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A Survey of Electron Swarm Data

J. Dutton

Department of Physics, University College of Swansea, Swansea, Wales, U. K.

An electron swarm consists of a small number density n of electrons in a gas of much higher number
density N. The mean energy and energy distribution of such a swarm are determined by the value
of E/N, where E is the electric field. At any given value of E/N the swarm may be characterized by.
the values of eight parameters, viz; drift velocity, diffusion coefficient, (diffusion coefficient)/mobility,
excitation coefficient, electron aitachment coefficient, electron detachment coefficient, ionization
coefficient, recombination coefficient. In this survey, data on these parameters obtained by a variety
of experimental techniques are collected, discussed, and compared graphically. Also included on the -
graphs are computed values of the parameters obtained in many cases from cross sections and energy
distributions chosen to give the best fit with the swarm data. Selected tabulations of the data are also
given except in cases for which the accuracy of the data is not sufficient to warrant numerical presenta-
tion. The mean energy of the electron swarms ranges from thermal to several electron volts and the
gases for which data are given are the rare gases, the common molecular gases (Hz, Nz, Oz, CO, NO,
Oz, NOy) and air. The survey also contains an extensive bibliography which includes references (i)
to publications on electron swarms in a much wider range of gases than those for which data are given
and (ii) to papers concerned with energy distributions, conductivity, and ionization coefficients in crossed
electric and magnetic fields in addition to those relating to the eight parameters listed above.

Key words: Electrical breakdown of gases; electrical discharges; electron attachment coefficient;
electron detachment coefficient; electron diffusion coefficient; electron drift velocity; electron
excitation coefficient; electron-ion recombination coefficient; electron ionization coefficient; electron
swarm: electron transport coeflicients: ionized gases.
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578 J. DUTTON

1. Introduction

In order to undersiand many types of plasma and
jonized gases, a knowledge is required of the behavior
of mixed swarms of charged and nentral particles under
various conditions of pressure (particle density) and
temperature in the presence of electric and magnetic
fields.

The behavior of electron swarms is characterized by
a number of parameters that are determined experi-
mentally in the laboratory. These parameters may, for
convenience, be listed as follows:

(1) the drift velocity W of the electrons in an electric

field E; :

(2) the ratio of the diffusion coefficient D 1o the drift
velocity, usually expressed as D/u where u=W/E
is the mobility; this ratio is a measure of the mean
energy of the electrons; .

(3) the diffusion coefficient of electrons D;

(4) the electron attachment coefficient 7;

(5) the detachment coefficient of electrons from
negative iors & (strictly a property of ion
swarms but often measured in electron swarm
experiments);

{6) the electron excitation coefficient €;

(7) the primary ionization coefficient «;

(8) the cocflicient of recombination of electrons with
positive ions 1.

Values of the above coefficients are usually deter-
mined for gas pressures in the range from about 1 to
1000 Torr (number density N from about 3.5 X 10% to
3.5 X 10'° molecules/cm3) at neutral gas temperatures
in the range from about 50 to 500 K. By definition, the
number density of electrons in a swarm is much less
than that of the gas in which it moves, and the dominant
collisions are consequently those between electrons and
gas atoms. Thus, since the determination of most of the
above properties requires the application of an electric
field, the mean energy of the electrons is in general
higher than that of the neutral gas (up to typically a
factor of 50 times greater at E/N~ 150X 10~V cm?)
and the electron energy distribution is not Maxwellian.

In some experiments, however, especially in most of
those on recombination and on the measurement of
coefficients a1t very low values of E/N. the electrons have
a Maxwellian distribution. In these cases, rate coefh-
cients determined in the laboratory may be directly
applicable, for example, to processes occurring in the
ionosphere.

Among the interactions of importance in determining
the behavior of swarms are those of electrons with
neutral particles, electrons with ions, and negative ions
with neutral particles. Thus, in addition to their intrinsic
value, the swarm data can be used to supplement
information obtained from direct measurements of
cross sections. The use of swarm data is of particular
value both for the determination of cress sections at
low electron energies, where direct measurements of

J. Phyy. Chem. Rel. Dota, Vol. 4, No. 3, 19/5

cross sections are notoriously difficult, and for obtain-
ing information about three-body processes which are
insignificant at the particle densities usually used in
beam experiments.

In order to obtain cross sertinns from swarm data it
is, however, necessary to know the energy distribution
under the conditions of the experiment, and this
presents considerable dificulties. Little experimental
evidence on electron energy distributions under swarm
conditions is available, although there have been a few
recent measurements [1651].) There have been con-
siderable recent theoretical advances in the treatment
of the problem [181, 218, 260, 1062, 2553],! in which self-
consistent sets of cross sections for momentum transfer
and for some inelastic processes have been obiained.
The method used was to assume reasonable, energy-
dependent cross sections, to integrate the Boltzmann
equation numerically in order to obtain an energy
distribution, and then to use this distribution together
with the assumed cross sections to determine certain
swarm coefficients such as W and Dfu. The assumed
cross sections were then adjusted in order to give the
best fit between calculated and observed swarm data.

Eventually, it is conceivable that the stage may be
reached at which the cross sections of all electron
collision processes are known, together with the energy
disuibution of an clectron swarm under any given sct
of conditions. At present, however, the coefficients
representing the behavior of the swarm form a necessary
“half-way house,” as it were, giving information that is
useful in the solution of a wide range of fundamental
and applied problems, from the determination of cross
sections and energy distributions on the one hand, to
the understanding of the behavior of ionized gases in
laboratory devices and in astrophysical phenomena on
the other. There is thus considerable need for an up-to-
date compilation of available data, and towards this end
a bibliography of electron swarm data was started in
1966. An interim version of this bibliography appeared
as JILA Information Center Report No. 4 in October
1967. This bibliography has been completed and brought
more up-to-date and is given below in sections 4 and 5.
In addition, a data survey for the inert and the more
common molecular gases has been carried out and is
given in section 3. The effective terminal date for the
comprehensive literature search for the hibliography
was December 1968, but 2 more selective search, related
to the data survey but including other bibliographic
material, was continued until the end of 1972.

2. Selection and Arrangement of Data

2.1. Symbols and Units

As mentioned in section 1, the mean energy of an
electron swarm in a given gas depends on the value of
EIN. Thus the coefficients which characterize the

+ Numbers in brackets refer to references listed in section 5.2,
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hehavior of swarms are usually presented as functions
of E/N. Until recently, however, it has been common
practice to use E/p, (where pq is the gas pressure
reduced to 0 °C) rather than E/N and in view of this both
Eipy and E/N are given in all graphs in order to help
familiarize the conversion from E/p, to E/N. An in-
creasingly widely used unit in which to express the
value of E/N is the Townsend (1 Td=10-1"V cm2), first
suggested by Huxley, Crompton, and Elford (Brit. J.
Appl. Phys. 17, 1237, 1966).

With the exception of the drift velocity and the
diffusion coeflicient, the coefficients with which we are
concerned can be expressed either (a) as rate coefh-
cients or (b) as coefficients per unit drift distance in the
direction of the electric field. There appear to be no
generally agreed symbole for the full range of coefh-
cients discussed, so in an attempt to achieve at least
internal consistency, the following nomenclature is
used here:

a) Rate coefficients” are denoted by the appropriate
lowercase type symbol with a suffix when appropriate
to denote whether it is a two-body or a three-body
reaction, e.g., the symbol representing three-body
attachment rate coeflicient is as;

‘b) Coefficients (per unit drift distance) are denoted
by a lowercase Greek letter, e.g., the symbol for the
attachment coefficient per unit drift distance is . If
the nature of the reaction is known, a subscript is added
to denote whether it is a two- or three-body reaction,
-e.g., Ma denotes the three-body attachment coefficient.
" The relationship of the rate coefficient per unit drift
distance to the collision frequency depends on the nature
of the process. For a two-body process (such as ioniza-
tion or radiative attachment, for example) the collision
Jfrequency for a given process v;, say, is related to the
“coefficient 11, and the rate coefficient p. for this process
by

dn=nllodx = nllo.Wdt=nv.dt=np.Ndt,

where dn is the number of new electrons formed by a
concentration n electrons in a drift distance dx or in a
time dt and W is the electron drift velocity.

Thus Tly=vo/W =p,N/W, Il being in units of cm -1,
v2in s~ and pein cm3¥s—1L

For three-body processes (such as three-body attach-

ment or recombination) on the other hand, the collision

frequency v;, coefficient per unit drift distance I1;,
and rate coefficient ps for the process are related by.

dn= nllzdx = nll;Wdt= nvsdt = npsNdt,

so that [la=wva/W = p.N*/W, I, being in units of cm~?,
vy in 5! as before, but pz in cm®s-1 '

A complete list of the symbols assigned to each of the
coefficients and other parameters together with the units
in which they are measured is given in section 6.

2.2. Scope and Arrangement of Date

An arbitrary choice has been made to limit the data
presented to those gases that are of most general
interest, viz: the monatomic gases, the common molecu-
lar gases Hz, N2, O2, CO, NO, CO;, and air.

The aim is to provide a collection of the most reliable
data on these gases and in order to avoid confusion,
much of the earlier data, which has been superseded by
values obtained with higher purity gas samples, is
omitted. Since the coeficients are dependent on E/N
rather than on E/p, results from papers that do not give
the gas temperature to which the gas pressure curres-
ponds are excluded unless there is a dearth of other
data available. In these cases, the values of E/N are
calculated assuming a stated value of the temperature
and if they are the only data available the values of
EJN are designated by (E/N)gg in graphs and tables.
Other considerations relevant to specific coefficients
are given in the introduction to the appropriate section
and in the text accompanying the diagrams.

The collected data are presented in both graphical
and tabular form. Except for data excluded for the
reasons given above, an attempt has been made to
include all published data for the coefficient involved
on any given graph. Thus the graphs provide an indi-
cation of the amount and range of data available in
each case and of the degree of agreement which exists.

On the other hand, the tables which are grouped at
the end of each section have mostly been prepared
with a view to providing usable accurate sets of nu-
merical values (where these are available) rather than
for comparative purposes. Thus, for cases in which
there are a number of sets of experimental and theo-
retical results in good agreement, if there is an experi-
mental set of data which seems more accurate than the
others, this has often been the only set tabulated. Where
there are no published experimental values, theoretically
computed values have been used in some cases.

For the coefficients discussed in sections 3.1 to 3.7,
however, the theoretical results have, in most cases,
been obtained, as indicated in the text, by using cross
sections -chosen to give the best fit with the experi-
mental swarm data. The theoretical values on the
graphs in these sections thus do not provide an in-
dependent confirmation of the experimental data,
themselves. They are included on the figures 1o show the
cases in which such calculations have been made and
the degree of agreement which has been achieved
using this procedure. In section 3.8, .on the other
hand, the theoretical values for the recombination
coefficient do not depend on the experimental values
for r and thus, where they exist, provide an independent
comparison.

Where there is a considerable spread in the available
data and no clear reason to prefer one set of data over
the others, no table has been included because values,
accurate to within the spread, can readily be vbiained

J. Phys. Chem. Ref. Datq, Vol. 4, Nec. 3, 1975
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from the graphs. Theoretical data are often presented as
continuous curves in the original papers and the theo-
retical poinis on many of the graphs given in this review
represent no more than an arbitrary selection of points.
chosen at sufficiently frequent intervals on the original
- curves to indicate their trend. There may thns well he
more points given on the graphs than were originally
calculated. Oceasionally, in figures on which there are a
large number of results in close agreement, a few of the
intermediate points in some sets of data have been
omitted for clarity. Unless otherwise stated the data
given were obtained at ambient temperatures. Tem-
perature is mentioned for specific cases only when data
are given for both ambient and other temperatures.

2.3. Method of Preparation of Figures and Tabies

Where the original data were published in tabular
form, figures were prepared directly from the tables.
In most cases, however, the data were published in the
form of graphs and in these cases the graphs were en-
larged and the co-ordinates of the data points obtained
in digital form using a Gerber Digital Reduction System
connected to an IBM card punch. The least count of the
‘Gerber reader is 0.1 percent of full scale. The digital
data were stored on magnetic tapes and the figures then
photocomposed from these tapes on a DD.280 Cathode
ray tube at the NOAA Boulder Laboratories computing
facility. The plotiing error amounts to less than 0.5 per-
cent near the largest value on any particular graph and
is somewhat larger where the coefficient is small
{< 10 percent of the largest value).

For cases in which the original data were in tabular
form, the original tables are reproduced. Where the
data were given graphically, the co-ordinates of the
data points obtained using the Gerber Digital Reduction
System were used to prepare the tables. Since this
system gives values of each co-ordinate to four signi-
ficant figures, a decision on how many of these figures
to retain was required. In the published paper, the
errors in the coefficient are often not estimated and,
even more frequently, no estimate is given in the
experimental papers of the errors in the measured
parameters that give the values of E/N. However, the
value of E/N is seldom determined more accurately
than to within about 0.1 percent and the coefficients
themselves are usually not determined to better than
within about | percent. In general, in these circum-
stances, therefore, as far as the coefficients are con-
cerned, three significant figures are retained for values
lying between 1.00 and 2.99 and two significant figures
for values lying between 3.0 and 9.9, while in the case of
E[N, four significant figures are retained for values lying
between 1.000 and 2.999 and three significant figures
for those between 3.00 and 9.99. Particular cases in
which this procedure is not appropriate are indicated
where the tables occur and the procedure adopted is also
wiven there.

J Phys. Chem. Ref. Data, Vol. 4, Mc. 3, 1975

3. Date Survey

3.1. Drift Velocity

An electron swarm in the presence of a steady
electric field both diffuses and moves as a whole in the
direciion of the field. In the steady state, the cenier of
mass of the swarm attains a velocity W, which may be
expressed [1432] (see also W. P. Allis, in Handbuch der
Physik, S. Flugge, ed.. Springer, Berlin, 1656, Vol. 21,
p. 383), in terms of the ratio E/N and of atomic param-
eters by the relationship 2

W =— (47Ee/3Nm) j T (Mg (dfide)de, Q)

where e and m are the elecironic charge and mass
respectively, ¢ is the speed of an electron, g, the
momentum transfer cross section which is a function
of the speed and f the speed distribution function
normalized through the equation

477'}:f(c)c2dcz .

Using pulse techniques, W may be determined
experimentally by direct measurement of the time
taken for the swarm to move through a measured dis-
tance. At relatively high values of E/N, where the short
transit times make precise direct measurements of this
sort difficult, many of the data available were determined
using a less direct method originally devised by
Townsend and Tizard [2104] before the advent of pulse
technigues. In this method, the deflection, in a dircction
perpendicular to both the electric and magnetic fields,
of a swarm travelling a measured distance under the
influence of crossed uniform electric and magnetic
fields is determined. From measurements of this sort,
a quantity Wy, which is related to W by

W= W, (2)

is determined. The constant ¢ is sometimes known as
the magnetic deflection coefficient [181], and often has
a value near unity (see for example Townsend, Phil
Mag. 23, 880, 1937, and Huxley, Australian J. Phys. 13,
718, 1960). 1t can be shown that

3 L " (clgt) (dflde) de

U (3)

- 477[ f; (cz/qm)(d./‘/dc)dc:r’

for small magnetic fields B such that w= eB/m < Ngpmc.
The value of ¢ thus depends on the distribution function

2This relationship is strictly true ondy for the case of elastic eollisions but in fact has

2 much wider range of aj

Physics 27, 1. 1969).

icability see R, W. Crumpton, Adv. in Electronies & Ficetron
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and on the variation of g, with ¢, being unity if cgy is a
constant. Where they are available, the values of both
¥ and W are given in the following graphs and tables
for the gases listed in section 2.2.

