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Inereased wnderstanding of the electron mobility in ionized air requires the
development of a scheme to calculate this mobility, A tecinique i developed
which nas the advantage of caleulating the electron temperature and this can be
used to evaluate the electron attachment and recombination coefficienls,

I.  Introduction

It has been known for some time that-some of the eonduction electron
parameters (mobility, attachment frequency, ete,) are functions of the elactron
temperature which is generally epithermal in cases of interest to EMP. The
effect of the electron temperature on the electron mobility is shown in figure 1,
illustrating the dependance of the electron mobility on the electric field
(constructed from the data of Pack and Phelps), In addition, this figure shows

" ihow the electron mobility is affected by the presence of water vapor (1% molecular

" fraction in this case).

For cases such as illustrated in figure 1, in which the densities of the
various components of the gas (air) remain constant for the time of intervest,
one can construct a curve of electron mobility vs. electric field, Howzver, if
the densities of any of the important constituents of ‘the gas change significantly
during the time of interest, then for each time there is a different curve of
electron mobility vs, electric field, ‘

As discussed in EMP Theoretical Note II (abbreviaged TN II), the presence .
of ions ecan significantly affect the electron mobility ‘in some regions, Since tne
ion densities are changing during the time of interest, it is necessary to use
some scheme to caleulate the mobility which takes into account the effects of
both the electric field and the time changing ion densities. Ideally, the
caloulation scheme for the electron mobility should-be put into a form which
woulid allow for improvement as more measurements are made and new effzets are
discovered, In addition, sinca.the effect of the electric field on tne mobi.lity
is related to the electron temperature an eatra benefit of such a calculation
scheme is the knowledge of the electron temperature, which in twrm can be used ,
to improve the calculation of the electron attachment and recombination coefficients,
It is the purpose of this note to develop this ‘ealeulational scheme,

- II,  Electron Terrpemturéﬁ and Mobiiity_

Consider the rate of emergy transfer, P1, from the electric field to tne
2lectrons, On the average per electron
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P, =ebv = eE'Zue e (1)
where e is the electron charge, E is the electric field, v, is the electron
drift velocity, and Hg i8 the electron mobility,” The mabiiflty ean be found
from the momentum transfer collision frequency, . - from the definition of

¥m
L= 1
e m v, (2)
where m is the electron mass, Thus,
- e 1
P1 = eEZE “—m (3)

Defining U as the average electron temperature (in e.v,) and U_ as the
temperature of the air (thermal, ,025 e,v.) then the rate of energy’exchange,
P,, of the electrons with the other species present in the ionized air
& fines v, the energy exchange collision frequency, by

3 se
PZ = '('é' eUe - -é-.—UO) V., (4)

The factor % converts the average electron temperature (in e.,v,) to the

average electron energy in joules,

One can now write an equation giving the time rate of change of the
average electron energy as

3 a‘Ue

‘2-2 _3'E=P1+P2 (5)
or alv :

3, 0% e L3 ¥

ge_—%-—eEzm vm-(zfoe-zer)vu {6)

Thus, the time rate of change of the electron temperature is given by

al
e _2e E'Z
5T “3m v " Yl vy A ‘7

Assuming that the time of interest for the EMP is long compared with
the time requirved to stabilize the electron temperature, then the time
derivative of the electron temperature can be set to zero, simplifying
the calculations considerably,” Thus, from equation (7)

= 1%

WEEO
3o

= (UG-UO) \)u (8)

1, All. units are taken in the rationalized m,k.s, system wunless otherwise
specified.

2. The problem of the electron thermalization time is planned to be treated
in another Theoretical Note,
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Let j denote the various ionic and neutral species in the ionized air. Then
the collision frequencies, v_, and v , can be expressed in terms of the magnitude
of the electron velocity, v T the defisities of the particles with which the electrons
collide, N., and the momen tom transfer collision cross sections, m., and energy
excnange cvllision cross sections, g, for collisions of electrond with the

various species in the ionized air, THhus,

v = § v =7 E ¥. o (10)
m e J m.
. , J
v = E v = v E N. o (11)
U - uJ. e J u.

For simplicity v_ is defined arbitrarily from the average electron temperature
(measured or caléulated) by the relationship

-1 m 2 .

Ue =g = Y, (12)
This in turn defines the values of the cross sections of equations (10) ond
(11). It is assumed here that the actual distrvibution of electron energies
has little influence on the average collision frequencies, i.e., that for
practical purposes the average cross sections depend only on the average
electron temperature, Thus, it is presumed that the average parameters
(electron temperature, mobility, ete.), as measured in various experiments
involving one dominant scattering species, can be combined, for a case in
wiich there ave move than ome important scattering species, by the techniques
outlined in this rnote. No attempt is made to average the various parameters
over any assumed electron temperature distribution function.

