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SUMMARY

b,

This report reviews the data for electron mobility, mean

electron energy and electron attachment rate in moist air,

5AV/m-atm, corresponding

for electric fields up to about'lb
to mean electron energies up to about 0.5 eV. It is found
that recent mobility measurements and calculations based on
published rate coefficients generally agree within about 20°.
The percentage variations in the mean electron energies
derived from various sources are larger, especially for moist
air. However, in EMP problems the electron energy enters onlv
as it influences the mobility or the attachment rate, which
fact tends tc reduce the effects of such uncertainties. The
electron attachment rates calculated from various sets of

data and also those measured very recently by Price and

van Lint near 1 atm show a+zga}ety of discrepancies, but all
results generally lie within *40% of a mean curve. The data
of McCorkle et al., and to some extent the data of van Lint
and Price, suggest that at nitrogen partial pressures above
about 0.3 atm the variation of attachment rate with electron
energy changes somewhat from that observed at lower nitrogen
pressures; however, the anomalies observed are neither well

established nor understood at this time.

The mobilities and attachment rates used in existing EMP

codes generally lie within the uncertainty ranges of

the best current data.
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SECTION 1. ELECTRON MOBILITY AND ELECTRON ENERGY

The electron mobil!ity may be expressed as [1)

te = U7 lﬁifd" vmva) i - el (1)
0
where e and m are the electron charge and mass, f(v) is the
distribution function of electron speeds, and vm(v) is the
electron momentum exchange frequency. In a gaseous mixture

we may write

i=1

where Ni is the concentration of species i (i=1,2,...1), and
vmi(v) is the specific momentum exchange frequency, per
molecule, for electrons of speed v interacting with molecu-
lar species i. For application to nuclear EMP, the species

of interest include nitrogen, oxygen and water vapor.

As far as we are aware, the most recent and comprehensive
review of the o2xperimental Jdata for the relevant momentum
exchange freguencies is that published by Phelps [2] 1n the
DNA Reaction Rate Handbocok. Since the EMP air chemistry
models of Baum [3] and of Longley and Longmire [4] have also
been based to a substantial deurce upon carlicer data sum-
maries by Phelps, it is of interest to comparc these models
with Phelps' more recent compilation, and also to compare
Phelps' estimates with some ¢ven newer data obtailned by

Milloy et al. [%51, by Rees (6], and by van Lint and Price [771,

For simplicity, the IMPD models ignore certaln details of the

electron distribution function. For cxample, 1t 1s implicitly

w
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assumed that the functional form of the distribution is either
invariant or at most a function of the mean electron energy only,
under all conditions of interest. In addition, a variety of
simplifying approximations are made in the handling of averaged
guantities, such as the averaged momentum exchange frequency
appearing in the mobility equation. Although the calculation of
correct non-Maxwellian distributions and their consistent use

for calculating averaged gquantities may not yet be fully prac-
ticable within the context of the EMP air chemistry model, some
thought must still be given to the probable errors resulting from

such approximations.

For example, the EMP models assume that the electron mobility

in a mixed gas may be calculated as

-1 m -
He T TeT Z Ni Vmi
i=1
where the averaged momentum exchange frequencies have been
correctly calculated only for the pure Maxwellian gas. To illus
trate the type of small but nonnegligible error involved, we
have plotted in Figure 1 the mobility of thermal electrons
in moist air, as obtained from this approximation, and as
obtained from the correct averaging process. It may be seen

that the two mobility curves differ by up to ~25%.

Within the context of such approximations, the average elec-

tron energy, €, may be calculated as

I

(F-EKT ) N, 5 . = eu E° (2)
2 gas i el e

i=1
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Figure 1. Comparison of Mobility Calculations for Thermal
(0.03 eV) Electrons in Moist Air, Calculated Using
the Data Compilation of Phelps

where Vi is now an appropriately averaged energy exchange
frequency for electrons of average energy € interacting with
molecular species i. Phelps' data compilation [2] also pro-
vides estimates of averaged energy exchange frequencies for

electrons with nitrogen, oxygen and water vapor molecules.