3.1.a. Drift Velocity — Helivm

Much attention has been paid to the region of low
values of E/N < 13x10-17 V ¢m?, because this is a
particularly favorable one in which to obtain values of
g from data on drift veloecities. The experimental
values obtained in this region are given in figure 1.1.
Consideration has to be given to the effect of diffusion
which leads to a correction of the measured value of
the drift velocity by a factor of the form [1+ (¢i/d)
(D/W)] where d is the drift distance, D the diffusion
coefficient and ¢; is a dimensionless constant. It has
however been shown [1434] that under usual experi-
mental conditions this correction is small (< 10 percent).

The two most recent sets of data [530, 2433] are in
good agreement. The error in the data of Crompton,
Elford, and Jory [2433] is estimated as less than 1
percent over the whole range investigated and less
than 0.5 percent for E/N < 1.82%X10-7 V cm?. Accord-
ingly, this complete set of data is tabulated in table
1.1(a) together with the results of Pack and Phelps
[530] at values of E/N below those investigated by
Crompton et al. (Crompton et al. indicate that the
data of Bowe [1623] have been revised since they were
published and now agree within 2 percent of their data,
but no details are available.)

There have been a number of recent investigations
of the variation of W with gas pressure in helium both
at room temperature [4055, 4058] and at 77 K [4913,
4355]. No significant variation of W with pressure was
observed for N up to about 3 X 102° cm~3 and E/N down
to about 0.008 x 10-'7 V cm?2 At higher pressures,
however, the decrease in W with increasing N shown
in table 1.1(b) was reported [4055], the accuracy of
most of the measurements being estimated to be
within 1 or 2 percent.

The results of a numher of theoretical compuia-
tions of W in this region of low values of E/N are
given in figure 1.2. It can be seen that the different
theoretical treatments give values in general agree-
ment with each other and with experiment, even
though they are based on different assumptions and
different variations of g, with energy. Two of the
recent sets of data [1062, 2433] in figure 1.2 were
obtained by an iterative process involving numerical
integration of the Boltzmann equation and are in de-
tailed agreement within the experimental error with
the two most recent sets of accurate experimental
data. The difference in the values of g, required to give
this detailed agreement with the two different sets of
experimental data is small, being about 15 percent at
3 eV but less than 3 percent below 0.6 eV. In both cases
a useful cross-check on the values of g, obtained was
provided by using them to calculate values of other

swarm parameters which were compared with experi-
mental values (see Wy and sec. 3.2.a). Also given in
figure 1.2 are the theoretical data resulting from a
stochastic treatment {3463] of the problem.

At higher values of E/N, values of ¥ for electrons in
glow discharges in helium have been obtained experi-
mentally from measurements on the positive columns
of such discharges. The results which are shown in
figure 1.3 and table 1.2 are in good agreement with each
other.

There are no completely satisfactory theoretically
computed values of W for helium for E/N > 1.3X10-1¢V
cm? The most reliable to date are those obtained by
Monte Carlo methods {3897, 5490]. Both these sets of
data are in good agreement with experiment and one is
shown in figure 1.3. The treatment, however, effectively
ignored the effect of electron diffusion and the produc-
tion of slow electrons by ionization on the energy
distribution [see 3752].

Results [530, 4355] illustrating how the drift velocity
at very low values of £/N varies with temperature in the
range from room temperature down to 77 K are shown
in figure 1.4 and the values obtained at 77 K tabulated
in table 1.1(c).

Other measurements [1714, 2266} at temperatures
near 4 K and at pressures up to the saturated vapor
pressure show that the mobility in that region lies well
below the kinetic theory values, being a factor of about
107 smaller at the saturated vapor pressure.

3.1.b. Values of Wy, —Helium

Values of Wy accurate to within about =2 percent
obtained recently by Crompton, Elford, and Jory [2433]
are compared in figure 1.5 with the earlier values of
Townsend and Bailey {201). The values of ¢, obtained
by Crompton et al. from considerations of their ex-
perimentally of W (see previous
section) were used to calculate Wy and these computed
values are given together with their experimental data
for Wy in table 1.3.

measured values

3.1.c. Drift Velocity —Neon

A number of direct measurements of drift velocities
have been made for neon for values of E/N below
4X10-'7 V cm? Robertson [4862] has shown that low
levels of N, impurity (~20 ppm) can significantly
affect the values of I in neon and the most reliable sets
of data seem to be those of Nielsen [1387], of Pack and
Phelps [530} and of Robertson [4862], the latter being
the most accurately determined with an estimated error
of =1 percent. These results which were obtained at
ambient temperatures are given in table 1.4(a) and
compared with the other results in figure 1.6.

Robertson was also able to find values of the
momentum transfer cross section which gave calculated
values of the drift velocity in agreement with experiment
and these values are also shown in figure 1.6.

J. Phys. Chem. Ref. Data, Yol. 4, No. 3, 1975
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Values obtained [4862] at a temperature of 77 K are
also given in figure 1.6 and table 1.4(b).

There are no experimental values of ¥ in neon for
E/N >4X10-'" V c¢m? measured under swarm condi-
tions. Values of W for glow discharge in neon have
however been obtained [2164, 5780] by measuring the
currcnt and electron concentration. Theee valuee are
compared in figure 1.7 with the most reliable theo-
retically computed swarm values available, which are
those of Thomas and Thomas [3752] who obtained good
agreement between results calculated using a numerical
solution of the Boltzmann equation {3753] and using
Monte Carlo methods [3752].

3.1.d. Values of Wy, —Neon

The only values of Wy obtained for neon using the
Townsend method are those of Bailey [2280] for neon
known to contain 1 percent helium. (See fig. 1.8.)
Robertson {4862] has suggested that the gas may well
have also contained small amounts of molecular
impurities (see 3.2.b).

3.1.e. Drift Velocity — Argon

There have been a large number of investigations of
the drift velocity of electrons in argon giving data
mainly in the range 3 X 10718 < E/N < 4 X 10-16V c¢m?.
During the course of this work; it has become clear [732,
20421 that ‘small amounts of impurity (<1 percent)
particularly of molécular gases such as N, give rise to
very different .values (typically a factor of two higher)
than those obtained for pure argon. Relatively ‘low
values characteristic of pure argon have been obtained
in several investigations and these results are shown
in figure 1.9 and given in table 1.5 from which it can
be seen that there is a fair measure of agreement.
Theoretical values in the same range of values of E/N
are shown in figure 1.10 from which it can be seen that
there is a general agreement both between them and
with the ‘experimental results shown in figure 1.9,
although a variety of methods and assumptions have
been used.

The theoretical values caiculated by Englehardt and
Phelps [292] were obtained on the basis of values of
g (as a function of energy) determined by comparing
experimental and theoretical values of both W and
Dfu over the range 6 X 10-2! < E/N < 10~V cm?. (The
values of g, have. however, been questioned, see
Golden, Phys. Rev. 151, 48, 1966.) The calculated
values of W for the lower end of this range [1062] are
in detailed agreement with the experimental data at
temperatures of 300 K and 77 K as shown in figure 1.11.
The experimental values are given in table 1.6 together
with one theoretical value at the lowest value of E/N.

There are fewer experimental data available for
EIN >4X 106V cm?, those of Jager and Otto [2153] of
Wagner [1971] and of Brambring {4944] being shown in
figure 1.12 and in table 1.7. These data are in good
agreement with each other and fit smoothly with the
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values of W obtained at low values of E/N shown in
figure 1.9. Also shown in figure 1.12 are the theoretical
values computed by Golant {881] on the basis of smoothed
experimental collision cross sections and the energy
distribution which he calculated and which was found
to be in good agreement with that of Englehardt and
Phelpe [202] at E/N—=3 % 10-16V cm?2,

Measurements [4058, 5188] covering a total range of
pressure from about 750 to 76,000 Torr show no variation
of drift velocity with pressure outside the experimental
error.

3.1.{. Values of WM — Argon

The only published expcrimental data for Wy for
argon are the early results of Townsend and Bailey
[197, 199]. The results from [199] which were for less
contaminated gas samples are shown in figure 1.13 and
table 1.8 together with the theoretical values by Engle-
hardt and Phelps [292] calculated using their values of
gm obtained from consideration of data on W and D/pu.
A possible explapation of the differecsce is that the
theoretical data refer to the limit of vanishingly small
magnetic fields and Chen’s calculations (J. Appl
Phys. 37, 2205, 1966) of the Hall effect show that
W is lower at higher fields.

3.1.g. Drift Velocity — Krypton and Xenon

Few experimental data are available for xenon and
krypton, the most reliable at low values of E/N <4 X
10-17 V cm? being those of Pack, Voshall, and Phelps
[439] whose resulis are shown in figure 1.14(a) and given
in tables 1.9 and 1.10.

Frost and Phelps [1062] were able to determine values
of g, as a function of energy which gave good agreement
with the above experimental data, although in the case
of krypton the values of ¢, required lie well below the
measured values (Ramsauer, Ann. Physik 12,529, 1932)
of total c¢ross section and other calculated values
(O’Malley. Phys. Rev. 130, 1020, 1963) of g, ; there are
differences also in the case of xenon when compared
with other resuits.

At higher values of E/N the only data available are
those of Wagner [4971] for xenon for 112X 10-17" <
EIN <255%10-'" V ¢m? which are shown in figure
1.14(b) and given in table 1.10(a).

There are no published values of W, for either
krypton or xenon.

3.1.h. Drift Velocity — Hydrogen

A particularly thorough investigation of W for hy-
drogen over the range 2.8 X 10-1* < E/N < 5.7X 10-%V
cm? was carried out by Lowke [1155], who showed that
using modern experimental techniques and making the
necessary corrections for diffusion [see also 1434],
measurements of 7 can be made to within 1 percent.
Hie reeulte for E/N << 2.82 x10-1'" V em? are shown in
figure 1.15 together with those of Pack and Phelps [530]
and Bradbury and Nielsen [1381] with which they agree
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within the experimental error. The two recent sets of
data {530, 1381] are given intable 1.11(a).

In this region of low E/N, the values of W depend on
the gas temperature, and the results given in figure
1.16(a) (for clarity of presentation the figure has been
limited to values of E/N<2.82X10-' V cm? and the
data at a temperature of 195 K in [530] omitted) show
that the two published sets of experimental data
1530, 1155] for this temperature dependence agree well
with each other and with the theoretically computed
values [181, 3463]. The experimental data at 77 K are
wiven in table 1.11(b). ’

The majority of the results of the relatively large
number of investigations which have been made of W

{for hydrogen lie within the range 2.8 X 10~ < E/N <.

113X 10~ V cm?, and most of the published data
(which it is possible to express unambiguously in terms
of E[N) are shown in figure 1.17 and selected values
given in table 1.12. It can be seen that, bearing in mind
that the experimental error increases to about 2 or 3
percent at the upper end of this range, there is good
agreement between the various sets of data:

Theoretical values of W were obtained by Frost and
Phelps [181] on the basis of a numerical solution of the
Boltzmann equation and as can be seen from figures
1.16(a) and 1.17 these values were in good agreement
with experiment for a determined set of values of the
appropriate momentum transfer, rotational and vibra-
tional cross sections involved. The theoretical values of
W obtained for a temperature of 77K by Bell and
Kostin [3463] using a stochastic treatment also agree
well with experiment.

In a recent interesting series of experiments [4450,
4913, 4916, 4484] aimed at investigating the pressure
dependence of the drift velocity [4913] and determining
vross sections for rotational and vibrational transitions
{4450, 4484] in hydrogen, measurements have heen made
of the drift velocity for both normal and para-hydrogen
at 77 K and for normal hydrogen at 293 K. These results
are collated together in [4916] from which the data
shown in figure 1.16(b) were obtained. The data tor
normal hydrogen in figure 1.16(b) are the most accurate
available and comparison with figures 1.16(a) and 1.15
shows that they are in good agreement with the earlier
experimental data. The data for para-hydrogen agree
1o within 0.5 percent with the earlier results of [3659]
and [2267].

Gibson [4450] obtained a set of cross sections that led
to calculated values of W in agreement within +=0.7
percent with these experimental results for hydrogen.
In view of the experimental accuracy of the data thesc
vross sections which are considerably different from
those obtained earlier [181] are the most accurate avail-
able to date. In the above series of experiments the
variation of drift velocity with gas pressure was also
investigated for 6X 108 <N <102 cm=3 for both
normal and parathydrogen at 77 K and some of the
results for normal hydrogen at the higher pressures

are given in table 1.14(a). The linear decrease with in-
creasing pressure observed in both normal and para-
hydrogen is consistent with the hypothesis [3665] that
temporary negative ion formation associated with rota-
tional excitation occurs.

Results of experiments at higher pressures in normal
hydrogen at room temperature [3382, 4058] which are
shown in table 1.14(b) seem to require a different
explanation (as do other results [5103] at 77.8 K over a
similar range of values of V) and a multiple scattering
theory has been proposed (W. Legler, Phys. Lett. A29,
719, 1969) for this range.

In the region ahove E/N=112X 1017 V cm?2, only

"one extensive set of data exists. This was obtained by

Schlumbohm [1625] from a study of avalanche transit
times, and the results are shown in figure 1.18 and table
1.13, which also contain three values obtained by Blevin
and Hasan [3459] at the lower end of this range.

3.1.i. Values of Wy— Hydrogen

Creaser [3384] recently obtained values of Wy, with
an error of about 1 percent as shown in figure 1.19 and in
table 1.15, where they are compared with the early
values of Townsend and Bailey [195].

3.1.j. Drift Velocity — Nitrogen

There have been well uver thirnty experimental investiga-
tions of W for nitrogen. It is convenient to consider
these in two groups depending on whether the value of
EI/N used was larger or smaller than about 5.6 % 10—
V cm?. For the lower values of E/N, electrical shutter
methods first employed by Bradbury and Nielsen [1381]
have been widely used [530, 1155, 1381, 2285] and as
shown by Lowke [1155] can give results accurate to
within 1 percent when appropriate precautions are
taken. For the most part, the results obtained at higher
values of E/N are from studies of electron pulses and
avalanches [1314, 1716, 1763, 2136, 2154].

Those results for E/N < 5.6X 10~ V em? which can
be expressed as functions of E/N are shown in figure
1.20. (For clarity ot presentation, this is given in two
parts (a) and (b) with one set of results common to both
to aid comparison.) Results in the range 5.6 X 10~1% <
E/N <5.6X 1075 V em? are shown in figure 1.21 from
which it can be seen that there is more scatter in the
results in this region than at the lower values of E/N
covered by figure 1.20, where there is good agreement
between the various sets of data obtained. Numerical
values in the two different £/N ranges are given in
tables 1.16 and 1.17.

There is only onc sct of measurements published for
EIN >5.6 X10-% V ¢m?. These are shown in figure 1.22
and given in table 1.18.

At low values of E/N, the drift velocity is dependent
on the temperature and the experimental values of W
at the extreme temperatures used both below and above
room temperature are shown in figure 1.23 where they
are compared with some of the results at room tempera-
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v, Natnes at temperatures of 77 K, 195 K and 473 K

are given in table 1.19. Also shown in figore 1.23 are the
values calculated [218] on the basis of a numerical soln-
tion of the Boltzmann equation and appropriate. choice

of the collision cross sections involved.

