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THE PHYSICS AND THE CHEMISTRY OF ETWAC CODE
(AN EARLY TIME WET AIR CHEMISTRY CODE FOR
DISTURBED AIR CONDUCTIVITY CALCULATIONS)

I. INTRODUCTION

When air is bombarded by a pulsed beam of electrons or charged
particles, a conducting ionized path is generated which will subse-
quently decay and deionize. The conductivity of the plasma is deter-

mined by the electron density in the ionized region. However, the

electron density or the deionization of the plasma depends on the
atmospheric ions generated as a result of the energy deposited in air
by the bombarding charged particles.

The air ions, their forms and their paths in the deionization
scheme depend on the air density, various kinetic temperatures and the
density of the minor species present in air. Minor species and im-

purities (HZO, 03, c0,, NO, NOZ’ NZO’ etc.) are generally present in

2’
the atmosphere. Their role in the deionization of air must be
. assessed.

In this report we present the physics and the chemistry of a

code developed to depict the role of the water vapor in the deioni-
zation of air. This code 1is developed to provide calculations on the
time history of the electron density, at a point in space, during the
passage of an electron beam in wet air. The code is named ETWAC
(Early Time Wet Air Chemistry) to emphasize its application to the
early time phase of the disturbed air.

The report describes the deionization of the dry air in Section
2. In Section 3 the processes which arise upon the addition of water

vapor to air are presented to depict the role of H,0 in the deioniza-

2

tion processes. In Section 4 the rate coefficients currently used in

Manuscript submitted April 10, 1981.
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the code are presented while in Section 5 a discussion is given for
the calculation of various relevant temperatures.
II. THE CHEMISTRY OF DRY AIR

The ionization of the air species (N2 and 02) by the electron
beam arise from the collisional ionization, ionization due to the
Bremsstrahlung radiation and the avalanche ionization caused by the
intense electric field associated with the electron beam. Regardless
of the ionization sources, the following ions: N;, N+, 0;, and 0+, are
generated directly in the dry air along with the free electrons.

The deionization (i.e. the disappearance of the charges, positive
and negative) proceeds in two distinct manners: 1) by the electron-
ion recombinations and 2) by the ion-ion recombinations. These pro-
cessesl, however, are complimented by various atomic processes which
result in the generation of other ions not produced originally in air.

The electron~ion recombinations proceed through the dissociative

and the three-~body recombinations. The dissociative recombinations

are:

e+N; > N+ N (1)
+

e+ N, > N+, (2)

e+ N - N+N (3)
4 Nt Ny

e+0; > 0+ 0 (%)
+

e + O& 02 + O2 (5)
+

e+ NOT -~ N+0O (6)

2




e + Ot-N - 0, +N

2 2 2 7
The three-body recombinations, on the other hand, proceed according to
+
e+ e+ A - e+ A (8)
n n
and
+
e+ M+ A > M+ A (9)
n n

Where the third-body, M, in equation (9) is a neutral species and A:

indicates an atomic ion (n=1), a molecular ion (n=2) or a cluster ion
(n=3 and 4). Recombination also proceeds through the radiative re-
combination, which can be ignored in regions of interest to our

problem.

The cluster ioms, N+ N+ O+ and 0+-N2whichappear in equations

3774 74 2

(2), (3), (5) and (7) are formed by the following association react-

ions
N+ N, + N, = N; + N, (10)
N;+N2+N2 -> NZ-%—NZ (1)
Oy + 0, +0, > o, + 0, (12)
0; +N, + N, > 0*2'.N2 + N, (13)
NO+ on the other hand, is formed by
o + N, + Not + N (14)
N+ 0, * NG"+o0 (15)

and by various charge exchange processes of positive ions with NO.