In Figure 2 we have compared the electron energy calcu-
lated from Equations 1 and 2 using Phelps' data compilation
with the values of electron energy given by the EMP models
of Baum, and Longley and Longmire. The "characteristic
electron energy" used in this and later plots is defined to
be kTe, or two-thirds the average electron energy. The
plots are for 273°K gas temperature and are for dry air

and air with 2% moisture content. The indicated uncertainty

ranges are roughly estimated, at only one electron energy,
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Figure 2. Electron Energy vs E/P

based on Phelps' compilation. In Figure 3 we have also
plotted the various estimates for electron mobilitv as a

function of E/P under the same conditions.

t may be seen that for dry air, Baum's model agreces closcly
with Phelps' estimates, while Longley and Longmire's model
gives slightly higher electron energies and, at a given
electron energy, slightly higher elcctron mobkilities. For
moist air, both EMP models predict substantiallv hicher elec-

: tron energiecs and, at a given encrgy, hicgher .slectron mobilities,

as compared to the curves based on Phelps. The difference in
predicted mobility for electrons in moist air 1is vartly due

to the approximate averagina process (described above) i1mplicit




1 CONGCLEY ANDD (ONGMIRE DRY AR
21 Bauwm LRy AR
T 3 PHELPS OHY AR
4 LONGEEY AND LONGMIRE 2y MOISTURE
3 BAUM 2% MOISTURE
(6 PHELPS 2% MOISTURE

[ DENOTES PHELPS ESTIMATED
L UNCERTAINTY AT LOW E P

0? 103 104 o

Figure 3. Electron Mobility vs E/P at 273°K

in the EMP models. Note the very abrupt rise in electron
energy in the Phelps' curve for 2% moist air for E/P between
lO4 and lO5 V/m-atm. This feature may not be fully consis-
tent with the assumption of a Maxwellian electron energy
distribution. Phelps' estimated uncertainty in this region
is substantial: over +50% in L[/P, perhaps a factor of three

in electron energy.

It is also useful to compare the mobility predictions based
on Phelps' compilation with some of the most Yecent experi-
mental measurements. This is done in Figure 4. The measure-
ment of electron mobility for thermal electrons in dry air,
by Milloy et al. (5], which we have scaled to 273°K, acrees

very well with the prediction based on Phelps' compilation.
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Figure 4. Comparison of Phelps' Compilation With Recent Data for
Mobility vs E/P, Corrected to 273 K

The same is true for the measurements by Rees [6] of elec-
tron mobility in dry air as a function of E/P. (We have
scaled Rces' curve, as reported by Milloy et al., to 273°K.)
The dry air measurements by van Lint and Price (7] (also
scaled to 273°K from 283°K) generally fall slightly below the
other measurements, and the values based on Phelns., The dis-
crepancy is substantial only at low E/P.

For moist air, the measurements at 1.5! water vapor content
by Milloy et al. (scaled to 273°K) appear to be qualitatively
consistent with the predictions based on Nhelps (for 29 mois-
ture) for 0I/P % lOS V/M.atm. The persistence in these data
of nearly constant mobility out to n/P ¥ 105 V/Meatm suggests

that the clectrons remain nearly thermal to even higher E/P

10




than implied by Phelps' compilation. We have also scaled the
data of Milloy et al. according to the curve in Figure 1 to
obtain the single "data" point for 2% moisture at very low
E/P, again in reasonable agreement (~152) with the values
based on Phelps' compilation. The data of van Lint and Price
for 2% moisture (scaled to 273°K from the experimental 293°K)

also fall close to but slightly below the other values.

If we disregard the low E/P dry air data of van Lint and Price,
it appears that electron mobility vs E/P calculations using
the energy and momentum exchange rates compiled by Phelps are
reasonably well substantiated by the more recent measurements,
with, however, one major exception. This concerns the energy
exchange frequency for electrons with water vapor. It is this
guantity which has the greatest influence on the tendency of
electrons in moist air to remain nearly thermal in energy for
higher values of E/P than in dry air. Phelps attributes only
order-of-magnitude accuracy to his estimates of this rate,

for electrons above 0.04 eV. His more recent estimates of

the energy exchange frequency are also 3 to 10 times larger
than his earlier estimates (used by Baum). Furthermore,
Crompton et al. [|8] have recently described very preliminary
measurements of D/u for electrons in moist air which seem to
imply energy exchange frequencies for electrons with water
vapor even 3 to 10 times larger than Phelps' more recent
estimates. Therefore, we conclude at present that there
remains a very large uncertainty regarding the energy of

electrons in moist air at E/P in the general range of lO4 to

106 V/m.atm.

11
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SECTION 2. ELECTRON ATTACHMENT

2.1 BACKGROUND

For characteristic energies less than about 1.0 eV, electron
attachment in air is thought to be predominantly a three-body
process in which a free electron combines with an oxygen
molecule to form an unstable, vibrationally excited oxygen

—-%
1on (denoted O2 ), which then either dissociates back to

O, plus a free electron or else 1is stabilized by collision

2
Accordingly, one expects the attachment rate to be of the

with a third body to yield an energetically stable O, ion.

genecral form

where N. , N, and N are the species concentrations
O2 NZ HZO

(molecules/cm3). The three-body rate coefficients are

expected to depend only on the characteristic electron

energy (or distribution function).