For highly compressed gases at room temperature,
Grunberg [3382] has shown that the drift velocity de-
pends not only on E/N but also on' /N and this dependence
is shown in table 1.20. This table also includes the results
of Allen and Prew [5188] which also show a significant
decrease of W with increasing N at the lower values of

EIN used.

3.1 k. Values of W,, —Nitrogen

An extensive investigation of the values of Wy in
nitrogen, which extended and substantially confirmed
the early work of Townsend and Bailey [195], was re-
cently carried out by Jory [1429]. The resulis of these
experimental investigations are shown in figure 1.24 and
in table 1.21. ‘

Values of the magnetic deflection coeflicient § ob-
tained using the value of Wy shown in figure 1.24
together with the values of W obtained by Lowke [1155],
are shown in figure 1.25, where they are compared with
the values of  obtained theoretically by Englehart,
Risk, and Phelps [218] with which there is good
agreement.

3.1.1. Drift Velocity— Oxygen

A combplication in oxygen and other electronegative
gases is the formation of negative ions, with the result
that fewer measurements have been made in these
gases than in hydrogen and nitrogen.

The majority of the data [727, 1336, 1412, 2553, 5226,
4901] available has been obtained using drift-tube
measurements and the results obtained for 2.8 X 1017 <
EIN <57X10-17 V cm? are shown in figure 1.26(a).
These results include one set [4901] for oxygen contain-
ing 2 percent hydrogen in which the dissociative de-
tachment reaction between O~ and H, rapidly removes
the O, so avoiding some of the complications arising
from the presence of negative ions. Recently measure-
ments have been extended {5135] to very low values of
E/N using the drift-dwell-drift method (see sec. 3.3.a).
The values obtained are compared with the earlier drift
tube studies, which extend into the region of E/N below
2.8X 1017, in figure 1.26(h). As can be seen from figure
1.26(a) and (b) the self-consistent set of cross sections
chosen to give agreement with the earlier drift velocity
data and other measured swarm parameters seem to
give values of W that are too low at very low values of
E/N. Numerical data for the region E/N < 57X 10~
V cm? are given in table 1.22.

For values of E/N >57X10-'7 V cm? most of the
experimental data have been obtained from studies of
pulsed avalanches {1314, 2370] and these are given in
figure 1.27 together with a few experimental results of
drift tube measurements [5226] and theoretically com-
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puted values [2553] at the lower end of the range. The
experimental data in this range are given in table 1.23.

3.1.m. Values of Wm—~ Oxygen

The only values of Wy available for oxygen are those
obtained in the early work of Townsend and Bailey
[195] and of Brose [2089] working in the same laboratory.
Since the results of Townsend and Bailey show a de-
pendence of B on N as well as on E/N which was re-
moved by the improved techniques used by Brose, only
Brose’s results are given in figure 1.28 and in table 1.24.

3.1.n. Drift Velocity — Carbon Monoxide

The only data for W for carbon monoxide that can be
expressed unambiguously in terms of E/N are those of
Pack, Voshall, and Phelps [439] which were obtained for
three different temperatures. These are shown in figure
1.29 and table 1.25. The authors state that there is
scatter in their data for T=300 K at low values of E/N
(<8.5X107" V cm?) because of attachment, which
did not, occur excessively under other
conditions.

however,

3.1.0. Values of Wy — Carbon Monoxide

The only values of Wy, available for carbon monoxide
are those of Skinker [200]. The value of the temperature
to which the values of E/p given in the paper correspond
is not given and a temperature of 15° C was assumed to
obtain the data given in figure 1.30 and table 1.26.

3.1.p, Drift Velocity — Nitric Oxide

The only published values of drift velocities for nitric
oxide are the recent results of Parkes and Sugden
[4943}], obtained using a pulsed drift tube. These are
shown in figure 1.31. The results were obtained at
temperatures of 294 and 459 K and for a range of values
of N from 2.1 to 7.1X10' c¢m~3 but no systematic
change with temperature or with gas number density
was found within these ranges.

3.1.q. Values of Wy~ Nitric Oxide

There have been two experimental investigations of
W for nitric oxide. Skinker and White [200] reported
a variation of Wy with V at a given E/N attributed to the
formation of negative ions, but gave a graph of W, E/N
which is in fair agreement with later results of Bailey
and Somerville [2385] using a method [see 2278] designed
to eliminate errors due to the presence of negative ions.
Bailey and Somerville’s results are given in figure 1.32
and table 1.27.

3.1.r. Drift Volocity — Carbon Dioxide

Several sets of experimental values of W for CO,
have recently been obtained for values of E/N < 2.82 X
10-1% V em? both from studies of electron pulses [725,
1833. 2920, 1184] and by using the electrical shutter
method [439,2141]. The latter method is capable of high
accuracy provided adequate consideration is given to
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possible sources of error. Elford [2041], using this
method, obtained results with an estimated error of less
than 0.5 percent for values of E/N <9.1X 10~ V cm?
and of less than 1 percent for 9.1 X107 < E/N < 2.12 X
10 V cm2. These results, together with the others
obtained for E/N <2.82X10-% V cm?, are shown in
figure 1.33 in which the theoretical values (calculated
|12553] using a self-consistent set of cross sections
chosen to give agreement with a range of data omn
electron swarms) are also given. A set of numerical
values is given in table 1.28.

There is a marked dependence of W/ on pressure in
carbon dioxide as shown by the results of Allen and
Prew [5188] which are given in figure 1.34. This agrees
with the earlier results obtained by Lehning [4203] at
EIN <2.8X10-16 V cm? for the ratio of the drift veloc-
ity at various pressures in the range 8000 to 25,000 Torr
to that at 500 Torr. The ratio decreased rapidly through-
out the range, becoming less than 1/100 at pressures of
20,000 Torr and above.

There are no published experimental data for W in
CO;. in the range 2.82X10-% < E/N <10 V cm?
but there are values in the region above E/N=10-15
V cm? obtained by Frommhold [2154] and by Schlum-
bohm [1314]. Frommbhold’s values are given in figure
1.35. Schlumbohm does not give his experimental data,
but states that they can be represented by the equation
W=1.58X108 (E/p20)*3 for E/ps from 150 to 2000
V em~! Torr~! and values calculated using this equation
are also shown in figure 1.35. The data of figure 1.35 are
given numerically in table 1.29.

3.1.s. Values of Wy— Carbon Dioxide

The only experimental values of Wy available for CO,
are the early results of Skinker [198). These results are
shown in figure 1.36 from which it can be seen that the

“experimental values are in agreement with the theoret-

ical values of Hake and Phelps (also shown in the
figure) up to values of E/N about 4X10- V cm? but
become smaller than the theoretical values at higher
values of E/N.

3.1.1. Drift Velocity — Air

There have been few measurements of W for air.
There are two scts of experimental data availablc for
E/N <10~ V c¢m?2, one [3165] based on measurements
of electron pulses and the other on the electrical shutter
method [1412]. The results are given in figure 1.37 and
table 1.30.

The only theoretical values for air are those of Heylen
[1447] which were obtained using a Maxwellian energy
distribution and an assumed form for the variation of
the cross section with energy. These theoretical values
for E/N <10~ V cm? are also shown in figure 1.37.
(It is not clear from the original paper [1447] to what
temperature the values of E/p used correspond. The
theoretical values in figure 1.37 have been obtained on
the assumption that it js 0 °C.) '

For E/N >99X 1077 V cm? there are also two sets
of experimental data available [2305,2370], both obtained
from studies of electron avalanches. These data are
shown in figure 1.38 and are given in table 1.31. The
available theoretical values [1447] in this region are also
shown in figure 1.38, and the theoretical values in the
region for which there are no experimental data are
included in table 1.31.

3.1.u. Values of Wn—Air

The two sets of experimental data available for Wy
for air are shown in figure 1.39 and tabulated in table
1.32.

J. Phys. Chem. Ref. Datq, Vol. 4, No. 3, 1975
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FiGuRe 1.12. W, EIN for argon for E/N >4 X108V cm?,
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FIGURE 1.13. Wy, E/N for argon.
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FIGURE 1.14(a). Experimental values of W as a function of E/N for krypton and xenon for E/N < 4 X
1077V ¢m2.
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FiGURE 1.14(b). Experimental values of # as a function of E/N for xenon for E/[N > 112x10-7 V
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Experimental values of # as a function of E/N for hydrogen for E/N < 2.82Xx10-17
Vem2
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E/p, (V/cm torr)
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FiGURE 1.16(a). W, EIN for hydrogen for various temperatures at low values of E/N.
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Ficure 1L16(h). Experimental values of W in para-hydrogen at 76.8 K and normal hydrogen at 76.8
ansl 293 K,
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Ficure 1.17. W, E/N for hydrogen in the range 2.8 X 10-'"< E/N <113x 10~ V ¢m?,
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Figure 1.18. W, E/N for hydrogen for E/N > 112X 10717 V cm?2.
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Ficure 130 Experimental W E/N for hydrogen
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FIGURE 1.20a). Experimental values of W as a function of E/N for nitrogen for E/N < 5.6 X 10~
Vem2
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FIGURE 1.20(b). Experimental values of W as a function of E/N for nitrogen for E/N < 5.6 X 10~
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Fi16ure 1.21. Expcrimental valucs of W as a function of E/N far nitrogen for 56X 10-% < EIN <
6.2X10-15V cm2,
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FIGURE 1.22. Experimental values of ¥ as a function of E/N for nitrogen for E/N > 5.6 X 10~ V ¢m®
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FIGURE 1.23. Values of W as a function of E/N for nitrogen at various temperatures.

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975



ELECTRON SWARM DATA

999
E/po {(V/em torr)
107! 100 10%
IRRREL I LS RALL ) Frrereem LA Nz
1007 | £
[ 8 3
L 8 -
'a L . eg —
: ]
]
P - o =
L 8
]
]
68
3100 N -
- o -
N ) o o -
- ee -
= Geeeeee ¢ -
L1 1 11t Lt ettt L1 ieeitt
10-16 10'1? 10-16 w-:s

E/N (V cmd)
Experimental: 0 Joryl(1429); B Townsend(195).

FiGURE 1.24. Experimental values of Wy as a function of E/N for nitrogen.
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FIGURE 1.25. Values of ¥ as a function of E/N for nitrogen.
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FIGURE 1.26(a). W, EIN for oxygen for 2.8 X 10~ < E/N <537X10-7 V em?.
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FIGURE 1.26(b). W, E/N for oxygen for E/N < 2.8X 107V cm2
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FiGure 1.27. W, E/N for oxygen for E/N >5.7X10-%V cm?2,
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Ficure 1.28. Experimental values of #y, E/N for oxygen.
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Ficure 1.29. Experimenmtal W, E/N for carbon monoxide.
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FiGURE 1.30. Experimental Wy, (E/N)gq for carbon monoxide.
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FIGURE 1.31. Experimental W, E/N for nitric oxide.
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Ficure 1.32. Experimental %y, E/N for nitric oxide.
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Ficure 1.33. W, E/N for carbon dioxide for E/N <2.82 X 10~V cm?.
E/pa (V/Zem torr)
1.0 3.0
T | 1) I 1 I L |
' co
2 X L2
ML
]
8 x
. +€ - eegx n
10 99 X
o : gt o ~
o § U= 5.9¢:01ca? o R
X 118510 %cn o 4t
- ¢ N726.4c101%cw TR - -1
- § L=357410'%n} 88 s ~
b N=A7.0010Mcn L o
o g6 X t $£,v -
v | X 4t ¥ N
" € X + 7
~ 6 + 7
£ t 9
b - X X ¢ ¥ 7 -
¥y
= L J
- X N e
+ ¢ 3é
X ¢ sé
«red L1 1 1 | 1 | S
107 1078

E/N IV cmd)

Experimental: all data from Allen(5188).

Ficure 1.34. Variation of W with gas number density for carbon dioxide.
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FiGure 1.35. Experimental W, E/N for carbon dioxide for E/N > 10-5V ¢m?.
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FIGURE 1.36. Wy, EIN for carbon dioxide.
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" Ficure 137, W, E/N for air for E/N <9.87 X107V ¢m?.
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FIGURE 1.38. W, E/N for air for E/N >9.87X10-'7V cm?2.
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Figure 1.39. Experimental Wy, E/N for air.
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Table 1.1(a)

Values of W for helium for E/N < 4 x 10‘_17ch2 at ambient temperature

E/N w E/N \ E/N W
(10‘17ch2) (105cm/sec) (10-17ch2) (105cm/sec) (10_17ch2) (loscm/sec)
0.000795 0.0210 (a) 0.02730 0.586 ) 0.364 2.93 (b)
0.001219 0.034 (a) 0.0303 0.637 (b) 0.455 3.28 (b)

0.037 (a) 0.0364 0.733 (b) 0.540 3.60 (b)
0.001518 0.045 (a) 0.0455 0.863 (b) 0.607 3.79 (b)
0.040 (a) 0.0546 0.980 (b) 0.759 4,23 (b)

0.002281 0.056 (a) 0.0607 1.052 (b) 0.910 4,63 (b)
0.00303 0.080 (a) 0.0759 1.22 (b) 1.214 5.33 (b)
0.00427 0.111 (a) 0.0910 1.37 (®) 1.517 5.97 (b)
0.00455 0.121  (a) 0.1214 1.62 () 1.820 6.55 (b)
0.00609 0.161 (a) 0.1517 1.84 (b) 2,124 7.07 (b)
0.00905 0.230 (a) 0.1820 2.04 (b) 2,430 7.57 (b)
0.01526 0.36 (a) 0.2124 2.21 (b) 2.730 8.07 (b)
0.01820 0.418 (b) 0.2430 2.37 (b) 3.03 8.57 (b)
0.02124 0.477 - (b) 0.2730 2.53 ()] 3.64 9.47 (b)
0.02430 0.533 (b) 0.303 ©2.67 (b)
Experimental:

(a) Pack, et al., Phys. Rov. 121, 798 (1961).

(b) ‘Crompton, et _al., Austr. J. Phys. 20, 369 (1967).

Table 1.1(b)

Values of W for helium showing the variation of W with N at high values of N at ambient temperature

Nem D) 1.074 = 102t 7.892 » 10%° 5.732 x 10°° 2.783 x 10°°

E/N N

10 vem?) 20%cn/sec)

.00909
L0121
L0151
.0182
L0242
.0303
L0455
.0606

.19

P
o W
oo

AN OWNoO

Qoo LtwWNN
oD WNN
NN W BN

Coou W N

. .
=

F
cuUrtvow
e

S oo oDk

Experimental:
All data taken from Grunberg, Z. Naturforsch. 24a, 1838 (1969).
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Table 1.1(c)
Values of W for helium at 77°K
E/N w E/N W E/N \4
(JO'”chZ) (105cm/sec) (10—17ch2) (105cm/sec) (10—17ch2) (105cm/sec)
.000277 .0168 (a). .0278 .91 (a) .278 2.67 (b)
. 000545 .031 (a) .0318 .874 (b) .318 2.84 (b)
.00110 .065 (a) .0398 .991 (b) L350 2.97 (b)
.00136 .081 (a) 0477 1.10 () .398 3.16 )
.00218 124 (a) 0557 1.19 (b) ATT 3.45 (b)
.00247 .138 (a) .0559 1.29 (a) .557 3.71 (b)
.00275 146 (a) .0636 1.28 (b) .636 3.96 )
.00275 .157 (a) 0716 1.36 (b) 716 4.19 (b)
.00410 230 (a) .0795 1.44 (b) .795 4,40 (b)
.00540 .290 (a) L0954 1.56 (b) .954 4.80 (b)
.00795 345 (b) .119 1.76 (b) 1.19 5.34 (b)
.00814 41 (a) .140 2,13 (a) 1.43 5.85 (b)
.0138 .59 (a) .143 1.93 (a) 1.59 6.16 (b)
.0159 570 (b) .159 2.03  (a) 1.75 6.46 ()
.0165 .66 (a) .199 2.27 (a) 1.99 6.89 (b)
.0239 .737 (b) .239 2.47 (a)

Experimental:

(a) Pack, et al., Phys, Rev. 121, 798 (1961).
(b) Crompton, et al., Austr. J, Phys. 20, 369 (1967).