However, for early time phase of the beam air interaction one may




+
ignore NO .
The ion-ion recombination, also called the mutual neutralization
can be illustrated by the following two reactions

+
o2 + An - o2 + A (16)

0" +af > 0 +a4A (17)
n n

Mutual neutralization also proceeds through the three-body neutrali-

zation reaction

”» - +
(o ,02) + An + M= (0,02) + A.n + M (18)
where the negative ions 0; and 0 are produced by the three-body
> Al
e + O2 + O2 02 + 02 (19)
VA
e + O2 + N2 02 + N2 (20)

and by the dissociative attachments

e+02*0'+o , (1)

respectively.
The positive ions, however, undergo various charge exchange and

ion atom interchange processes which are

Ny +0, * 0y +N, (22)
N +0, > Oy 4N (23)
0" +0, > 0y +0 (24)
NZ +0, 0*2' + 2N, (25)




+ +
o
N, +0, > NO" + N0 (27)
+ - 4
0,-N, + 0, 0, + N, (28)

A schematic diagram shown in Fig. 1 illustrates the flow of the

positive charge in the deionization scheme of the disturbed dry air.
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Fig. 1 — Disturbed dry air positive ion flow chart




III. THE CHEMISTRY OF WET AIR

The presence of water in air introduces further complications in the
disturbed air chemistry. Various positive clustered ions are formed which
O+

terminate in the form of a hydrated hydronium, H3 -(H7O)n. These ions

have been observed by Narcisi and Bailey2 in the D-region of the ionosphere.

+

The reaction paths leading towards these clusters starts with O2

as a pre-
. . 3,4 ‘e .
cursor ion and is well understood and have been utilized in the mod-
1 .
eling 3 of the disturbed atmosphere as a result of nuclear detonation.
The hydrated hydronium generally recombine with the free electrons,
. . . X 6
through the dissociative recombination, at a much faster rate compared to
the lighter air ions.
The pertinent reactions which lead to the generation of various hy-
+ o+ o+

, ] + +
drated ions are as follows. The positive ions, N , N2, N3, N4 and O react

with H,0 according to the following reactions

2
N+ HO > HO 4N (29)
N; +HO > H20+ N, (30)
Ny + HO N2H+ + OH (31)
Ny +HO - HNOT + ¥, (32)
Ny £ H0 - H)O + 2N, (33)
0" +HO0 ~+ HO +0 (34)

2 2

Reactions (29) through (34) obviously produce predominantly HZO+ which in

turn undergoes the following reactions

+ +
H)0 +0, = 0, +HO

-]




H20+ + e - OH + H (36)

+ +
HZO +H20 - }130 + OH (37

; . +
Reaction (37) generates the hydronium, H.O0 ,which in turn generates

3

once hydrated hydronium according to

+ +
Hy0  + H)0 +M > HO -H)0 + M (38)

The following reactions, an association and two switching, result in

+
the production of 0,-H,0

0‘2F FHO+ U O;-HZO + M (39)

o, + H,0 > O;.HZO + M (40)

0N, + H,0 > 07-H0 + N, (41)
On the other hand, O;-Hzo reacts with HZO to produce H3O+-OH which

in turn produces H30+-H70 through a switching reaction with H20. This
+
indicates two routes for the production of H30 -HZO, one initiated by

+
H3O+, and the other by 02-H20 where O; and OZ are the precursor ions.

Other hydrates are generated according to

<4 -+ [ARe)
H3O -(HZO)n + H20 + M- H3O -(HZO)n+1+ M (42)

All these new clusters recombine with the free electrons through
the dissociative recombination process to produce neutral products.

A schematic diagram shown in Fig. 2 illustrates the flow of the
positive charge in a disturbed wet air. This diagram clearly shows

more complication compared to dry air scheme presented in Figure 1.
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Fig. 2 — Disturbed wet air positive ion flow charts




IV. REACTION RATES

The relevant reaction rates pertinent to the early time wet air chem-
istry code is given as a function of temperature, if the temperature depen-
dence is known; otherwise the room temperature values are presented. A
review of these and other rates is to be reported elsewhere7.