The more detailed theory of attachment, developed by
Herzenberg {9], allows some insight into the dependence of
the rate coefficients on the characteristic electron energy.
In the first step of attachment, the formation of O_*, the

2
colliding eléctron-oxygen-molecule system must have the same

total energy as one of the accessible (v'=4,5,6,...) vibra-
tional states of O;*. Effectively, this requires the elec-
tron involved to have a specific energy [10] « = 0.09 eV,
0.22 eV, 0.34 eV, . . . When the formation and re-dissocia-
tion of O;* in the various levels v'=4,5,6, . . . occurs

12
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more rapidly than the final stabilization process (i.e., the
anticipated condition for sufficiently low pressures), one
may express the steady-state, unstahle, excited ion concen-

trations, N{(v'), os

N{w') = hv' Lo NO2 N f(:v,) Lv'
where kv' 1s the two-body rate coefficient with mono-energetic
electrons of cner: Y.‘?O.OQ oV, 0.22 eV, . . .); T, is
the OE* (v') litetime: Nt 15 the electron concentration;:
f(”v') 1s the clectron e€nervy distribution function evaluated
at the relevant eneray: ond 7 0 is the allowable eneray inter-
val (about ”v']' The overall three-bedy attachment coeffi-

’

clent with specics X as a stabilizino third body may then be

expressed as

kx - Kx :E: kv' v ;v' f("v');xv'

v'=4

where Kx is the two-body rate coefficient for collisions
between species X and OE and where ixv' is the fraction of

-%
collisions between X and 02 (v') which lead to stabilization.
Detailed comparison of theory and data [10] for attach-
ment of electron beams in low-pressure pure oxygen have
indicated that u4k414 ~ l.7;5k5L5 = 2’2”6k616’

decreasing more slowly for higher v'. Thus,

with the pro-
duct i :
C VIKVI vl
for a Maxwellian distribution of electron energies, when kTe
- "'* . ) .
0.1 ¢V, over 75 . of the O2 ions must be created in the
lowest accessible (v'=4) level. Under these conditions, pro-

vided also that there are no special resonances causing

13




ng' to be much larger for some higher level (v' > 4) than
for v'=4, one expects

k ~ KXA4k (3)

~ £(0.09 ev)¢
X X

4'4 4
Thus, the dependence of the rate coefficient on the charac-

teristic electron energqgy (kTe) is indicated to be approxi-

mately the same for all third bodies for kTe < 0.1 ev, and :
determined by the electron temperature dependence of the L
distribution function evaluated at the first resonance ’
(0.09 eV). This is a potentially very useful observation,

for it suggests that one need measure the rate coefficient

for any given third body at only one value of kTe < 0.1 ev

in order to have approximately determined the valuec for all
kTe < 0.1 eV.

If the stabilization efficiencies u? for ! 4 are much
smaller than <1’ then thie tanctional 7o a8t Gescrited
will continue to apply kuv Sl Thls ot oonat s ossat iy
be the case with rare gas (1.c., sinale ators Chird hotles,

It may also be the case with the nitrogen molecule as a third
body. 1In the opposite extreme, certain third bodies may have
a very high stabilization efficiency (éxv' 1.0) for*all of
the lower-lying energetically accessible levels of 02 (e.qg.,
v'=4,5,6). Comparisons of theory and data [10] suaaest

that this is probably the case with the cxyijen molecule

as a third body. This may alsco be true with certarn ;oly-
atomic molecules (e.qg., C2H4, oo, ) as thira podles.

20 2

The above theory implies that the tunctional dependence ot
the rate coefficient kx on the characteristic clectron eneray
kTe would again be identical for all such third bodies,

although deviatina from the simpler forr of Fauatieon 3 when
kTe 2 0.1 eV.

~
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2.2 DATA FOR DRY GASES

It is interesting to test these conjectures by comparison
with experimental data. This is partly done in Figure 5,
which shows the measured dependence of the three-body attach-
ment coefficients, for several different third bodies, on

the characteristic electron energy kTe. With each of the
measured curves (solid lines) there is also plotted a theo-
retical curve (dashed line) based on Tquation 3 assumina

a Maxwellian electron energy distribution, normalized to the

peak of the measured curve.