Table 1.2

Values of W for electrons in helijum glow discharges for E/N > 13 x 10—17ch2 at ambient temperatures

E/N v E/N E/N w

10 Mven?)  (20%em/sec) 10" ven?) o®en/sec) @0 ven®)y  108en/sec
13.40 0.031 (a) 32.4 0.079 (b) 93.6 0.246 (e)
13.74 6.032 (b) 35.0 0.084 (a) 96.4 0.262 )
15.40 0.036 (a) 35.4 0.085 (b) 117.2 0.31 (c)
17.64 0.046 (b) 38.0 0.102 ) 121.5 0.33 (b)
18.17 0.043 (a) 60.0 0.101 (c) 130.5 0.35 (c)
19.34 0.046 ) 40.7 0.097 (a) 160.5 0.44 (c)
20.60 0.048 (a) 46.2 0.110 . (c) 192.4 0.54 (c)
20.94 0.054 (b) 46.8 0.113 (a) 218.9 0.64 {c)
22.86 0.055 (b) 53.8 0.131 (a) 272.8 0.81 (c)
23.36 0.055 (a) 55.3 0.146 (b) 323 0.95 (c)
25.15 0.064 (b) 59.0 0.146 (e) 407 1.15 {c)
26.84 0.064 (8) 63.0 0.153 (a) 503 1.37 (¢
27.44 0.061 (b) 65.3 0.182 k) 573 1.47 (c)
30.0 0.072 (a). 67.5 0.170 (c) 704 1.63 (c)
30.2 0.072 (b) 77.4 0.187 (a) 823 1.75 (c)
31.7 0.084 (b) 80.5 0.208 (c)

Experimental:
(a) Anderson, Phys. Fluids 7, 1517 (1964).
(b) Phelps, et al., Phys. Rev. 117, 470 (1960). .
(c) Stern. in Proceedings of the Sixth International Conference on loniz omena in Gases

(Paris, 8-13 July 1963) P. Hubert and E Cremieu-Alcan, eds.

331.

i P
(Serma, Paris, 1963), Vol. 1, p.

J. Phys. Chem. Ref. Datg, Vol. 4, No. 3, 1975



610 J. DUTTON
Table 1.3
Values of WM<for helium
E/N Wy E/N Wy E/N Wy
(10_17ch2) (loscm/SEC) (10-17ch2) (loscm/sec) (10-17ch2) (1050m/sec)
0.480 (a) : 1.77  (a) : 4.00 (a)
0.01820 {0.486 % 0.1214 {1_77 b 0.607 {08 ()
. 0.542 (a) 1.98 (a) . 4. 45 (a)
0:02124 {0.551 0 0.1517 501 (1) 0.759 {4.55 0
0.602 (a) 2.19 (a) 4.86 (a)
0.0243 0.613 (1) 0.1820 {2.21 1 0.910 {4f98 (1
0.660 (a). 2.37 (a) 5.61 (a)
0.0273 {0.671 o 0.2124 {2_40 & 1.214 {5_73 D
_ 0.715 (a) 2.53  (a) 6.24 (a)
4. 4303 by @ G248 Liss L2L7 {638
0.812 (a) 2.71.  (a) 6.80 (a)
0.0364 0.830 (1) 0.273 L @ 1.820 \{6’98 )
0.947 (a) 2.84  (a) _ 7.32  (a)
0.0455 0.970 {15 0.303 2,80 (1) 2.124 {7.53 P
1.07 (a) 3.11 (a) 7.92 (a)
0.0546 Lo O 0364  EOFER 243 s &
1.15 (a) 3.49  (a) 8.31  (a)
0.0607 . 0.455 P 2.73 g o
1.33  (a) 3.82 (a) _ 8.91 (a)
0.0759 13 W 0.546 {3.88 & 3.03 {9.03 (1
1.48 (a)
0.0910 {1'50 o
Experimental:
(a) Crompton, et al., Austr. J. Phys. 20, 369 (1967).
Theoretical: _
(1) Crompton, et al., Austr. J. Phys. 20, 369 (1967).
Table l;é(a)
Values of W for neon at ambient temperatures
E/N W B/N W E/N W
(10_17ch2) (lOscm/sec) (10—17ch2) (loscm/sec) ‘ (10_17ch2) 6105cm/sec)
0.001107 0.251 (a) 0.02732 1.24  (b) 0.486 4,2 b)
0.001318 0.32 (a) 0.0304 1.30 (b) 0.546 4.5 (b)
0.001538 0.34 (a) 0.0455 1.53 (b) 0.607 4.7 d)
0.001556 0.30 (a) 0.0607 1.72 () 0.759 5.2 )
0.001854 0.37-  (a) 0.0911 2.04  (b) 0.911 5.6 . (b)
0.002143 0.36  (a) 0.1214 2.3 (b) 1.062 5.9  (b)
0.00308 - 0.44  (a) 0.1518 2.5 (b) 1.214 6.3 (b)
0.00311 0.51 (a) 0.1821 2.7 ®) 1.336 6.5 ®)
0.00374 0.54 (a) 0.2125 2.9 ) 1.821 7.8 (b)
0.00619 0,65 (a) 0.2428 3.1 (b) 2.003 8.5 (®)
0.00740 0.71 (a) 0.2732 3.3 ) 2.270 11.6 ()
0.01518 0.98 (b) 0.304 3.4 (b) 2.846 14.1 (c)
0.01821 1.05  (b) 0.364 3.7 (b) 3.94 18.4 (c)
0.02125 1,12 (b) 0.425 4,0 (b) :
0.02428 1.19 () 0.455 4.1 )
Experimental:

(a) Pack, et al., Phys.
(b) Robertson, J. Phys.
» (¢) Nielsen, Phys. Rev.

Rev. 121, 798 (1961), data taken at 300 °K.
B 5, 648 (1972), data taken at 293 °K.
50, 950 (1936), data taken at 293 °K.

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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ELECTRON SWARM DATA 611

Table 1.4(b)

Values of W for neon at 77 °K

E/N W E/N W E/N W
(10—17ch2) (105cm[sec) (10017\’@\2) (105cm/sec) (10‘17ch2) (1 Dscm/sec)
(.001594 0.42 0.0159%4 1.06 0.1195 2.32
0.002390 0.51 0.01992 1.15 0.1594 2.62
0.00319 0.57 0.02390 1.24 0.1992 2.88
0.00398 0.62 0.0319 1.38 0.2104 2.95
0.00478 0.67 0.0398 1.50 0.2390 3.1
0.00558 0.71 0.0478 1.61 0.319 3.6
0.00637 0.75 0.0558 1.71 0.398 3.9
0.00717 0.78 0.0637 1.80 0.478 4.2
0.00797 0.82 0.0717 1.88 0.526 4.4
0.01195 0.95 0.0797 1.9 0.558 4.6

0.637 4.8

Experimental :

All data taken from Robertson, J. Phys. B 5, 648 (1972).

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975



612 J. DUTTON
Table 1.5
. -17 -17., 2
Values of W for argon in the range 0.3 x 10 < E/N <40 x 10 ~'vem
E/N W E/N W E/N W
@ ven?y  @0fen/sec a0 ven?y  (0Pem/sec) 107 yen?y  (10%em/sec)
0.304 0.246 (a) 2.526 0.39 (b) 7.56 0.81 @)
0.307 0.271 (b) 2.572 0.46 (d) 7.61 0.72 (c)
0.362 0.276 (b) 2.615 0.44 (a) 7.82 0.85 (a)
0.379 0.242 (¢) 2.825 0.40 (b) 8.32 0.79 (c)
0.412 0.280 (d) 2.965 0.45 (a) 8.41 0.93 (a)
0.428 0.239 (e) 3.03 0.37 (c) 8.48 0.92 @)
0.441 0.281 (b)) 3.08 0.40 (b) 8.90 0.99 (a)
0.444 0.269 (a) 3.18 0.4/ (d) 9.15 0.87 (c)
0.471 0.259 (@) 3.33 0.41 (b) 9.39 1.06 (a)
0.488 0.257 (c) 3.41 0.47 (a) 9.69 0.93 (c)
0.530 0.285 @) 3.63 <O.39 (c) 9.78 1.12 (a)
0.543 0.289 (b) : 0.40 ) 10.27 0.98 (c)
0.627 0.270 (c) 3.78 0.49 (a) 10.30 1.19 (a)
0.685 0.296 (b) 3.79 0.41 (b) 10.58 1.15 @)
0.700 0.30 (a) 3.99 0.50 (a) 11.07 1.29 (a)
0.719 0.269 (e) 4.06 0.43 (b) 11.08 1.05 {e)
0.779 0.282 (c) 4.11 0.41 (c) 11.18 1.05 (c)
0.811 0.30 (b) 4.30 0.52 (2) 11.83 1.12 (c)
0.883 0.30 (d) 4,40 0.50 (d) 11.91 1.40 (a)
0.903 0.292 (c) 4,44 0.46 (b) 11.97 1.12 (c)
0.918 0.292 (e) 4.57 0.44 (¢) 12.49 1.31 @
0.957 0.32 (a) 4.60 0.53 (a) 12.84 1.52 (a)
0.962 0.32 (d) 4.76 0.54 (a) 13.00 1.19 (c)
0.976 0.31 (b) 4.82 0.49 (b) 13.63 1.63 (a)
1.060 0.32 @) 5.01 0.46 (c) 14.09 1.32 ()
1.119 0.31 (c) 5.04 0.57 (a) 14.40 1.73 (a)
1.220 0.33 (b) 5.19 0.52 (b) 15.17 1.83 (a)
1.261 0.35 (a) 5.34 0.49 (c) 15.49 1.43 (c)
1.334 0.32 (c) 5.38 0.55 (@) 16.16 1.97 (a)
1.403 0.31 (e) 5.40 0.57 ) 17.40 1.55 ()
1.433 0.35 d 5.41 {0-49 () 19.25 1.73 (e)
1.517 0.37 (a) ' 0.54 (b) 21 .85 1.94 ()
1.519 0.35 (b) 5.42 0.59 (a) 24,22 2.42 (f)
1.571 0.36 (d) 5.63 0.57 (®b) 25,86 2.23 (c)
1.594 0.33 (c) 5.65 0.66 (d) 27.38 2.71 (£)
1.649 0.36 @) 5.72 0.52 (c) 27.91 2.43 (g)
1.660 0.33 (e) 5.81 {0.63 (a) 30.6 2.61 (c)
1.763 0.36 (b) 0.53 () 32.4 2,91 (g)
1.844 0.39 (a) 6.14 0.66 (a) 32.9 3.2 (£)
1.904 0.39 (d) 6.46 0.70 (a) 34.9 3.5 (f)
1.976 0.35 (c) 6.47 0.61 () 36.4 3.4 {2)
1.991 0.38 (b) 6.52 0.66 (a) 37.3 3.1 (c)
2.241 0.41 (a) 6.93 0.75 (a) 38.9 3.2 (g)
2.274 0.39 (b) 7.11 0.66 (c)
2.452 0.36 (c) 7.35 0.7¢9 (a)
Experimental:

(a) Herreng, Compt. Rend. 217, 75 (1943).

(b) Levine, J. Appl. Phys. 35, 2618 (1964).

(c) Ervett, Ph.D. Thesis, Purdue University, 1951.

(d) Nielsen, Phys. Rev. 50, 950 (1936).

(e¢) Tack, et al., Phys. Rev. 121, 798 (1961).

(f) Caren, Phys. Rev. 131, 1904 (1963).

(g) Jager, et al., Z. Physik 169, 517 (1962).

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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Table 1.6(a)

Values of W for argon for E/N < 0.3 x 10-17ch2 at 300 K
E/N W E/N W E/N W

(10—17ch2) (105cm/sec) (10—17ch2) (105cm/sec) (10_17ch2) (105cm/sec)

0.0001 0.0122° (1) 0.00330 0.65 (a) 0.03436 1.29 (a)

0.000625 0.080 (a) 0.00499 0.84 (a) 0.0525 1.42 (a)

0.000631 0.087 (a) 0.01005 1.01 (a) 0.1045 1.78 (a)

0.001107 0.157 (a) 0.02042 1.15 (a) 0.1758 1.91 (a)

0.001622 0.205 (a) 0.02523 1.15 (a) 0.2123 2.27 (a)

0.002506 0.46 (a) 0.2148 2.00 (a)

Experimental:

(a) Pack, et al., Phys. Rev. 121, 798 (1961).
Theoretical:

(1) Frost, et al., Phys. Rev. 136, A1538 (1964).

Table 1.6(b)

Values of W for argon for E/N < 0.3 x lO_Uch2 at 77 K

E/N W E/N W E/N W
(10_17ch2) (105cm/sec) (10_17ch2) (loscm/sec) (10—17ch2) (105cm/sec)
0.0001 0.0056 (1) 0.001622 <0.095 (a) 0.00499 0.65 (a)
0.000625 0.036 (a) : 0.099 (a) 0.00664 0.94 (a)
0.000781 {0~044 (a) 0.002478 0.169  (a) 0.01688 1.12 (a)

. 0.050 (a) 0.002613 0.161 (a) 0.0698 1.53 (a)
0.000955 0.052 (a) 0.00330 0.243 (a) 0.2655 2.15 (a)
Experimental:

(a) Pack, et al., Phys. Rev. 121, 798 (1961).

Theoretical:

(1) Frost, et al., Phys. Rev. 136, A1538 (1964).