Table 1. LIST OF REACTIONS AND THEIR COEFFICIENTS

Reaction Rate Coefficient Reference
N;_' +es>N+N 4.3 x 18° (.Tefo'39 8
Oy +e»0+0 1.5 x 188 (Y%7, 1 <o.1 8
e e -
2.1x 16 13%°, 1 > 0.1 8
e e
N+t ean +x 3.4 x 10° (7 3yt 9, 10
4 2 2 e
+ -8, <1.0
N3+e->N + N, 1.75 x 10 (Te) 6,10
+ =8 <1.0
04+ e->02+02 3.4 x 10 (Te) 6,10
H.0T + e>H + H.O 3.2x 18 oY, 1T <o.8 6,10
3 2 . e b e - . 6 b
2.5 % 10° (13"?, 0.26< T <2.15 11
3.05 x 168(Te71"‘3 2.15 <T_ <86 11
H20+ + e+O0H + H 2.7 x 158 ('I‘ejo'5 Estimated
+ =6 <0.15
Hy0 -HL0 + e 1.6 x 107 (T,) 6,10
2H,0 + H
+ =6 <0.05
Hy - (H)0), + e > 4.2 x 107 (T) 6,10
3H,0 + H

10




Table 1. (continued)

0.2

+ =7
0, HO+e - 7.2 x 10 (1) 6
0, + H,0
a3o+-ou +e - 9.6 x 157(Te70'2 6
H)O + H + OH
e+ M+ (A+,A;) - 5.9 x 10°0 ("reiz'5 6
(A,4,) + M
e e+ (A+,A;) - 4.3 x 10%7 (TJ‘"S 6
e + (A’AZ)
NP s =35 _ <3.9
N2 2 3.1 x 10 (Ta)°' 12,13
N, + N
402 1.3 x 159 (Ta')-l'o 10
+ + =31 <1.0
N + 2N2 > N3 + N2 4.5 x 10 (Ta) 10
+ + =35 <3.2
0, + 20, » 0, + 0, 1.9 x 1077 (1) 14
of +M+HO - 1.75 % 10°4(1 720 Mex 10
2 2 a 2
+ =31 . <2.0 _
0,-H,0 + M 1.43 x 10°7(T ) =0, 10
+ =30 <2.0
H30 + H20 +M 2.1 x 10 (Ta) M=N2 10
+ =33 4,0
Hy0'-H)0 + M 1.4 x 1077 (1,) ¥=0, 10
+ =30 2.0 _
Hy0 -H)O + HO + M = 1.4 x 1077 (T} =N, 10
+ =33 4.0
H0 « (Hy0), + M 7.8 x 1077 (T,) =0, 10
8+ 0> 0F + N 2.8 x 1510 » T,< 0.39 10,15

2 2




Table 1. continued

|
]
{
i

5.3 x 1010 (1 9-°7 T > 0.39
a a
+ + ~12 . <0.8
NP+ 0, * 0+ N, 2.7 x 18" @) , T, < 0.3 15
4.2 x 10t (r 3% . T >6.3 15
a a
N§+02 ->No++N2+o 5.1 x 101 16
+ = 0.
and NO§ + N, 8.8 x 1012 (1"3)0 52 17
+ + =10
N[ +0, ~ O+ 2N, 2.5 x 10 16
0" +0, > 05 +0 4.6 x 102 (TaSO“‘ T <155 18
1.0 x 15%9 (7 }0 T > .155
a a
N+ H 0 HZO+ + N 2.8 x 1072 16
+ + -9
N+ 0 7 H0T + 2N, 3.0 x 10 16
+ + =9
0 +H20-> HZO +N2 3.2 x 10 16
+ + =9
N+ H,0 > O+ N, 2.8 x 10 16
and N;H + OH a=0.82
= .18
+ + <10
XY+ H0 v HNOT 4N, 3.3 x 10 16
ot +n, »N0" 4w 7.5 x 100 T, < 0.1 15,18
3.2 x 10} (1 }-38 T > 0.1
a a
T =1
a v
+ L At =9
Of + H)0 ~ 0y-H,0 1.5 x 10 19
12




