• 
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4.0 CONCLUSIONS 

Results such as those we have summarize d he re are useful 

in delimiting domains of applicability of simpler electron tem­

perature models -- such as field-driven, source-driven, and 

instantaneous -- and the time depende nce of d viations therefrom. 

The detailed sp cie concentrations we have obtain d may be use­

ful to estimate spectral radiant emissions from a i r perturb d 

in such a fashion. 
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