J. Phys. Chem. Ref. Batc, Vol. 4, No. 3, 1975
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) - 2
Values of W for argon for E/N > 50 x 10 17ch

J. DUTTON

Table 1.7

E/N W E/N

W E/N
- - -17 7
(10 17ch2) (107cm/sec) (10 1'7ch2) (107cm/sec) (10 . chz) (10" cm/sec)
52.8 0.40 (b) 93.0 0.62 (b) 170.9 0.98 (b)
53.6 0.43 (a) 97 .6 0.63 (b) 172.8 1.01 (b)
549 0.41 (b) 99.5 0.63 (b) 174.3 1.04 (b)
' 0.44 (v) 99.7 0.74 (D] 174.5 0.98 w)
56.7 0.45 (b) 104.3 0.68. (b) 177.7 1.55 @
57.3 0.50 (a) 115.3 0.83 (c) 177.8 0.99 (b)
58.6 0.44  (b) 116.5 0.72 (b) 179.1 1.10 (b)
58.8 0.60 1 117.3 0.76 (b) 180.6 0.99 (®)
62.0 0.45 (b) 118.9 1.12 (1) 187.2 1.22 (a)
62.6 0.48 (b) 119.5 0.87 (c) 187.3 1.10 (b)
66.0 0.49 (b) - 120.2 0.73 (b) 194.6 1.17 (b)
71.0 0.51 (b) 121.3 0.77 (b) 216.1 1.84 1
73.1 0.54 (b) 125.5 0.77 (b) 250.0 2.10 (1)
73.6 0.56 (c) 133.4 0.84 (b) 277 .4 2.31 (1)
77.9 0.54 (b) 144.5 0.91 (b) 318 2,60 )
86.2 0.85 1 148.3 0.85 (b) 359 2.88 1
87.2 0.66 (c) 149.4 1.34 (9] 398 3.2 (€D)]
88.0 {U.bU (b) 150.0 1.00 (a) 438 3.4 (L)
! 0.69 (a) 150.4 0.87 (b) 480 3.7 (@D)
90.1 0.60 (b) . 157.5 0.96 (b) 523 4,0 1)
90.8 0.60 (a) 163.8 0.97 (b) 550 4.2 (1)
585 4.5 @
Experimenfal : .
(a) Jager, et al., Z. Physik 169, 517 (1962).
(b) Brambring, Z. Physik 179, 539 (1964) .
(c) Wagner, Z. Physik 178, 64 (1964).
Theoretical:
(1) Golant, Sov. Phys.-Tech. Phys. 4, 680 (1959).
Table 1.8
Values of W, for argon
E/N W E/N Wy E/N W
-17 -17 5 7
10" ven?) (10" cm/sec) 10" yem?) (10" cm/sec) 10" ven?) (10 em/sec)
0.0001 0.000057 (1) 0.01 0.0150 (1) 1.252 0.036 (a)
0.0007 0.00040 (1) 0.02 0.0178 (1) 2.518 0.059% (a)
0.0015% 0.00087 (1) 0.03%2¢6 0.0196 (1) 3.0 0.080 (1)
0.002 0.00133 (1) 0.104 0.0240 (1) 6.32 0.152 (a)
0.0025 0.00228 (1) 0.329 0.030 (1) 8.43 0.226 (a)
0.003 0.0041 (1) 0.334 0.051 (a) 12.67 0.3 (a)
0.0635 0.0063 ) 0.501 0.032 {(a) 17.5 0.46 (a)
0.0045 0.0097 (1) 0.626 0.033 (a) 26.11 0.60 {a)
0.0065 0.0128 (1) 1.04 0.039 (1) 36.1 0.73 (a)
59.0 0.95 (a)
Experimental:

(a) Townsend, et al., Phil. Mag. 44, 1033 (1922).

Theoretical:

(1) Engelhardt, et al., Phys. Rev. 133, A375 (i%964).
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Table 1.9(a)
Values of W for krypton at ambient temperatures and above
E/N W E/N W E/N W
(1U-l7ch2) (105cm/sec) (10'17ch2) (lOscm/sec) (10—17ch2) (1050m/sec)
0.000791 0.0108 (a) 0.00774 0.106 (a) 0.0306 1.04 (a)
1.000924 0.0128 (a) 0.00918 0.133 (a) 0.0758 1.27 (a)
0,001525 0.0226 (b) 0.01254 0.210 (a) 0.1496 1.34 (a)
0.002144 0.031 (b) 0.01550 0.33 (a) 0.304 1.57 (a)
).00306 0.042 (b) 0.01712 0.42 (a) 0.609 1.78 (a)
0.0030¢ 0.036 (a) 0 01838 0.51 (a) 0.892 2.00 (a)
0.00458 0.058 (a) 0.02118 0.62 (a) 1.53 2.30 (a)
0.00461 0.066 ) 0.02440 0.86 (a) 1.786 2.51 (a)
0.00617 0.085 (a) 0.02772 1.04 (a) 2.440 2.51 (a)
0.00622 0.095 (b) 3.06 3.2 (a)
kxperimental:
(a) Pack, et al., Phys. Rev. 127, 2084 (1962), data taken at 300 K.
(b) 1Ibid., data taken at 368 K.
Table 1.9(b)
Values of W for krypton at 195 K
E/N W E/N W E/N W
10" ven?) (10°cm/ sec) 0™ ven?) (10%cm/ sec) @0 HMyen?) (10°en/sec)
0.001210 0.0158 0.00465 0.052 . 0.01891 0.40
0.001561 0.0174 0.00617 0.069 0.02475 0.80
0.001851 0.0238 0.00918 0.109 0.0442 1.19
0.00308 0.038 0.01236 0.162 0.0924 1.27
Experimental:

4. Phys. Chem. Ref. Dota, Vol. 4, No. 3, 1975
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Table 1.10(a)

Values of -W for xenon at 300 K

E/N W E/N 1% E/N W
(10—17ch2) (loscm/sec) : (10_17ch2) (loscm/sec) (10-17ch2) (lOScm/sec)
0.001542 0.0058 (a) 0.0499 0.50 (a) 1.837 1.57 (a)
0.00305 0.0126 (a) 0.0552 0.60 (a) 2.178 1.64 (a)
0.00454 0.0188 (a) 0.0618 0.70 (a) 2.735 1.76 (a)
0.00611 0.0250 (a) 0.0692 0.73 (a) 3.15 1.86 (a)
0.00767 0.0292 (a) 0.0918 0.82 (a) 129.5 85 (®)
0.00923 0.037 (a) 0.1074 0.89 (a) 132.8 81 (b)
0.01225 0.047 (a) 0.1239 0.90 (a) 141.4 98 (b)
0.01393 0.054  (a) 0.1556 0.97 (a) 142.5 88 (b)
0.01560 0.062 (a) 0.1871 0.97 (a) 147.1 92 (b)
0.01849 0.059 (a) 0.2483 1.01 (a) 153.9 101 (b)
0.02163 0.087 (ay) 0.307 1.10 (a) 159.5 98 (b)
0.02355 0.101 (a) 0.386 1.13 (a) 162.7 108 (b)
0.02754 0.128  (a) 0.463 1.10 (a) 169.3 114 (b)
0.0308 0.163  (a) 0.652 1.25 (a) 206.9 134 (b)
0.0366 C.256 (a) 0.916 1.31 (a) 224.1 141 (b)
0.0428 0.41 (a) 1.216 1.46 (a) 225.9 147 (b)
0.0466 0.45 (a) 1.528 1.53 (a) 261.9 155 (b)

291.3 173 (b)
Experimental:

(a) Pack, et al., Phys. Rev. 127, 2084 (1962).
(b) Wagner, Z. Physik 178, 64 (1964).

Table 1.10(b)

Values of W for xenmon at 195 K

E/N w E/N W E/N W
-17 - -

(10 chz) (104cm/sec) (10 17ch2) (104cm/sec) (10 17ch2) (104cm/sec)
0.00301 0.095 0.01849 0.75 0.0376 1.84
0.00603 0.199 0.02422 0.80 0.0459 2.98
0.01208 0.428 0.0304 1.21 0.0618 5.9

0.07537 7.3
Experimental:

Pack, et al., Phys. Rev. 127, 2084 (1962).

4. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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Table 1.11(a)

Values of W for hydrogen for E/N < 2.8 x 10_17ch2 at ambient temperatures

E/N W : E/N W E/N W
(}0‘17ch2) (lOscm/sec) (10-17ch2) (105cm/seg) (10_17ch2) (lOscm/sec)
0.001174 0.0217 (a) 0.0303 0.46 (b) 0.303 3.2 (b)
0.001254 0.0203 (a) 0.0364 0.55 (b) 0.364 3.6 (b)
0.001528 0.0245 (a) 0.0455 0.68 (b) 0.455 4.1 (b)
0.002330 0.037 (a) 0.0546 0.80 (b) 0.546 4.6 (b)
1.002488 0.039 (a) -0.0606 0.88 () 0.606 4.9 (b)
3.00303 0.052 (a) 0.0758 1.07 (b) 0.758 5.5 {b)
0.00307 0.047 (a) 0.0909 1.26 (b) 0.909 6.0 (b)
0.01212 0.188 (b) 0.1212 1.59 (b) 1.212 6.8 b)
(0.01516 0.235 (b) 0.1516 1.89 (b) 1.516 7.5 (b)
0.01819 0.283 (b) 0.1819 2.18 (b) 1.819 8.0 (b)
0.02122 0.33 (b) 0.2122 2.45 (b) 2.122 8.6 (b)
0.02425 0.37 (b) 0.2425 2.70 (b) 2.425 9.1 (b)
0.02728 0.42 (b) - 0.2728 2.94 (b) 2.728 9.6 b)
Experimental:

(a) Pack, et al., Phys. Rev. 121, 798 (1961), data taken at 300 K.

(b) Lowke, Austr. J. Phys. 16, 115 (1963), data taken at 293 K.

Table 1.11(b)
Values of W for hydrogen for E/N < 0.3 x 10-17ch2 at 77 K

E/N W E/N w E/N W

(10‘17ch2) (105cm/sec) (10’17ch2) (10'5cm/sec) (10'17ch2) (loscm/sec)
0.00303 0.108 (b) 0.02425 0.66 (b) 0.0795 1.47 (a)
0.00364 0.129 (b) 0.02728 0.72 (b) 0.0909 1.62 (b)
0.00455 0.158 (b) 0.0303 0.77 (b) 0.0954 1.67 (a)
0.00546 0.188 (b) 0.0318 0.79 (a) 0.1193 1.95 (a)
0.00606 0.207 (b) 0.0364 0.87 (b) 0.1212 1.97 (b)
0.00758 0.254 (b) 0.0398 0.92 (a) 0.1431 2.21 (a)
0.00795 0.273 (a) 0.0455 1.01 (b) 0.1516 2.32 (b)
0.00909 0.297 (b) 0.0477 1.04 (a) - 0.1590 2.38 (a)
0.01212 0.383 (b) 0.0546 1.14 (b) 0.1819 2.62 (b)
0.01516 0.46 (b) 0.0557 1.15 (a) 0.1988 2.77 (a)
0.01590 0.48 (a) 0.0606 1.23 (b) 0.2122 2.90 (b)
0.01819 0.53 (b) 0.0636 1.26 (a) 0.2386 3.12 (a)
0.02122 0.59 (b) 0.0716 1.37 (a) 0.2425 3.2 (b)
0.02386 0.64 (a) 0.0758 1.43 (b) 0.2728 3.4 (b)

0.2783 3.4 (a)

Experimental:
(a) Robertson, Austr. J. Phys. 24, 445 (1971).
(b) Lowke, Austr. J. Phys. 16, 115 (1963).
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Table 1.12
-17 -17 2 .
Values of W for hydrogen for 2.8 x 10 < E/N < 110 x 10 "'Vem™ at ambient temperatures
E/N W E/N W E/N W
(10 17ch2) (107cm/sec) (10'17ch2) (1O7cm/sec) (10-17ch2) (107cm/sec)
3.03 0.101 (a) 20, 0.281 (b) 58.1 0.65 (e)
3.64 0.110 (a) 21.22 0.295 (a) 60.6 0.70 ©)
4, 0.115 ) 22. 0.297 (b) 62.3 0.72 (e)
4.55 0.123 (a) 24, 0.31 (b) 64.2 0.74 (a)
5.46 0.135 (a) 24,25 0.32 (a) 68.9 0.77 (e)
6. 0.141 (b) 26. 0.33 (b) 69.6 0.80 (@)
6.06 0.143 (a) 27.28 0.34 (a) 73.8 0.90 @)
7.58 0.161 (a) 30.3 0.37 (a) 75.8 0.92 (c)
8. 0.165 (b) 16.4 {0.42 (a) 78.1 0.94 (e)
9.09 0.179 (a) ' 0.42 (e) 80.8 0.98 (d)
10. 0.187 (b '45 5 {0.51 (a) 84.0 1.0 (e)
12. 0.207 (b) : 0.51 (c) 88.3 1.10 (e)
12.12 0.210 (a) 54.6 {0.63 (a) . 1.14 (d)
14. 0.227 (b) ) 0.62 (c) 90.9 1.15 ()
15.16 0.240 (a) 54.7 0.57 (d) 92.1 1.17 (a)
16. 0.246 (b) 56.7 0.60 (e) 97.0 1.22 (e)
18. 0.264 (b) 57.5 {0.66 (d) 106.1 1.38 (c)
18.19 0.267 (a) ° 0.63 (e)
Experimental:
(a) Lowke, Austr. J. Phys. 16, 115 (1963).
(b) Robertson, Austr. J. Phys. 24, 445 (1971).
(c) Blevin, et al., Austr. J. -Phys. 20, 735 (1967).
(d) Jager, et al., Z. Physik 169, 517 (1962).
(e) Frommhold, Z. Physik 160, 554 (1960).
Table 1.13
Values of W for hydrogen for E/N > 120 x 10”17ch2 at ambient temperatures
E/N W E/N W E/N W
(10 l7ch2) (108cm/sec) (10—17ch2) (108cm/sec) (10_17ch2) (lOch/sec)
121.2 0.168 (a) 270.0 0.43 (b) 952 1.12 (b)
136.4 0.189 (a) 338 0.53 ) 992 1.20 (b)
136.6 0.207 (b) 387 0.59 (b) 1347 1.32 (b)
151.6 0.216 (a) 444 0.67 (b) 1587 1.51 (b)
183.1 0.31 (b) 646 0.86 (b) 2231 1.98 (b)
227.7 0.41 (b) 760 0.95 () 2505 1.83 (b)
5260 2.62 (b)
Experimental:

(a) Blevin, et al., Austr. J. Phys. 20, 735 (1967).

(b) Schlumbohm, Z.
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Table 1.14(a)

Values of W showing the dependence of W on N at various values of E/N in
hydrogen at 77 K

NG 125710 25150 3.772610'° 5.030x10"% 6.287x10"° 7.544x10'° 8.802x10"
k/N(lO_l7ch2) W(loscm/sec)
0.01590 0.478 0.477 0.476 0.476 0.475 0.474
0.02386 0.648 0.645 0.644 0.644 0.644 0.644 0.644
0.0318 0.789 0.788 0.788 0.789 0.789 0.789
0.0398 0.921 0.918 0.917 0.917 0.917 0.918 0.918
0.0477 1.04 1.04 1.04 1.04 1.04 1.04 1.04
0.0557 1.16 1.15 1.15 1.15 1.15 1.15 1.15
0.0636 1.27 1.26 1.26 1.26 1.26 1.26 1.26
0.0716 1.37 1.37 1.37 1.36 1.36 1.36 1.36
0.0795 1.48 1.47 1.47 1.47 1.47 1.46 1.46
0.0954 1.68 1.67 1.66 1.66 1.66 1.66 1.66
0.1193 1.95 1.95 1.94 1.94 1.94 1.94 1.93
0.1431 2.21 2.21 2.20 2.20 2.20 2.19 2.19
0.1590 2.38 2.37 2.37 2.36 2.36 2.36
0.1988 2.76 2.76 2.75 2.75 2.74
Experimental:

All data taken from Robertson. Austr. J. Phys. 24, 445 (1971).