Table 1. Continued

v + -
05H,0 + H,0 ~ H30 -OH + 0, 1.2 « 15° 19
- H3O+ +OH+0, a=0.83
b=0.17
330+-ou +HO 1.4 x 15° 19
+
H3O -HZO + OH
H,0' + H.0 » 1.0 + o 1.8 x 19° 10
2 2 3
+ + =10
HyO" + 0, ~07 + H,0 2.0 x 10 10
oF+0 - 0+0 4.3 x 158 [TaJ"O'5 6,10
N+ 0" - N+ 0 4.1 x 158 [TaTO‘S 6,10
otvo s o 40 1.6 x 18% [p 79-5 6,10
2 2 a
+ 8 70.5
0,+0, > o, + o, 6.6 x 15° [7] 6,10
+ - =8 . +0.5 6,10
Nyt 0, > N+ 0, 2.5 x 107 [1,]
U S X+ Y 1.6 x 18° ['I‘aTO'5 20
At + 5+ o ~29. 2.5
2.9 x 10 [TaT 6
A+ B+ M
X++Y-+M > 1.0 x 1529[Ta]'2.5 6
X+Y+M
-~ =311 2,052
e + 02 + 02 > 02 + 02 3.6 x 10 (Te) Exp(—-T-e-——) 21
e+02+N2*02+N2 1.0 x 153! 21
e+ 0 +H0 > 0, +H,0 1.4 x 1522 21
2 2 2 2 ‘
13




Table 1. Continued

10, 1.0

e+0, = 0 +0  1.5x107 (T)

Exp (—S/Te) 22

T and T are in eV
e a

V. SPECIES AND TEMPERATURES

The early time disturbed wet air chemistry code solves a set of rate

+ + o+ o+ o+ o+ o+
equations to calculate the time histories of: N , N3, NA’ o, 02, OA’ HZO ?
H3O+, H3O+-0H, 0;'H20, H30+'H20, O; and 5_ On the other hand, the electron

density is calculated via the charge neutrality condition. In addition to

the above species, the electron temperature, Te’ the N, vibrational temp-

2

erature,Tv,and the neutral species temperature, Ta, are calculated. The set

of the rate equation for species and temperatures are solved by a computer
program devised by D. Strickland of Beers Associates.

The calculation of Te’ TV, and Ta are necessary because (see Table 1,
Section 4) various relevant deionization reactions are temperature depen-
dent.

The calculations of these temperatures requires data on all appropriate
cross section523 for elastic and inelastic processes in order to account for
the energy loss by electrons in air. These cross sections are then utilized
along with the electron velocity distribution to obtain the relevant rate
coefficients. The current rate coefficients used in this code are based
on a previous set of cross sectionsza, some of which have been modified25
to the most current data. The calculation of the vibrational temperature
and the energy stored in the N

2
previously.z6 The neutral temperature, on the other hand, is calculated

vibrational mode follows a method reported

ab initio, where the heating sources are the elastic electron neutral, elec-

tron ion collisions, dissociative recombination, charge excharge and the

arrangement processes.




The ohmic heating of the thermal electrons is considered in the
code by solving a simple circuit equation.27 This circuit equation re-

lates the net current In,to the induced electric field, Ez’ via,

Where L is the inductance per unit length and is defined as
2 2 1
LT [“8('5‘) +z]
C b

Where rb is the beam current radius and R > rb is the radius where con-

ductivity in the plasma sheath falls to Z%ﬁ . The net current, on the

other hand, is

2
In = Ib + nry ¢ Ez

¢ is the conductivity and Ib is the beam current.

The conductivity ¢ is defined as
e2

c ==

m

g€ =

Where v is the electron momentum transfer collision frequency and is

the sum of the electron neutral and electron ion collision frequencies.

ACKNOWLEDGEMENT

The necessary rate equations for the code were programmed for the

computer by Dr. D. Strickland whose help is greatly appreciated.

15




10.

11.

12.

13.

15.

16,

17.

18.

19.

REFERENCES

A, W. Ali, W. Knapp and F. Niles, Chapter 22, Defense Nuclear Agency
Reaction Rate Handbook, DNA 1948H, Bortner and Baurer, Eds. Published
by DASTIAC, DoD Nuclear Information Center GE-Tempo, Santa Barbara,

CA (1974).