The measured curve shown for ko is based on the data of Chanin
et al. [1l1l], but has been sligh%ly decreased at low energies to
agree with the data of Pack and Phelps [12] at thermal energy.
This also agrees fairly well with the data point for kO
with thermal electrons (ko2 ~ 2.4 x 10_30cm6/sec), repo%ted
by Shimamori and Hatano [13], and also with a number of other

independent measurements [14].

The measured curve for sz is also based on the data of

Chanin et al., from oxygen-nitrogen mixtures. These data

do not go below an indicated value of kTe = 0.06 eV. How-
ever, we have shown another data point for kN for thermal
electrons, from the measurcments by Shimamori and Hatano,

and a data point for KTC = 02,044 ¢V, from measurements by

Pack and Phelps of kN in oxy.en-nitrogen mixtures at 477°K.
The measured curves for kC2H4 and kC2H6 (which are essentially
identical) are from the data of Goans and Christophorou [15].

It may be scen that, with the exception of kHe’ the simple
theoretical curve shape is in good agreement with the measured

values. The slight deviation for k02 at kT, z 0.1 eV has been

15
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Figure 5. Partial Comparison of Data and
Theory (Broken Curves) for Energy
Dependence of Three-Body
Attachment
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attributed [10] to the contribution from the higher
(v'=5,6, . . .) vibrational levels of the intermediate

-
0 ion. Accepting this explanation, one sees that the

2
maximum possible deviation from the simple theoretical curve
could be as large as a factor of two, but only at the higher

energies (kTe ~ 1.0 eV).

Unfortunately, the situation in sea level air may be more
complex than thus far indicated. All the data shown in
'igure 5 were taken on gaseous mixtures with low (or zero)
nitrogen pressure, pN2 < 200 torr. Higher pressure data
taken by McCorkle et al. [1l6] appear to reveal a basic change
in the attachment process for PN2 > 300 torr. In Figure 6

we show the measured curve for kN2 at PN2- 1 atm and for

k02 at PNq = 300 torr, as compared with the theoretical
curves and low (or zero) P measurements from Figure 5.

N2
The differences between the kN curves of McCorklc et al.
and of Chanin et al. for kTe > 0.05 eV have heen attributed
[17] to the usc of an incorrect energy scale by Chanin et al.,
due to the non-Maxwellian form of the electron energy distri-
bution. It may be seen that this difference may be as large
as a factor of two in the attachment coecfficient. At low clcc-
tron energies, however, the difference between the kN curvoe
of McCorkle et al. and the low-pressure data (or the theo-
retical curve) is thought to be due to a chanyge in the basic
attachment mechanism {[l16]. The situation is made even rore
complicated by the fact that the low PN2 data of McCorkle
et al. (for sz at PN2 = 300 torr) are shifted downward from
those in Figure 5 by nearly a factor of two, while still
exhibiting the same functional dependence on kTe. These
anomalies are not adequately understood at present. The
curve of McCorkle et al. for k, shows a similar (but smaller)

deviation from the low-pressurc values.

17
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Figure 6. Comparison of Theory (Broken Curves) With Data

For sz and k02 at Low and High N2 Pressure
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By treating the Py dependence of the kN curve as a four-
body process, Goans and Christophorou (15| obtained an
effective four-bggg rite coefficient ky N, with (szlNz)

: (kg ) ~ 8 x 10 °Tem” (at kT 10.033 evf. “This ratio 5 not
too dissimilar from the ratio (kO ,0 )y @ (kO ) ~ 4 x 10

cm3, reported by Shimamori and Ha%an% [13] f%om low~-pressure
data (in fact, an analysis of Goans and Christophorou's data
at kTe ¥ 0.025 eV gives somewhat better agreement). but a
more definitive corroboration of these anomalous high nitro-

gen pressure effects is obviously needed.

Until recently, the only other potentially relevant data,

of which we are aware, have been the measurements of attach-
ment in dry air by Kapinos et al. [17], at total pressures
up to 600 torr. These data imply an attachment rate for
thermal electrons in dry sea level air of 8(tg) X 107sec_l.