Table 1.14(b)

Values of W showing the dependence of W on N at various values of E/N in
hydrogen at ambient temperatures

N(em ) 1.110x10%1 8.380x10°°  6.000x10%° 1.300x10%¢ 2.764x10%°
E/N0 ven?) w(10%cm/sec)

0.006 0.0084

0.008 0.0111 0.0118 0.0124

0.011 0.0147 0.0155 0.0164

0.014 0.0182 0.0194 0.0207

0.017 0.0220 0.0234 0.0246

0.020 0.0255 0.0275 0.0287

0.023 0.0290 0.0310 - :
0.025 0.0326 0.0351 0.0368 (a)
0.028 0.036 © 0.039 0.0405

0.034 0.043 0. 046 -

0.042 0.054 0.057 -

0.051 0.064 0.068 —

0.057 0.072 0.075 0.078

0.071 0.088 0.092 0.095

0.085 0.103 0.107 0.111

0.0909 0.101 0.110 0.126 0.129
0.1212 0.133 0.145 0.159 0.164
0.1819 0.185 0.198 0.215 -
0.2425 0.235 - 0.246 0.266 0.275
0.364 0.305 0.317 0.334 -
0.485 0.373 0.399 0.421 0.430
0.728 0.488 0.510 0.518 0.533
0.970 0.563 0.584 0.598 0.612 (b)
2.425 0.842 0.867 0.886 0.890
4.85 1.17 1.20 1.22 1.24
9.09 1.65 1.71 1.715 1.73
12.12 1.98 2.05 2.035 2.04
18.19 2.54 2.55 2.60
24 .25 308 - 3.06
36.4 4.02 4.07

Experimental:

(a) Griinberg, Z. Naturforsch. 23A, 1994 (1968).
(L) Grlubery, Z. Physlk 204, 12 (1967).
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Table 1.15
Values of WM for hydrogen

E/N WM E/N : WM E/N WM
(10-17ch2) (105cm/sec) (10—17ch2) (loscm/sec) (10-17VCm2) (105cm/sec)
0.0610 1.07 (a) 1.820 9.33 (a) 24.28 33.7 (a)
0.0760 1.29 (a) 2.130 9.93 (a) 27.30 36.3 (a)
0.0920 1.49 (a) 2.430 10.5 (a) 40.2 49 (b)
0.1210 1.87 (a) 2.569 11.2 (b) 41.4 49 {b)
0.1520 2.22 (a) 2.730 11.0 (a) 81.7 103 (b)
0.1820 2.53 (a) 3.03 11.5 (a) 84.8 109 (b)
0.2120 2.83 (a) 3.64 12.5 (a) 87.8 114 (b)
0.2430 3.11  (a) 4,55 13.8 (a) 90.8 118 {b)
0.2730 3.39 (a) 5.10 i5.2 (b) 94.5 125 (b)
0.303 3.63 (a) 5.46 15.1  (a) 99.1 132 (b)
0.455 4.74  (a) 6.07 16.0 (a) 103.9 140 (b)
0.607 : 5.5 (a) 9.11 19.7 (a) 106.9 145 (b)
0.632 6.0 (b) 10.10 21.6 (b) 110.7 150 (b)
0.659 6.3 (b) 12.14 23.0. (a) 113.6 156 (b)
0.911 6.90 (a) 15.18 25.9 (a) 117.1 162 (b)
1.210 7.88 (a) : 18.21 28.6 (a) 120.9 168 (b)
1.267 8.5 (b) 20.24 32 (b) 125.0 175 (b)
1.520 8.63 (a) 21.25 31.2 (a) 129.0 182 (b)
133.6 189 (b)
Cxperimental:
(a) Creaser, Austr. J. Phys. 20, 547 (1967).
(b) Townsend, et al., Phil. Mag. 42, 874 (1921).
Table 1.1¢
Values of W for nitrogen for E/N < 56 x 10~17ch2
E/N W EB/N W B/N W
(10”17ch2) (105cm/sec)' (lO‘I/chZ) (loscm/sec) (10—17ch2) (loscm/sec)
0.01212 ‘ 0.46 0.2122 2.90 3.03 7.7
0.01516 0.56 0.2425 2,96 3.64 8.7
0.01819 0.67 0.2728 3.03 4,55 10.2
0.02122 0.77 0.303 3.09 5.46 11.7
0.02425 0.88 0.364 3.22 6.06 12.7
0.02728 0.97 0.455 3.43 7.58 14.9
0.0303 1.07 0.546 3.63 9.09 17.1
0.0364 1.25 0.606 3.76 12.12 21.1
0.0455 1.49 0.758 4,02 15.16 25.0
0.0546 1.71 0.909 4,28 18.1¢ 28.8
0.0606 1.82 1.212 4,76 21.22 32.3
0.0758 2.08 1.516 5.2 24.25 35.7
0.0909 2.28 1.819 5.7 27.28 39.0
g.1212 2.55 2.122 6.2 30.31 42.0
0.1516 2.71 2.425 6.7 36.4 48.2
0.1819 2.81 2.728 7.2 45.5 56.8
54.6 65.1
Experimental:

All results taken from Lowke, Austr. J. Phys. 16, 115 (19€3).
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Table 1.17
. ~17 ~17 2
Values of W for nitrogen for 60 x 10 < E/N < 500 x 10 ~'Vem
E/N W E/N W E/N
¢! 0“17ch2) (107cm/sec) ' (10—17ch2) (107cm/sec) (10_17ch2) (107 cm/sec)
60.6 {0.69 (a) 118.8 1.22 (e) 151.6 1.62 (b)
* 0,70 ) 119.2 1.23 (e) 151.7 1.51 @)
61.6 0.72 {c) 120.3 1.25 () 153.5 1.51 (£)
68.6 0.79 () 120.6 {1.17 (£ 155.6 1.46 (f)
73.1 0.83 (c) . 1.23 (e) 161.6 1.62 (£)
0.82 (a) {1.25 (c) 164.2 1.58 (d)
75.8 {o.su () 121.0 1.23 (o) 166.7 1.77 ()
79.1 0.87 (c) 121.2 {1.23 (a) 177.5 1.764 T (f)
86.7 Q.95 (c) : 1.29 (b) 181.9 1.95 (b)
86.9 0.9 (c) 122.2 1.25 (e) 208.0 1.96 (£)
90.9 {0.95 (a) 122.8 1.25 (e) 212.2 2.24 {b)
' 0.97 ) 123.9 1.26 (e) 227.3 2.43 (b)
91.0 0.99  (c) 124.9 1.27 (e 242.5 2.53  (®)
95.1 1.02 (c) 125.4 1.28 (e) 243.0 2.23 £)
104.0 1.10 () 126.9 1.29  (e) 254.8 2,40 (d)
104 .4 1.09  (e) 127.4 1.29 (&) 275.5 2.63 (&)
106.0 l.12 {e) 128.8 1.31 {e) 278.6 2.62 &)
106.1 {1.12 (a) 128.9 1.25 (£) 319 3.4 (h)
: 111 ) 129.3 1.31  (e) 326 3.1 @)
106.5 1.09 (€3} 130.9 1.32 (e) 330 3.3 (d)
106.9 1.11 ) 132.3 1.31 (f) 333 3.1 {g)
107.8 1.13 (e) 132.9 1.34 (e) 337 3.1 (d)
109.3 1.15  (e) 135.0 1.36  (e) 347 3.4 (g)
109.9 1.11 (£) 136.4 1.44 (b) 352 3.4 (d)
110.8 1.15  (e) 136.9 1.37  (e) 371 3.5 (@)
110.9 1.13 (f) 138.9 1.40 (e) 375 3.5 (@)
112.6 1.17 (&) 141.0 1.41 () 378 3.4 (&)
113.3 117 (o) 143.0 1.43 (&) 387 3.5 @)
113.8 1.13 () 144.6 1.46 (£ 400 3.9 2)
114.1 1.18 (e) 145.0 1.45 (e) 403 3.9 {a)
115.8 1,19 (e) 147.1 146 (o) 446 4.5 @)
117.4 1.20 (e) 149.1 1.49 (&) 450 4.5 @)
117.5 1.15 (f) 149.6 1.4 (f) 467 4.0 (h)y
Experimental:
(a) Fischer-Treuenfeld, Z. Physik 185, 336 (1965).
(b) Blevin, et al., Austr. J. Phys. 20, 741 (1967).
(c) Prasad, et al., Brit. J. Appl. Phys. 18, 371 (1967).
(d) Wagner, Z. Physik 178, 64 (1964).
(&) Tholl, Z. Physik 178, 183 (1964).
(f) Frommhold, Z. Physik 160, 554 (1960).
(g) Wagner, et_al., Z. Physik 170, 540 (1962).
(k) Schlumbohm, Z. Physik 182, 317 (1965).

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975



622 J. DUTTON
Table 1.18

Values of W for nitrogen for E/N > 500 x 10" Yven?

E/N W E/N W E/N W
(10_17ch2) (108cmlsec) (10—17ch2) (108cm/sec) (10—17ch2) (108cm/sec)
597 0.42 1253 0.66 2647 1.01
706 0.50 1540 0.85 3560 1.05
955 0.58 1775 0.85 5240 1.34

8240 1.64
Experimental:

All data taken from Schlumbohm, Z. Physik 182, 317 (1965).

Table 1.19(a)

Values of W for nitrogen at 473 K

E/N W E/N W E/N W

(10_17ch2) (105cm/sec) (lO-l[chz) (105cm/sec) (10—1/ch2) (loscm/sec)

0.0617 1.17 0.617 3.6 3.70 8.1

0.1234 1.90 . 1.234 4.6 4.32 8.9

0.1851 2.48 1.851 5.4 4.96 9.9

0.2468 2.75 2.468 6.3 5.55 10.7

0.309 2.99 3.09 7.2

Experimental: ’

All data taken from Hendrick, et al., ORNL-TM-1444, Oak Ridge National Laboratory, Oak Ridge,
Tennessee (1968).
Table 1.19(b)
Values of W for nitrogen at 77 K
E/N W ' E/N W E/N W

@0 yen?) (10%cn/sec) 10" ven?) (10%cm/sec) 10" ven?) (10°cm/sec)
0.000306 0.041 0.00303 0.40 0.1188 3.8
0.000455 0.053 0.00600 0.76 0.1449 3.8
0.000615 0.077 0.0147 1.77 0.1762 3.8
0.000760 0.100 0.02944 2.78 0.2388 3.6
0.001219 0.147 0.0600 3.7 0.2944 3.6
0.001507 0.200 0.0889 3.9 0.443 3.7
Experimental:

All data taken from Pack, et al., Phys. Rev. 121, 798 (1961).

Table 1.19(c)

Values of W for nitrogen at 195 K

E/N W E/N w E/N W
aoyen?y  1o’emysec) wMven”y  woiem/sec) auvVven’)  oiem/sec)
0.000760 0.045 0.00607 0.34 0.0592 2.40
0.001524 0.087 0.0149 0.82 0.0889 2.82
0.00306 0.180 0.02944 1.55 0.1205 2.93

0.1786 3.1
Experimental:

All data taken from Pack, et al., Phys. Rev. 121, 798 (1961).

J. Phys. Chem. Ref. Data, Vol. 4, Ne. 3, 1975



ELECTRON SWARM DATA 623
Table 1.20
Values of W showing the dependence of W on N at various wvalues of E/N in nitrogen
N(em ) 1.039 x 1021 1.84 x 1021 5.233 x 1020 1.036 x 102 2.690 x 10'° 7.82 x 10%°
E/N W
\10-17va2) (lOécm/sec)
0.1212 0.224 (a) 0.242 (a) 0.256 (a) 0.260 (a)
0.1819 0.264 (a) 0.275 (a) 0.284 (a) 0.284 (a)
0.2425 0.285 (a) 0.292 (a) 0.298 (a) 0.298 (a)
0.303 0.307 (a) 0.306 (a) 0.312 (a) 0.312 (a)
0.455 0.327 (a) 0.336 (a) 0.343 (a) 0.345 (a)
0.606 0.353 (a) 0.363 (a) 0.368 (a) 0.371 (a)
0.909 0.404 (a) 0.415 (a) 0.418 (a) 0.422 (a)
1.212 0.558 (b)
1.263 0.523 (b)
1.516 0.484 (a) 0.493 (a) 0.505 (a) 0.500 (a)
1.942 0.645 (b)
2.132 0.603 (b)
2.421 0.623 (b)
2.425 0.62 (a) 0.637 (a) 0.649 (a) 0.649 (a)
2.502 0.750 (b)
2.553 0.769 (b)
2.721 0.745 (b)
3.01 0.781 (b)
3.24 0.855 «(b)
3.33 0.800 (b)
3.56 0.886 (b)
3.64 0.892 (b)
3.92 0.909 (b) 0.949 (b)
4.38 1.030 - (b)
6.06 1.15 (a) 1.205 (a) 1.225 (a) 1.225 (&)
9.09 1.60 (a) 1.63 (a) 1.62 (a) 1.64 (a)
24,25 3.40 (a) 3.33 (a) 3.36 (a)
36.4 4.68 (a) 4,55 (a)
Experimental:

(a) Grunberg, Z. Physik 204, 12 (1967).

(b)

Allen, et al., J. Phys. B 3, 1113 (1972).
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Teble 1.21

Values of WM for nitrogen

E/N WM E/N WM E/N W,
(10~17ch2) (107cm/sec) (10‘17ch2) (107cm/se<:) (10 17VCH12) (107°m/sec)
0.1212 0.0394  (a) 1.212 0.059 (a) 6.06 0.133 (a)
0.1516 0.0415 (a) L1.267 U.U5Y (b) /.98 0.156 (ay
0.1819 0.0427 (a) 1.516 0.062 (a) 2.09 0.179 (a)
0.2122 0.0435 (a) 1.819 0.066 (a) 10.04 0.195 (b)
0.2425 0.0438 (a) 2.122 0.071 1)) 12.12 0.225 (a)
0.2728 0.0445 (a) 2.425 0.074 (a) 15.16 0.270 (a)
0.303 0.043 (a) 2.527 0.077 (b) 18.19 0.316 (a)
0.364 0.046 (a) 2.728 0.079 (a) 20.12 0.34 (b)
0.455 0.047 (a) 3.03 0.084 (a}) 21.22 0.36 {a)
0.546 0.049 (a) 3.64 0.094  (a) 24.25 0.401 {a)
0.60¢ 0.050 (a) 4.55 0.108 (a) 40.2 0.62 {(d)
0.758 0.053 (a) 5.01 0.111 (b) 80.5 1.08 )
0.909 0.055 (a) 5.46 0.123 (a) 161.8 1.81 (b)
Experimental:
(a) Jory, Austr. J. Phys. 18, 237 (1965).