R. S. Narcisi and A. D. Bailey, J. Geophys. Res. 70. 3687 (1965).

F. C. Fehsenfeld and E. E. Ferguson, J. Geophys Res. 74, 2217 (1969).

A. Good, D. A. Durden and P. Kebarle, J. Chem. Phys. 52, 222 (1970).
George C. Reid, Planet Space Sci. 25, 275 (1977).

M. A. Biondi, Chapter 16, Defense Nuclear Agency Reaction Rate Handbook,
DNA 19484, Bortner and Baurer, Eds. Published by DASIAC, DoD Nuclear
Information Center GE~-Tempo, Santa Barbara, CA (1974).

A. W. Ali, to be published

F. J. Mehr and M. B. Biondi, Phvs. Rev. 181, 264 (1969).

R. Hackman, Planet Space Sci. 13, 667 (1965).

T. Baurer and M. Bortner, Chapter 24, Defense Nuclear Agency Reaction
Rate Handbook, DNA 1948H, Bortner and Baurer, Eds. Published bv DASIAC,

DoD Nuclear Information Center, GE-Tempo, Santa Barbara, CA (1974).

R. A. Heppner, F. L. Falls, W. T. Armstrong and G. H. Dunn, Phys. Rev.
A, 13, 1000 (1976).

J. L. McCrumb, P. Warneck, J. Chem. Phys. 66, 5416 (1977).
A. Good, D. A. Durden and P. Kebarle, J. Chem. Phys. 52, 212 (1970).

D. J. Payzant, A. J. Cunningham and P. Kebarle, J. Chem. Phys. 59.
5615 (1973).

M. McFarland, D. L. Albritton, F., C. Fehsenfelt, E. E. Ferguson and
A. L. Schmeltekopf, J. Chem. Phys. 59, 6620 (1973).

D. Smith, N. G. Adams and R. M. Miller, J. Chem. Phys. 69, 308 (1978).
W. Lindinger, J. Chem. Phys. 64, 3720 (1976).

R. Johnsen and M. A. Bfondi, J. Chem. Phys. 59, 3504 (1973).

C. J. Howard, V. M. Bierbaum, H. W. Ruddle and F. Kaufman, J. Chem.
Phys. 57, 3491 (1972).




20.

21.

22.

23.

24,

25.

26.

D. Smith, N. G. Adams and M. J. Church, Planet Space Sci. 24, 697
(1976).

A. V. Phelps, Chapter 12, DNA Reaction Rate Handbook, DNA 1948 H,
Bortner and Baurer, Eds. Published by DASIAC, DoD Nuclear Informa-
tion Center, GE-Tempo, Santa Barbara, CA (1974).

The cross section of D. Rapp and D. D. Briglia, J. Chem. Phys. 43,
1480 (1965) was averaged over a Maxwellian velocity distribution to
obtain an approximate rate coefficient.

A. W, Ali. To be published.

A. W. Ali, and A. D. Anderson,''Electron Impact Rate Coefficients
for some Stmospheric Species'", NRL Report 7432 (1987)

A. W. Ali, '"The Physics and Chemistry of NRL Master Code for the
Disturbed E and F Regions."” NRL Memo Report 3732 (1978).

A. W. Ali. "The Physics and the Chemistry of Two NRL Codes for the
Disturbed E and F Regions.'" NRL Report 7578 (1973).

17




DISTRIBUTION LIST

Commander
Naval Sea Systems Command
Department of the Navy
Washington, D. C. 20363
Attn: NAVSEA 03H (Dr. C. F. Sharn)

Central Intelligence Agency

P. 0. Box 1925

Washington, D. C. 20013
Attn: Dr. C. Miller/OSI

Air Force Weapons Laboratory

Kirtland Air Force Base

Albuquerque, New Mexico 87117
Attn: Lt. Col. J. H. Havey

U. S. Army Ballistics Research Laboratory
Aberdeen Proving Ground, Maryland 21005
Attn: Dr. D. Eccleshall (DRXBR-BM)

Ballistic Missile Defense Advanced Techlology Center
P. 0. Box 1500
Huntsville, Alabama 35807

Attn: Dr. L. Havard (BMDSATC-1)

B-K Dynamics, Inc.
| 15825 Shady Grove Road
' Rockville, Maryland 20850
Attn: Mr. I. Kuhn