By comparison, the rate which we would calculate

at N. =5 x 1018/cn3, N, =2 x 101%¢cm3, kg =2 x 107
2

Y 2
~32

300m6/

2
3
sec, k = 8 x 10 cm”/sec, (k. /k. )y = (ko /R )
TN, Ny eNy™ Hy 2Ny 0y
- (0.8 to 4.0) x 107%%m> would be (7 to 12) x 107sec-l, and
without the four-body contribution the rate would be
1

6 X lO7sec— Again, firm conclusions cannot be drawn.

Quite recently, an additional set of data has become
available from the measurements by van Lint and Price [7] of
electron attachment in dry and moist air, mostly at P = 0,25
and 0.5 atm. We have plotted these newer data for dry air
in Figure 7 (as the solid lines) separately for P = 0.25 atm
and P = 0.5 atm. For comparison, we have also plotted in
Figure 7 the predicted attachment rates based on either the
data of Figure 5 (dashed line) or on the p =

N N

very low P
2
300 torr form of the k02 curve (with sz = k02/40) of Figure 6

19
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Figure 7. Comparison of Measurements of van Lint
and Price with Predicted Attachment Rates (A11
Curves are Scaled to 1 atm and 2930K)

(dotted line). The LE/P scale of van Lint and Price has been

converted to kTe using Phelps' curve in Figure 2.

It may be seen that the P = 0.5 atm data of van Lint and Price
are qualitatively more similar to the predicted attachment
curve based on the PN ~ 300 torr data for ko in Figure 6

than to the predictio%s based on the very low2PN data of
Figure 5, while for the P = 0.25 atm data of vanzLint and Price
the opposite is true. This comparison could perhaps be further
improved by use of a corrected energy scale for electrons in
air. Thus, the data appear to qualitatively support the
concept of an anomalous high-pressure effect on electron
attachment to oxygen. A few additional data points (not

shown) taken at P = 1 atm are also consistent with this trend.
The probable reliability of this conclusion, and of the data,
is lessened somewhat by a guantitative discrepancy of the
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measurements for P = 0.25 atm. These lower pressure results,
although exhibiting a functional form very similar to that
predicted from the low PN2 data of Figure 5 also appear to
give attachment rates which are about 50% high in the absolute

value, as compared to low P data from other sources.
Np

2.3 ATTACHMENT IN MOIST AIR

Thus far, we have not discussed any data for kHZO' the three-

body rate coefficient for electron attachment to oxydgen with
water vapor as a third body. The value of ky,o for thermal
electrons (TO - 300-400°K) has been measured by Pack and
Phelps [18], by Stockdale et al. [19] and by Bouby et al.
[201, all of whom report a value kp,0 ~ 1.4 x lO_29 cm6/sec,
or about 6 to 7 times as large as the corresponding value of
k02. It may be secen from Figure 2 that electron energies in
typical it fields (E/P < 105 V/m-atm) may exceed soveral
tenths of an electron volt, even for fairly moist air. Thus,
it 1s of interest to know the appropriate values of kHzO for
the full range 0.025 eV - kTC . 0.7 eV, and in a sea level

~

alr environment (e¢.a¢., Py, ~ 600 torr, P ~ 150 torr).
N? 02

Basedl on the preceding theoretical discussion, it would appear
reasonable to assume that ky 5 varies with electron energy in

the same manner as ko , k and the other rate coefficients.

N’
llowever, the exact form of“this variation 1s uncertain, because
of uncertainties regarding the correct enerqgy scales and re-
garding the cffects of background gyas pressures., Moreover, the
application of this simply theory to H20 stabilized attachment

may he questioned, since Equation 3, which implies that

1,0

k Sk HL /¥ ., gives a predicted upper limit for
2 02 0 0,
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of 3 times k02 (about half the observed value), using

2 -9

k
Ko, = 10 cm3/sec [9] and assuming K is not greater than the
H

H,0
-9 2 .
5 * N2H+collision rate, 2.8 x 1072 cm3/sec [21], since the

ion-dipole interaction and the masses are essentially the same.
A possible explanation may be that the stabilization efficiencies
io V-(v' = 4,5,6, . . .), although essentially coastant, are
closer to one-half than to one, while €H20,4 =1.0.
With these various problems in mind, we show in Figure 8 two

possible functional forms for kHZO for 0.025 evs_kTes_O.7 eV.