{b) Townsend, et al.,

Phil. Mag. 42, 874 (1921).
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Table 1.22
-17 2
Values of W for oxygen for E/N < 57 x 10 ~'Vem
E/N W E/N W E/N W

wIO—l7ch2) (106cm/sec) (10-17ch2) (lOecm/sec) (10-17ch2) (106cm/sec)
0.00503 0.050 (a) 2.002 1.77 (a) 9.32 3.5 (£)
0.00810 0.080 (a) 2.156 1.85 (a) 9.76 3.6 d)
0.01118 0,111  (a) 2.310 1.91 (a) 9.92 3.7 (£)
0.02043 0.216 (a) 2,318 2.09 (d) 10.59 3.3 (e)
0.02968 0.26 (a) 2.464 1.99 (a) 10.90 3.9 (£)
0.0420 0.33 (a) 2,618 2.05 (a) 11.03 3.8 )
0.0543 0.39 (a) 2.772 2,10 (a) 11.30 3.5 (e)
0.0697 0.41 (a) 2.825 2.50 (c) 11.8¢9 4.0 (£)
0.0851 0.41 (a) 2.880 2.43 @ 12.24 3.5 (e)
0.1128. 0.47 (a) 2.926 2.16 (a) 12.57 4.0 (d)
0.1186 0.38 (b) 2.965 2.38 (b) 13.31 4.4 (f)
0.1313 0.45 (a) 3.00 2.23 (e) 13.67 3.8 (e)
0.1466 0.47 (b) 3.080 2.22 (a) 14.10 4.6 (£)
0.1467 0.48 (a) 3.14 2.00 (£) 14.12 3.9 (c)
0.1621 0.49 (a) 3.37 2.45 (d) 14.55 4.4 ()
0.1775 0.51 (a) 3.38 2.20 (f) 14.86 4.4 (b)
0.1786 0.45 (b) 3./3 2.45 (£) 15.28 3.9 (e)
0.2237 0.52 (a) 4,14 2.54 (d) ‘ 15.82 5.0 (£)
0.2825. 0.55 (c) 4.27 2.67 (d) 15.88 4.0 (g)
0.2853 0.58 a 4,49 2.70 f 4.8 (d)

0.301 0.64 (b) 4.50 2.56 (e)
0.347 0.60 (a) 4.55 2.70 (f) 16.60 4.4 (e)
0.493 0.77 (a) 4.64 2.70 (d) 16.95 4.3 (c)
0.565 0.74 (c) 4,72 2.70 (f) 17.35 4.9 (d)
0.597 0.77 (b) 5.27 2.76 (a) 17.66 5.8 (£)
18.24 4.5 (e)

0.616 {0.88 (a) 5.34 2.80 (£)
' 0.87 (a) 5.65 2.99 (c) 18.36 5.5 (£)
0.770 {1.00 (a) 5.77 2.63 (b) 18.76 5.3 (d)
. 0.99 (a) 5.91 2.74 (d) 18.82 5.3 (d)
0.906 1.14 (b) 5.97 2,74 (e) 19.49 5.8 (f)
19.63 5.1 (e)

0.924 1.12 (a) 6.16 2.95 (£)
1.078 1.23 (a) 6.24 2.94 (d) 19.77 4.8 {c)
1.186 1.33 (v) 6.50 3.00 (£) 21.07 6.2 (£)
1.232 1.34 (a) 6.81 3.05 ¢3) 22.07 6.0 (d)
1.264 1.50 (@) 6.94 3.0 @) 22.600 5.5 L)
22.63 6.6 (£)

1.386 1.43 (a) 7.06 3.1 (£)
1.412 1.51 (c) 7.24 3.0 (d) 24 .42 5.7 (e)
1.44 1.69 (e) 7.58 2.95 (e) 25.42 6.1 (c)
1.486 1.46 (b) 7.77 3.2 (£) 25.71 7.3 (£)
1.540 1.52 (a) 8.37 3.3 () 28.04 7.5 (d)
28.25 6.8 (c)

1.686 1.93 (d) 8.42 3.3 (£)
1.694 1.61 (a) 8.48 3.2 (c) 28.33 7.8 (£
1.695 1.40 (f) 8.50 3.4 (£) 28.65 8.8 (b)
1.756 1.79 (d) 8.93 3.3 (b) 30.4 7.9 (d)
1.848 1.6¢9 (a) 0.12 §3.5 (£) 30.5 6.1 (g)
T 13.1 (e) 31.1 7.5 (c)

J. Phys. Chem. Ref. Datea, Vol. 4, No. 3, 1975



626

J. DUTTON

Table 1.22 (contihued)

Values of W for oxygen for E/N < 57 x 10-'17ch2

E/N E/N \ E/N W
(10"17ch2) (106cm/sec) (10'17ch2) (106cm/sec) (10-17ch2) (106t:m/sec)
33.9 8.2 (c) 42.4 9.8 (c) 48.0 10.8 (c)
36.4 9.2 (@) 44.6 10.7 (d) 50.8 11.3 (c)
36.5 8.8 @ 44.8 10.9 (d) 52.9 11.6 ()
36.7 8.7 () 45.0 8.8 (g) 53./ 1.7 ()
39.6 9.3 (c) 45.2 10.3 (c) 56.5 12.0 (c)
Experimental:
(a) Nelson, et al., J. Chem. Phys. 57, 4079 (1972).
(b) Pack, as given in Hake, et al., Phys. Rev. 158, 70 (1967).
(c) Herreng, Cahiers Phys. 38, 6 (1952).
(d) Nielsen, et al., Phys. Rev. 51, 69 (1937).
(e) Fleming, et al., J. Phys. D 5, 291 (1972).
(f) Doehring, Z. Naturforsch. 7A, 253 (1952).
(g) Naidu, et al., J. Phys. D 3, 957 (1970).
Table 1.23
-17. 2
Values of W for oxygen for E/N > 57 x 10 = Vem
E/N w E/N W E/N w
(10-17ch2) (loacm/sec) (10—17ch2) (108cm/sec) (10_17ch2) (108cm/ sec)
60.7 0.113  (c) 159.1 0.227 (a) 404 0.41 (a)
75.5 0.130 (c) 175.2 0.237 (a) 439 0.41 (a)
90.9 0.145 (c) 189.1 0.256 (a) 433 0.46 (L)
92.8 0.169 (a) 197.0 0.259 (a) 499 0.45 {a)
98.8 0.176 (a) 204.3 0.272 (b) 516 0.43 (a)
105.9 0.162 (e) 204.9 0.275 (a) 547 0.49 (a)
106.7 0.181 (a) 219.8 0.278 (a) 561 0.47 (a)
113.7 0.187 (a) 224.9 0.288 (a) 672 0.58 (b)
121.5 0.194 (a) 233.7 0.292 (a) 698 0.55 (a)
121.7 0.178  (c) 249.5 0.30 (a) 803 0.64 (@)
126.1 0.198 (a) 259.6 0.32 (b) 1180 0.78 (b)
131.2 0.201 (a) 273.1 0.31 (a) 1973 1.03 ()’
135.6 0.192 (c) 288.9 0.31 (a) 2001 0.97 (b)
137.3 0.208 (a) 303 0.33 (a) 2885 1.18 (b)
144.3 0.213 (a) 332 0.40 (b) 3140 1.20 (b)
149.7 0.216 (a) 333 0.35 (a) 7106 1.82 ()
150.3 0.203 (c) 349 0.37 (a) 1293 2.60 {b)
153.1 0.220 (a) 364 0.38 (a) 2239 3.01 (b)
Experimental:
(a) Frommhold, Fortschr. Physik 12, 597 (1964).
(b) Schlumbohm, Z. Physik 182, 317 (1965).
(c) Naidu, et al., J. Phys. D 3, 957 (1970).
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Table 1.24

Values of WM for oxygen

RN W ' E/N W " E/N W

M "M M
,§11;17ch2) (107cm/sec) (10-17ch2)A (107cm/sec) (10—17VCm2) (107cm/sec)
11,067 0.062 12.70 0.41 28.73 0.56
“1.281 0.106 14.36 0.42 40.8 0.73
-1.502 0.134 14.78 0.43 42.0 0.75
42,533 0.203 15.14 : 0.43 42.6 0.75
-3.84 . 0.242 15.38 0.43 51.0 0.87
3.93 0.250 15.53 0.43 53.6 0.85
6426 0.31 18.03 0.44 70.0 1.12
6,44 0.31 : 18.69 0.46 99.2 1.48
7.33 0.33 18.84 0.47 118.9 1.72
9.00 0.36 20.33 0.48 119.6 1.76
9,45 0.37 23.60 0.51 137.7 1.92
11.41 6.39 23.69 0.53 156.5 1.15
11.86 0.40 25.09 0.54 174.6 2.35

Experimental:
"All data taken from Brose, Phil. Mag. 50, 536 (1925).
Table 1.25(a)
Vaiues of W in carbon monoxide at 300 K
CE/N , W E/N W E/N W
(TQTl7ch2) (106cm/sec)' (10—17ch2) (106cm/sec) (10‘17ch2) (ercm/sec)
0.00901 0.032 0.1529 0.50 0.472 0.77
.0.01506 0.053 0.1990 0.61 0.556 0.76
+0.0304 0.105 0.2462 0.69 ) 0.630 : 0.76
0.0613 0.207 0.2971 0.74 0.810 0.76
0.0777 0.246 0.312 0.79 1.287 0.91
0.1236° 0.41 0.387 - 0.78
Exberimental: :
All data taken from Pack, et al., Phys. Rev. 127, 2084 (1962).
Table 1.25(b)
Values of W in carbon monoxide at 77 K
E/N w E/N : W ~E/N W
(IO-lTchz) (106cm/sec) : (10—17ch2) (106cm/sec) (10—17ch2) (106cm/sec)
10.0450 0.093 - 0.2314 0.40 1.566 1.04
0.0600 0.133 ) 0.43 2.195 1.249
0.0761 0.158 0.312 0.50 3.15 1.44
.0.0918 0.196 0.472 0.56 8.05 1.945
0.1224 0.244 0.614 0.67 10.73 ©1.99
0.1571 0.35 G.950 0.83 16.01 2.22
1.090 0.88 26.06 2.71
xperimental:

All data taken from Pack, et al., Phys. Rev. 127, .2084 (1962).
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Table 1.25(c)

Values of W in carbon monoxide at 195 K

E/N W E/N W E/N W
(10-17ch2) (106cm/ sec) (10—17ch2) (106cm/ sec) (10'17ch2) (106cm/ sec)
= %4 -
0.01487 © . 0.040 0.1549 0.38 0.455 0.67
0.02248 0.061 0.2284 0.51 . 0.638 0.64
0.02962 0.078 0.301 0.58 1.573 0.96
0.0758 _ + 0.201 "0.387 0.64
Experimental:

All data taken from Pack, et al., Phys. Rev. 127, 2084 (1962).

Table 1 .>26

Values of WM for carbon monoxide

E/N WM . E/N WM E/N WM ‘
(10_17ch2) (107cm/sec) (10-l7ch2) (107cm/sec). (10_17ch2) (107cm/sec)
0.319 ~ 0.065 2.551 0.162 20.41 0.32
0.638 0.087 5.10 0.225 40.8 0.46
1.276 0.119 10.19 0.265 81.6 0.72

' 163.3 1.44
Experimental:

All data taken from Skinker, et al., Phil. Mag. 46, 630 (1923).

Table 1,27

Values of W, for nitric oxide

M

E/N Wy E/N W E/N W, -
(10’17ch2) (106cm/sec) (10—17ch2)' (106cm/sec) (J.U.'nv«:ml) (1060m/sec)
1.280 2.02 14.99 6.0 31.9 6.7
2.377 2.39 16.09 6.1 33.7 6.8
4,21 -.2.98 17.28 6.3 36.1 7.0
5.85 3.5 18.10 6.3 38.7 7.2
7.04 3.9 19.29 6.4 41.7
5.96 4.4 21.03 6.4 45.2 7.9
10.79 5.0 23.13 6.4 47.7 8.2
11.88 5.3 25.32 6.4 50,2 8.4
13.07 5.6 26.60 6.5 52.8 8.7
14.17 5.8 28.71 6.5 55.6 9.0
30.7 6.6 59.5 9.3
Experimental:

All data taken from Bailey, et al.,-Phil. Mag. 17, 1169 (1934).
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Table 1.28
. =17 2
Values of W for carbon dioxide for E/N < 25 x 10 " Vem
E/N W E/N W E/N
(]O-l7ch2) (105cm/sec) (10_17ch2) (105cm/sec) (10’17ch2) (105cm/sec)
0.0311 0.056 (a) 0.759 1.35 (b) 3.64 6.5 {b)
0.0594 0.115 (a) 0.910 1.62 (b) 4.55 8.2 {b)
0.1506 0.283 (a) 1.214 2.16 (b) 6.07 11.3 (b)
0.301 0.56 (a) 1.517 2.70 (b) 7.59 14.5 (b)
0.303 0.54 (b) 1.820 3.2 (b) 9.10 18.2 (b)
0.364 0.65 (b) 2.124 3.8 (b) 12.14 27.3 (b)
0.455 0.81 (b) 2.43 4.3 (b) 15.17 40 (b)
0.546 0.97 (b) 2.730 4.9 (b) 18.20 55 (b)
0.607 1.08 (b) 3.03 5.4 ®) 21.24 68 (b)
Experimental:
(a) Pack, et al., Phys. Rev, 127, 2084 (1962).
(b) Elford, Austr. J. Phys. 19, 629 (1966).
Table 1.29
Values of W for carbon dioxide for E/N > 100 x 10—17ch2
E/N W E/N W E/N
(10—17ch2) (loscm/sec) (10-17ch2) (108cm/sec) (10_17ch2) (108cm/sec)
114.4 0.134 (a) 909 0.46 (b) 3940 1.09 (b)
126.8 0.143 (a) 1212 0.55 (b) 4240 1.14 (b}
131.5 0.150 (a) 1516 0.62 (b) 4550 1.39 (L)
135.1 0.147 (a) 1819 0.69 (h) 4850 1.24 L)
147.7 0.162 (a) 2122 0.76 (b) 5150 1.28 ()
151.5 0.166 (b) 2425 0.82 (b) 5460 1.33 b)
153.5 0.169 (a) 2728 0.88 (b) 5760 1.37 (b)
158.7 0.172 (a) 3030 0.94 (b) 6062 1.41 (b)
455 0.31 (b) 3330 U.99 (b)
606 0.36 (b) 3640 1.04 (b)
Experimental:

(a) Frommhold, Z. Physik 160, 554 (1960).
(b) Schlumbohm, Z. Physik 182, 317 (1965).
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Table 1.30
. =17 2
Values of W for air for E/N < 9.5-x 10 ~"Vcm
E/N W E/N W . E/N W
(10_17ch2) (106cm/sec) (10—17ch2) (lOscm/sec) (10_17ch2) (106cm/sec)
0.292 0.39 (1) 1.409 0.86 (1) 3.48 1.29 (1)
0.333 0.41 (1) 1.516 0.95 (b) 3.64 1.25  (a)
0.370 0.43 (1) 1.528 0.84 (a) 4.00 1.37 (1)
0.406 0.45 (1) 1.567 0.91 (1) 4,03 1.33 :(a)
0.452 0.47 (1) 1.679 0.94 (1) 4.45 1.43 .. (1)
0.514 0.51 (1) 1.803 0.98 (1) 4.55 {1.50 (b)
0.565 0.53 -(1) 1.828 0.89 (a) ° 1.37 (a)
0. 606 {0.51 (a) 1.849 0.93 (a) 4.89 - 1,50 (1)
. 0.61 (b) 1.932 1.02 (1) 4,92 1.42 (a)
0.619 0.56 (1) 2.099 1.05 (1) 5.10 1.46 (a)
0.673 0.58 (1) 2.125 0.99 (a) 5.43 1.58 (1)
0.740 0.61 (1) 2.333 1.10 - (1) 5.83 1.56 {a)
0.820 0.65 (1) 2.370 1.05 (a) 6.03 1.67 (1)
0.882 0.67 (a) 2.449 1.10 (a) 6.06 1.68 - (b)
0.912 0.68 (1) 2.529 1.14 (1) 6.55 1.70 (a)
©1.014 0.7 Q) 2.716 1.17 (1) 6.70 1.77° (1)
1.140 0.76 (1) 3.30 1.25 (b) 7.53 1.88 (1)
1.143 0.76 (a) 3.05 1.17  (a) 8.43 1.91 (a)
1.297 0.82 (1) 3.090 1.23 (1) 8.87 2.06 (1)
9.09 2.3 (b)
Experimental:
(a) MNielsen, et al., Phys. Rev. 51, €9 (1937).
(b) Hessenauer, Z, Physik 204, 142 (1967).
Theoretical:
(1) Heylen, Proc. Phys. Soc. (London) 79, 284 (1962).
Table 1.31
Values of W for air for E/N > 9.5 x 10‘17ch2
E/N W E/N w ‘ E/N W
(10—17ch2) (107cm/sec) (10_17ch2) (107cm/sec) (10‘17ch2) (107cm/$ec)
9.98 0.222 (1) 43.3 0.73 1) 152.2 1.67 (a)
11.51 0.244 1 47.5 0.78 (1) 160.6 1.89 (b)
12.76 0.264 1) 52.8 0.86 1) 167.2 1.85 (a)
13.87 0.283 (1) 56.6 0.90 1) 171.6 1.94 +(b)
15.42 0.31 1) 62.2 0.97 Q) 183.1 1.94 (a)
16.94 0.34 (1) 67.6 1.04 1) 189.7 2,11 {b)
18.58 0.37 (1) 75.0 1.12 ) 197.2 2.04 {a)
20.18 0.40 (1) 82.4 1.20 (1) 199.8 2.19 (b)
22.18 0.43 1) 90.6 1.28 (1) 223.0 2.39 )
24.04 0.46 (1) 103.0 1.40 (1) 233.5 2.48 (b)
26.42 0.50 (1) 106.3 1.25 (a) 234.2 2.32 (a)
29,38 0.54 (1) 114.2 1.30 (a) 241.6 2.52 {(b)
33.4 0.60 (1) 122.,1 1.31 (a) 258.0 2.69 (b)
36.3 0.64 (1) 137.2 1.51 (a) 270.6 2.81 (b)
39.8 0.69 1) 140.8 1.62 (b) 274.9 2.77 “(a)
' 295.9 2.99 (b)

Experimental:

(a) Frommhold, Fortschr. Physik 12, 597 (1964).