Equation (9) can now be. rewritien as . . & N
N INE 2
. t .
Ye ij om | Z 0o |=2% (13)
- goug 7 e o
- .
or!'! . =
gz_wjom] LNjcu. T3 Tm ¢ U - (14)
I AL J e e o

_Using equation (12) to replace v, with U, one has

1 1S |
' Nj . !Z”j %u ‘1 =‘"~é— EZ——-—-—~ (15)
P J

J U, (Ue-Uo)
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Given the densities N., and the electric field E, then knowing the cross sections,
o, andc{‘ , as a function of the electron temperature, equation (15) can be solved

fot the electron temperature,

With the electron temperature known the momentum transfer collision cross
sections can be calculated and thus the electron mobility can be calculated from

e Nom 12y o
Yo" m<io (29' Ue) “ Njcm. (16)
34_ J mj d J
)

Using the scheme outlined in this section, and knowing the cross sections as
a function of electron temperature, the densities of the electron scatterers,
and the electric field, one can solve for the electron mobility, This procedure
should be particularly useful in a computer solution for the fields in which the
continuous evaluation of the electron mobility and temperature can be easily made
by the computer.

III. Cross Sections vs. Electron Temperature

As noted in the preceeding section, to calculate the electron mobility in
air one needs the electron momentum transfer and energy exchange collision cross
sectiong as functions of electron temperature, These cross sections can be ob-
tained from experiments and/or theoretical calculations, At the present there
are three species in the air which are known to be significant in determining
the electron mobility:

(1) oxygen and nitrogen molecules (dry air)
(2) water vapor molecules
(3) ions (both positive and negative)(see TN .II)

Measurements of electron mobility and temperature in essentially neutral
oxygen, nitrogen, and water vapor have been made by Frost, Pack, Phelps, and
Voshall. The measurements in nitrogen and water vaper are reported in Phys, 4
Rev. 121, 3 (Feb, 1, 1961), 137, & (Sept. 1, 1962), and-~127, 6 (Sept. 15, 1962).
The momentum transfer collision cross sectioms for dry air and for water vapor,
calculated from these measurements, are plotted against the electron temperature
in figure 3. Empirical approximations to these curves are also shown,

Figure 3 shows the energy exchange collision cross sections for the same
gases. It must be remembered that for these measurements the electron tempera-
ture is not the temperature of all the free electrons but only the average
temperature which was found by first measuring the electron diffusion coefficient,
D, and then using the FEinstein relationship

D

U == (17)
e M,

3. The original curves for all these measurements have been generously supplied
to the author by Dr, Phelps of Westinghouse, :
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for electrons to neutral ozygen molecules fis a function of electron temperature

has been reported by Chanin, Phelps, and Biondi in Phys, Rev.-128, 1 (Oct, 1, 1962),
This is illustrated in figure 4, The attachment frequency v , s related to the ...

attachment coefficient, K, by 'ln'_‘_};sf':-.:.:

1
1
N

2
v =KN f (f. +&Efy) (21)
a 02 02 | N2

where N is the molecular density of the air, f02 and fﬁz are respectively the
molecular fractions of oxygen and nitrogen, and” £ 18 the efficiency of
nitrogen as a third body in the attachment of electrons to oxygen molecules,

Also indicated in figure 4 is Van Lint's value for the electron attach-
ment coefficient which may be more reliable for low electron temperatures
because it accounts for the fact that the conduction electrons must pass
through the peak of the attachment curve in the process of thermalizing from
their initial energy at production (by the radiation),

The attachment coefficient appears in turn in the equation for the electron
density, O i

Bne
—F" = S - Ve T uPN_,_ne (22)
where S is the rate of electron gemeration, N, is the positive ion density,

and e, is the electron-ion recombination coefficient, If E is taken as

£ = .,0381 (23)

from the data of Van Lint reported in RTD-TDR-63-3076 (December 1963), then
equation (21) can be reduced to

v, = . 049N°K (24)

However, E-. may also be a function of the electron temperature but the
author is waware of any such measurements. = - %5, . -

The other parameter, a_, in the equation for the electron density has
been measured by several people, These measurements indicate that tais para-
meter is a funcetion of pressure with the value at atmospheric pressure being
much larger than the value at millimeter pressures. The most reliable value
of a,at atmospheric pressure is that of Van Lint, '

12

o, = 4,5Xx10° meters/sec (25)

However, it would seem reasonable to expect that this parameter, as well as
v, is a function of the electron temperature, but at the present the author
i8 not aware of eny applicable measurements. If and when such measurements
are made the results can also be incorporated into this caleulational scheme.
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V. Conclusions p

In swmmary, by considering the energy balance equations for the conduction
electrons together with the vartous cross sections as a.function of electron
temperature one can :

(1) solve for the electron mobility and temperature, given the electric
field and density of electron scatterers

(2) use this electron temperature to better calculate the electron
attachment and recombination coefficients,

This technique is a very genmeral one which is capable of being updated as new
effects are discovered and/or known effects are refined,

The author would like to thank Mr. Richard Sutton for his ealculational
assistance in the preparation of this note,
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