(R N N N ] Pl
28 SHAPE BASED ON k()Z AT PN2 Q

1028
— — — SHAPL BASED ON ky AT Py~ 1 um
2 2

® DATA "16.19. 20 FOR & AT P 0
H0 No
O DATA "7 FOR kHQC AT Pajg 0% ot

@ 'R ANALYSIS OF HUBNER AND KLETT'S NATA P

N...'..

wp 10 i
00 01

RTe Vi

Figure 8. Possible Functional Forms for Khpo for
Sea Level Air, Compared with Data
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The dashed curve is based on the data for sz at PN2—~1 atm.
Thus, this curve reflects a possible anomalous non-three-body
effect at high nitrogen pressures, and also a possible effect of
non-Maxwellian electron energy distributions. The dotted curve
is based on the data for k02 at zero PNZ' Thus, this curve is
essentially identical to Herzenberg's theory, including the pos-
sible effect of intermediate 05* ions in higher vibrational
states (v' » 5). The latter curve is normalized to pass through

=29 cm6/sec for

the measured [18-20] value kHzO ~1.4 x 10
“hermal electrons. The former curve is somewhat arbitrarily
normalized to have the same peak value as the latter (compare

Figure 6;.

It is useful to compare these possible forms for ky,q with
actual measurements for nonthermal electrons. Until quite
recently, the only available data, as far as we are aware,
have been those of Hubner and Klett [22] taken at E/P =

5 x 104 V/m-atm in nitrogen at 760 torr total pressure with
up to 2.5% oxygen and up to 2.3% water vapor. Using Phelps'
compilation of energy and momentum exchange rates, we estimate
kTe >~ 0.40 eV for the dry N2 and kTe ¥ 0.16 eV to 0.24 eV for
the 1.4% to 2.3% water vapor mixtures. It must be kept in
mind that these estimated electron energies in moist nitrogen
are very uncertain and may be too high [8]. To estimate
electron drift velocities needed for converting Hibner and
Klett's basic data into attachment frequencies, we use the
moist nitrogen data of Hurst et al. [23], which are also
reasonably consistent with predictions based on Phelps'

tabulations.

From the dry N2:O2 data of Hilibner and Klett, we find

ky, = (0.5 to 1.5) x 107°% cn®/sec, and ko, = (0.9 to 1.4)
X 10-30 cm6/sec. It may be seen that the k02 value is in

better agreement with the empirical high-nitrogen-pressure

TR ]




curve in Figure 6 than with the low or zero N2 pressure curve
of Chanin et al. As for the mixtures with 1.4% to 2.3%

water vapor, using the empirical high PN2 curves to subtract

the effects of nitrogen and oxygen as third bodies, we obtain
values of k >~ (1.2 to 1.4) x 10" %%em®/sec at kT, = 0.16

H,O
to 0.24 eV. "These data points are also plcotted in Figure 8

as ®.

From their very recent measurements of electron attachment in
moist air at low E/P, van Lint and Price [7] infer a value of
-29
kH o = 1.2 x 10
doés not conflict too strongly with the other measurements

cm6/sec for thermal electrons. This value

cited above (which were at zero nitrogen pressure). We have
also examined the basic data in Eheir published form, and
have concluded that they probably are not inconsistent with
any value of kH o in the general range of about (1.0 to 1.8)
X 10—29cm6/sec. We have plotted van Lint and Price's data
point in Figure 8 as the open circle. Although van Lint and
Price have also puhlished measurements of attachment for
a2nthermal electrons in moist air, they have not attemptead
to infer values of kH2O for nonthermal clectrons from these
data. We have made only a very tentative effort to cextract
values of kH,O at elevated electron encergies from van Lint
and Price's fmeasurements of attachment in air with 2% water
vapor, and have found that the uncertainties in clectron
enerqy, in the effectiveness of oxygen as a third bodv at
elevated enerqics and nitrogen pressures, and in the data

themselves make a consistent determination of k| Vs kTC

very difficult. A more complete analysis of thgsg measurc-
ments would probably provide better results, although the
uncertainties in the data, in kg, in the mean clectron eneray
and possibly also in thec eneraqy 5istribution function would

still limit the accuracy achievable.
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2.4 ADDITIONAL PROBLEMS

The preceding discussion has assumed that the autodetachment
rate (r;} in Equation 3) for O;* in a given level is much

faster than the rate of collisional stabilization (e.g.,

N Xixv' for a single third body). However, this may not always
be the case; and we are thus provided with a further potential
source of concern regarding electron attachment rates in
(especially) moist, sea level air. As pointed out in Reference
14, the value of Ty is very uncertain, particularly at higher

nitrogen pressures. However, theoretical calculations imply

that T;l may be of the order of lO10 sec_l. This value should
be compared with the quantity
R = K £ N + K. % N + K. & N
HZO H20,4 HZO O2 02,4 02 N2 N2,4 N2

for sea level moist air. Using the "nominal" values K02§02’4~
—9 3 3 - Il 'd =

10 “cm™/sec, with KH,0 %Hp0,4 = 6KO2 05,4 and KNy “Np, 4

1/40 Ko, E02,4, we would obtain a collisional stabilization

rate for sea level air (at 273°K) with 0% to 2% moisture of

(5 to 9) x 109 sec_l, quite close to the "nominal" value of
- -
T41. If collisional stabilization of O2 should really be

this rapid compared to autodetachment, then the net rate of

2 ’
so that it would no longer increase like P2 at high pressure.