Intelcom Rad Tech

P. 0. Box 81087

San Diego, California 92138
Attn: Mr. W. Selph

Lawrence Livermore Laboratcry
University of California
Livermore, California 94550
Attn: Dr. R. J. Briggs
Dr. T. Fessenden
Dr. E. P, Lee

Mission Research Corporation
735 State Street
Santa Barbara, California 93102
Attn: Dr, C. Longmire
Dr. N. Carron

19 FECEDING PAGE BLANX-NOT F1.MED




DIRECTOR

Defense Advanced Rsch Proj Agency
Architect Building
1400 Wilson Bldv.
Arlington, VA 22209
Attn: Strategic Tech Office
Dr. J. Bayless
Dr. J. Mangano

DIRECTOR
Defense Intelligence Agency '
Washington, D. C. 20301
Attn: W. Wittig DC - 7D
DT-1B
P. Castelberry

DIRECTOR

Defense Nuclear Agency

Washington, D. C. 20305 j
Attn: Capt. P. Lunn, RAAE

COMMANDER
Harry Diamond Laboratories
2800 Powder Mill Road
Adelphi, MD 20783
Attn: AMXDO-NP
S. Graybill

COMMANDER
U. S. Army Missile Command
Redstone Arsenal
Huntsville, AL 35809
Attn: AMSMI-YTT W. G. Proussel, Jr.

AF Weapons Laboratory, AFSC
Kirtland AFB, NM 87117
Attn: Maj. H. Dagliani
Dr. K. Dreyer ,.
Lt. David L. Smith
Dr. D. Straw

AFTAC \
Patrick AFB, FL 32925 i
Attn: TF Maj. E. Hines !
TF Capt. Wiley
TN

HQ USAF/RD
Washington, D. C. 20330
Attn: RDQ

20




Sandia Laboratories
Albuquerque, NM 87185
Attn: Dr. Bruce Miller
Dr. Barbara Epstein

University of Califormnia
Physics Department
Irvine, CA 92717

Attn: Dr. Gregory Benford

Defense Technical Information Center
Cameron Station

5010 Duke Street

Alexandria, VA 22314 (12 copies)

Beers Associates Inc.

Attn: Dr. Douglas Strickland
P. 0. Box 2549

irston, VA 22090

Jaycor, Inc.

205 S. Whiting St.

Alexandria, BA 22304
Attn: Dr. R. Fermsler

Physical Dynamics, Inc.

P. 0. Box 1883

La Jolla, California 92038
Attn: Dr. K. Brueckner

Office of Naval Research
Department of the Navy
Arlington, Virginia 22217
Attn: Dr. W. J. Condell (Code 421)
Dr. T. Berlincourt

Avco Everett Research Laboratory
2385 Revere Beach Pkwy.
Everett, Massachusetts 02149
Attn: Dr. R. Patrick
Dr. Dennis Reilly

Defense Technical Information Center
Cameron Station

5010 Duke Street

Alexandria, VA 22314 (12 copies)

Naval Research Laboratory
Washington, D. C. 20375
Attn: Code 5460, Radio Propagation Branch

Code 4701, Jack D. Brown
Code 4700, Division Superintendent
Code 4700.1, Dr. A. W. Alj
Code 4770, Mr. I. M, Vitkovitsky
Code 4760, Dr. J. R. Greig
Code 4790, Dr. M. Lampe

21

(23 copies)
(20 copies)




Naval Surface Weapon Center
White Oak Laboratory
Silver Spring, MD 20910

ATT: Mr. R.
Dr. R.
Dr. J.
Dr. D.
Dr. C.
Dr. A.
Dr. M.
Dr. H.
Dr. R.

J. Biegalski
Cawley

W. Forbes

L. Love

M. Huddleston
E. Hudson

H. Cha

S. Uhm
Fiorito

Science Applications, Inc.

Security Office

5 Palo Alto Square, Suite 200

ATT: Dr. R.

R. Johnston

C. S. Draper Laboratories
Cambridge, MA 02139

ATT: Dr. E.

Olsson

22