attachment would be limited by the rate of formation of O

Such a saturation effect has not thus far been reported, even
though measurements have been made (separately) in oxygen at

up to 150 torr (24}, dry air up to 600 torr [17], nitrogen up

to 10,000 torr [16], and 2.3% water vapor (in sea level nitroagen
[22]). Thus, either one or more of the above assumptions

must be in error or elsec the various measurements have not

stines




been sufficiently precise to reveal the anticipated effect,
particularly if in competition with possible non-three-body

effects at high nitrogen pressures.

The possibility of incomplete electron energy equilibration

is another potential source of uncertainty in EMP air
chemistry. Most electrons are created with energies of
greater than 5 eV. If they are attached before coming into
energy equilibrium with the gas and the electric field, then
their mobility and attachment rate will differ from the
equilibrium values. This effect was mentioned by van Lint

and Price as a possible explanation of the differences between

their 0.25 atm and 0.5 atm dry air data.

Baum has estimated the rate of energy equilibration for
electrons in sea-level air [3] and has concluded that equil-
ibration is typically much faster than attachment, so that
equilibrium electron energies may be assumed. However, Baum's
fits to the energy and momentum exchange rates do not do full
justice to the data at kTe < 0.1 eV. Therefore, we have per-
formed a few additional calculations. We find that non-
equilibration may increase the effective attachment rate at
E/P < 3 kV/m in 0.5 atm air by up to perhaps 30% at moderately
early times, due to electrons attaching as they pass through
the energy region of maximum cross section. This is in the
wrong direction to explain the differences between the 0.25
and 0.5 atm data. The effect of nonequilibration may also

be present in some EMP situations, though only at low E/P in

dry air near sea level.

2.5 ATTACHMENT RATES AS A TUNCTION OF E/P

In practical EMP problems the electron attachment rate is

usually nceded for specified values of E/? and air moisturec
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content. Given the latter parameters, the attachment rate
can be calculated by first determining the mean electron
energy for the conditions of interest.  The mean electron
energy 1s then used to determine the attachment rate coeffi-
cient from Fiagures 6 and 8. However, when direct measure-
nments of attachment versus E/P in mixtures of practical
interest are available, it is not necessary to assign mean
electron energies or to determine the energy dependence of

the basic rate coefficients koz, sz and kH20'

Figure 9 and 10 show the attachment rates measured very
recently by van Lint and Price [7] for dry air and air with
% moisture, respectively, converted by them to 1 atm and
293°K. Also shown are curves calculated using the prescrip-
tion of Longley and Longmire [4], which involves computing
the mean electron energy, as shown in curves (1) and (4) of
Figure 2, using the conventional low-pressure values of
ko2 (see Figure 5), and assuming kN2 = k02/50 and kHzO = 8 k02.
The resulting curves have a somewhat different shape from
the measurements of van Lint and Price, but generally lie
within :40% of them.

Also included on these figures are curves based on the more
recent encrqgy-transfer values of Phelps [2] (see curves (3)
and (6) of Figure 2), on the attachment data of McCorkle

et al. [1l6] at high N2 pressures (see Figure 6), and the
relation ky,g = 7 kg, from the thermal electron data [18-20].
The resulting attachment rates below about 104 V/m-atm are
nearly constant, like the measurements of van Lint and Price,
but are 30% to 50° larger, while at higher E/P values they
cross over and become lower. Overall, the agreement is not
significantly better than for the Longley and Longmire curves.
A fourth set of curves is also included, based again on elec-

tron energies deduced from Phelps, but using the low N2
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Figure 10, Measured and Calculated Electron Attachment
Rates in Air With 2° Moisture
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pressure data for attachment [l11] and asssuming kH o~ 7 ko .
These curves have somewhat different shapes from o%her curvés,
but their general deviation from the measurements is comparable.
One could considerably improve the agreement of the calcula-
tions with the recent measurements by adjusting the individual
attachment coefficients by not unreasonable amounts. However,
in view of the uncertainties in the measurements, such an ad-

justment does not appear to be warranted at the present time.
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Booz-Allen and Hamilton, Inc
ATIN: Tech Library
ATTN: R. Chrisner

Calspan Corp
ATTN: Library

Charles Stark Draper lLab, Inc
ATTN:  TIC MS 74
ATTN: K. Fertig

Cincinnati Electronics Corp
ATTN: L. Hammond

Computer Sciences Corp
ATTN:  R. Briggs

Computer Sciences Corp
ATTH: AL schiff

Control Date Corp
ATTHD T. frye

Cutler-tammer, Inc
ATTN: L. barpen

Mkewood Corporation
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Franklin Institute
ATTN: R. Thompson

General Dynamics Corp
ATTN: Research Library

General Dynamics Corp
ATTN: Research Library

General Electric Co
ATTN: C. Hewison

General Electric Co
ATTH: Tech Library

General Research Corp
3 ¢y ATTN: Tech Info Gffice

Georgia Institute of Technology
ATTN: R. Lurry

Georgia Institute of Technology
TTN: Res & Sec Coord for H. Denny

Grumran Aergspace Corp
ATTN: L-01 35

Harris Corporation
ATTN: V Pres & Mgr Frgms Div

Hazeltine Corp
ATTN: J. Okrent

Honeywell, Inc
ATT4:  SARC Library
ATTM: R. .Johnson

donaywell, Inc
ATTE $. Gratf
ATTN: W. Stewart

fughes Aircraft Co
TN: K. Walker
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ATTN: CTDC B6/E110
ATTH: J. Singletary
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ATTN: AL Narevsky
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JAYCOR
ATTN: R. Stahl
ATTN:  £. Wenaas

JAYCOR
ATTN: Library

Kaman—TEMPQ
ATTIN:  DASIAC
TTN:  R. Rutherford
ATTN: W. McNamara

Kaman— TEMPQ
ATTN:  DALIAC

kKaman Sciences Corp
ATTR: J. Lubell
ATTH:  N. Beauchamp

ATTN: 4. Ware
ATTN:  F. Shelton
ATTN: AL Bridges

ATTN: W, Rich
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Mission Research Corporation
ATTN:  W. Stark

Hitre Corp
ATTH: M. Fitzgerald

Horden Systems, Inc
ATTH: D. Longo
ATTN: Technical Library

Northrop Corp
ATTN: Rad Effects Grp
ATTN: V. Demartino
\TTN:  Lew Smitk

Pacific-Sierra Research Corp
ATTH: . Brode

Physics International Co
ATTN:  Document Control

R & D Associates

ATTN: E. Gage

ATTH: Document Control

ATTH: M. Grover

ATTH: R, Schaefer

TIN: (. Mo
ATTN: [, Haas
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R & D Associates
ATTN: .}, Bombardt

rRand Corp
ATTN: W. Solltrey
ATTN:  Lib-0

Raytheon Co
ATTH: 6. Joshi

Raytieon Co
ATTH: M. Plescher

RCA Corp
ATTN:  G. Brucker

RCA Corp
ATTN: DL O'Connor

AT Lo Minicen

Rockwell International Corp

ATTN: ML Rudie
ATTHD VL Machel
ATTHD L Monroe
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Hockwell International iorp
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Science Applications, Inc
ATIN: N. Byrn

Science Applications, Inc
ATTN:  W. Chadsey

Sidney Frankel & Associates
ATTN: 5. Frankel

Singer Co
ATTN: Technical Information

Sperry Rand Corp
ATTN: M. Cort

Sperry Rand Corp
ATTN: Technical library

Sperry Rand Corp
ATIN:  D. Schow

Spire Corp
ATTH: R, Little

SRI International
ATTN: B. Gasten
ATIN: A, Whitson

Sylvania Systems Group
ATTN: €. Thornhill
ATTH: L. Blaisden

Sylvania Systeins Grouo
ATIN: D, Flood
ATTN:  E. Motchok

ATTN: . Ramsbottom
ATTN: M. Nurefora

ATTN: A, Novenski
TIN: 3. Waldron

Systems. Science & Software, Inc
ATTN: AL Wilson

Teledyne Brown Engineering
ATTN:  F. Leonard

Texas Instruments. Inc
ATTN: D, Manus
ATIN:  Technical Library

Texas Tech University
ATTN: T, Simpson

TRi& Defense & Space Sys Group
ATING 0. Adams
o H. nolloway
R. Plebuch
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westinghouse Llectric Corp
ATTN: Technical ibrary

37

lenter

ahaid