(b) Ryzko, Proc. Phys. Soc. (London) 85, 1283 (1965).

Theoretical:

(1) Heylen, Proc., Phys. Soc. (London) 79, 284 (1962).
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Table 1.32

Values of

W, for air

E/N WM E/N WM E/N WM
’(1Qfl‘7'ch2) (107'cm/sec) (lU-UchQ) (107cm/sec) (1U-17ch7) (.LU7cm/sec)
0.589 0.0277 (a) . 10.02 0.231 (a) . 33.2 0.56 (a)
1,178 0.078. (a) 10.80 0.227 (a) 44.3 0.73 (b)
1.218 0.102  (b) 11.81 0.295 (b) 49.1 0.77 {a) -
1.473 0.068 (a) 12.67 0.256 (a) 49.5 0.76 (a)
2.160 0.083 (a) 13.45 0.288 (a) 59.2 0.89 (b)
2,024 0.136  (b) - 14.51 0.302 (a) 60.5 0.95 (a)
3.04 0.135 (a) 16.20 '0.32 (a) 62.6 0.94 (a)
3.34 00.119 (a) 16.99 0.32 (a) 65.3 0.88 (a)
4,81 0.158 (a) ) 17.81 0.38 (b) 65.6 0.95 (a).
572 0.198 (b) : 18.36 0.36 (a) 68.9 0.95 (a)
5.96 0.175 (a) 19.15 0.36 (a) 74.0 1.04 (b)
'5.99 0.174 (a) 23.52 0.47 (b) 95.5 1.30 (a)
7:.:37 " 0.197  (a) 24.75 0.44 (a) 126.9 1.64 (a)
8.05 0.212 (a) 29.52 0.55 (b) - 131.8 1.53 (a)
8.15 0.196 (a) 30.1 0.53 (a) 193.4 1.99 (a)
8,72 0.246 (b) ‘31.2 0.54 (a) 256.3 2.46 (a)
:8.94 0.217 (a) 32.1 0.55  (a) 468 3.55 (a)
619 4.49 (a)
“xperimental:

(a) Townsend, et al., Proc. Roy. Soc. (London) Ser. A 88, 336 (1913).
(b)  Huxley, et al., Proc. Roy. Soc. (London) Ser. A 196, 402 (1949).

3.2. (Diffusion Coefficient)/Mobility

As au etectron swarm drifts with a velocity W under
the influence of an electric field E, it also diffuses due
10 the agitational velocity of the electrons. The diffusion
i» characterized by a diffusion coefficient D defined by
“the -equation

j=—=DVn, @)

-where-j-is the number of electrons flowing normaily
across unit area per second due to the density gradient
.ol the electrons. At very low electric field strengths, the
diffusion is symmetric and D is a-constant independent
“of" direction. As the electric field strength increases from
“yéry-low values, the diffusion becomes asymmetric and
f»}tfl’e :diﬂ'gsiun coefficient becomes a tensor, with com-
'”.imnén‘ts. D7 and D, transverse to and along the direction
of _:E,,_ ‘respectively.
A; useﬁll and widely measured parameter of an elec-
tron'swarm' is the ratio #/Dr, because
i) it"is directly related to the mean energy of the
E swarm; )
ii)-it- can ‘be related to the collision cross section
" (see-eq (8)), and :
iii) “'when taken together with measured values of W,
it gives ‘values of Dy, which is a difficult parameter
to measure directly.

The equation relating W/D; to mean energy may be
written as

WiDy= (2F[3k) (Ee/kT), (5)

where k is Boltzmann’s constant, T is the absolute
temperature and, k is the so-called Townsend energy
factor which is defined as the ratio of the mean energy
of the electrons to that of gas atoms at 15°C,and F is a
dimensionless constant that depends on the energy
distribution (see L. G. H. Huxley and R. W. Crompton,
in Atomic and Molecular Processes, D. R. Bates, ed.,
Academic Press, New York, 1962, pp. 336-73); F
takes the value 1.5 for a Maxwellian distribution and
1.312 for a Druyvesteyn distribution. ' A
If E is in V.cm™?, the other quantities in ‘cgs units and
T=288 K is adopted as a standard temperature, eq (5)
becomes ' ‘

WiDr=403 (E/ks), (©)

where

k= 3k/2F.
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In order to relate W/D; to the collision cross section,
the expression

Dy= (4m/3N) f:(cS/q.,.)fdc, @

which relates the diffusion coefficient to atomic param-
eters, may be used in combination with eq (1) to give

L (¢Sl qm)f de
f:(ﬂ/qm) (dfjdc)de

DL E|/W =— (m/e) 8)

which has been used [see, e.g., 1062, 2433} 1o obtain
information about g, from data on electron swarms.

Experimentally, W/D, is determined by means of the
Townsend method (see J. S. Townsend, Proc. Roy.
Soc. A80, 207, 1908; A81, 464, 1908) in which the
distribution of the electron current over a given plane
perpendicular to the direction of drift of an electron
swarm originating at a point or line source is measured.
There are considerable difficulties in the analysis of
such measurements, but recent discussion (Crompton,
Australian J. Phys. 25, 409, 1972) has shown that
despite these difficulties the values obtained are valid
in most cases.

The parameter determined is W/D¢ but as can be seen
from eq (6) this quantity depends on N as well as on
EIN. Thus the results of the experiments are usually
given in terms of the parameter

DTE/WzD'r/M,

where u= W/E is the electron mobility. Alternatively,
the results may be expressed in terms of

e=e(Dy/pn),

which is usually known [260] as the “‘characteristic
energy,” because, as can be seen from eq (5), it is
related to the mean energy. Both €, and Di/u are
functions only of E/N; the value of ¢, in electron
volts is, of course, the same as that of D;/u in volts.

Recently, measurements have also been made [see,
e.g., 3313] of W/D_ (where D is the longitudinal diffu-
sion cocfhicicnt in a direction parallel to the electric
field) using time-of-flight methods.

Values of D/u for all the gases with which this survey
is concerned and of D, /u where available are given in
the following sub-sections.

3.2.a. Values of D1/u and of D;/u — Helium

A critical examination of the Townsend method

by Crompton, Elford, and Jory [2433; see also 1622 and
1438] has shown that it is possible, provided sufficient
care is taken particularly in relation to field uniformity,
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to obtain values of Di/u with an error of less than
1 percent. Their results for helium [2433] are shown in
figure 2.1(a). Also shown are the earlier experimental
data [1036, 201], some of which [1036] required an
empirical correction for geometrical distortion. Both
Crompton et al. [2433] and Frost and Phelps [1062]
obtained theoretical values by using the value of ¢y,
discussed in section 3.1.a and the agreement obtained
with their experimental values is shown in figure 2.1(b).
As shown in figure 2.2, there is also good agreement
between experimental [1036] and theoretical [1062]
values of Dy/u obtained at a temperature of 77K.
Sets of values of Dq/u both at ambient temperature and
77 K are given in table 2.1,

There have also been recent measurements [3313]
of D./u for helium using a time-of-flight method and the
values obtained are given in figure 2.1(a) and table 2.2.
(The temperature to which the values of E/p given in
this paper correspond is not clear, but later work [see
5135] shows it was probably 27 °C so this temperature
was assumed here and wherever it is referred to in the
rest of this section.) Also shown in figure 2.1(a) are the
theoretical values obtained by Lowke and Parker [4052]
using the values of gy, obtained in [2433]. There is agree-
ment to within about 15 percent between theory and
experiment.

3.2.b. Vaiues of D;/p— Neon

There are very few data available for Dy/u for neon.
The only experimental measurements are thuse of
Bailey [2280] on neon containing 1 percent helium.
These results are shown in figure 2.3 together with the
available theoretical values {273, 2250] which were
obtained using the energy distribution of [1388] and
various assumed cross sections. Using values of the
momentum transfer cross section obtained from drift
velocity measurements, Robertson [4862] calculated
values of Dy/u which are stated to be about 20 percent
below Bailey’s values. Since Robertson finds the values
of Do/q1 very sensitive to nitrogen impurities he suggests
that molecular impurities in Bailey’s gas samples might
account for the difference.

There are no experimental or theoretical values of
D, /s available for neon.

3.2.c. Valves of D;/p and D./u— Argon

There have been two experimental investigations of
D+/p for argon, the early results of Townsend and
Bailey [199] covering the range 3X10-18 < E/N < 6 %
10~ V c¢m? at room temperature, and the more recent
data of Warren and Parker {1036] in the range 4.5 X
10-2! < E/N < 1.3 X 10-'8 V cm? at temperatures of
77 K and 87 K. Both sets of data are shown in figure
2.4 and tabulated in table 2.3. The theoretical results of
Engelhardt and Phelps {292] calculated using the values
of ¢,. discussed in section 3.1.e are also shown in figure
2.4. There is good agreement between theory and experi-
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nwm except in the range of E/N from about 3 X 16~ 10

;«Recent theorencal values of DL/p. for argon at a
iemperature of 77 K, calculated [4052] using the above
mentioned. cross sections [292] and also the cross sec-
tions obtained by Golden (Phys. Rev. 151, 48, 1966),
are‘shown'in figure 2.5. It can be seen that the results
{hffer for values of E/N between about 10-2° and 10-1°
¥:c¢m?; but agree at higher values of E/N where they lie
iwiow_ :the recent experimental results [3313] obtained
st ;ambient temperatures. These experimental and
theoretical data are given in table 2.4. :
= Athigher values of E/N, Wagner [4971], from observa-
Rion “of -the drift and diffusion of pulsed electron
wyalanches, gave values for Dp/u=6.3+1.1 for 72X
J0-17 < EIN <136 X 10-17 V cm>.

s.z.0. Values of DTIM and D, /p—Krypton and Xenon

The only available expenmental result for Dfp for
krypmn and xenon is a value of about 3.1+0.9 V for
Dyl for E/N in the range from 120X10-17 to
275%10-17 V cm? obtained [4971] from observations on
jlll]ﬂPd avalanches.

‘At -lower values of E/N (<3><]0 17V cm?) theo-
sretical values of D/ p were obtained by Frost and Phelps
41062) and of D /u by Lowke and Parker [4052] using
the cross sections mentioned in section 3.1.g. These
klhmretlcal values are shown in figure 2.6 and glven in
-1ab1es 2.5 and 2.6.

3.2.e. Valves of D1/p and D /p.— Hydrogen

“There have been a relatively large number of in-
véstigations of Dfu for hydrogen and the results at room
‘lemperature may most conveniently be considered in
two - regions of EJN, above and below E/N =10-1
?:V»’-m2 The results in the region of E/N below 10-16 V
m? are shown in figure 2.7. The most recent data [2992]
-_'?_fpr;,DT//.L are accurate to within =1 percent; at the
‘higher values of E/N, these data agree with the earlier
-data-[1438, 689, 352] obtained in the same laboratory
and’ at the lower values of E/N, are regarded as more
.nccurate. Thus to avoid confusion they are the only
:résults of Crompton’s group shown on the figure. It can
“be-seen that all the experimental resulis [2992, 736, 195]
for' Dyju shown in figure 2.7 are in good agreement at
1he higher values of E/N, but that the results of [736]
nioreaqmgly diverge from the others as E/N decreases.
T heoreucal values {181] calculated using the cross
sections referred to in section 3.1.h are in good agree-
ment with the recent experimental data and are shown
4n figure 2.7. The numerical values given in table 2.7 for
EIN:<7X10-17 V em? are those of {2992].
.-.The -recent experimental values [3313] of D,/u for
“hydrogen are shown in figure 2.7, together with the
‘recent. theoretical values {4052] obtained using the
‘same -cross sections as those used for the calculation of

D:/u. The experimental values of D /u are also given
in-table 2.8.

Results for Do/ and Dy/p at values of E/N >10=1¢V
cm? are shown in figure 2.8. Ionization processes begin’
to become important in hydrogen when E/N > 5.6 X
10-1¢ V. cm?. Some of the results [1437, 1778, 5230,
5234] were obtained using an analysis taking ionization
into account, whereas no account was taken-of ionization
in [195] and an unspecified correction for ionization was
made in [3303]. The cross sections which gave theoretical
ionization .coefficients in good agreement with experi-
ment (see sec. 3.7.b(i)) give theoretical values [260] of
D/ much higher (up to 40 percent greater) than the
experimental values and are not shown. The experi-
mental values of D¢/it obtained taking ionization: into
account are included in table 2.7.

Schlumbohm [1625] determined the pulse shape of
electron avalanches in a uniform field electrode system,
so that his values of Dfu, which are also shown in
figure 2.8, represent values of Dy /u.

The two sets [2992, 1036] of available experimental
data for Dy/p at 77 K are in good agreememt with one
another, although that given.in [1036] is based on an
empirical calibration of the apparatus used. The values’
are shown, together with the theoretical values [260]
for this temperature, in figure 2.9. A set of numerical

_values is given in table 2.9.

3.2.f. Values of Dy/u and D, /i — Nitrogen

It is convenient to consider the results for D/u
obtained for nitrogen in two ranges, above and below
a value of. E/N of about 14 X10-17 V ¢m?2. The results
for E/N<14%X10-17 V cm? at ambient temperatures
are shown in figure 2.10. The most recent results [689
and 1429] have an estimated error of less than 1 percent
and these are tabulated in table 2.10. Small differences -
between these results and some of the earlier data {736
and 352] are ascribable to differences in purity of the
gas. Commercial tank nitrogen with an impurity level -
of about 5 in 103 was used in the earlier work compared
with samples containing impurities of a few ppm in the
later experiments.

Also shown in figure 2.10 are the theoretical values
obtained [181, 4052] by numerical solution. of the
Boltzmann equation.

The most recent experimental data [3303] for Dr/u
at values of E/N > 14X 10-"7 V ¢m? show that the re-
sults for spectroscopically pure nitrogen agree with
those for tank nitrogen in this range. These results are
shown, together with earlier experimental data.and
theoretically computed values [4052] in figure 2.11. The
experimental data are also given in table 2.10.

There are also both experimental [1036] and theo-
retical [218] results available at 77 K for the low E/N
range. These are shown in figure 2.12 and a set of
numerical values tabulated in table 2.11.

There are two sets of experimental data {1833, 3313]
available for Dy/u for values of E/N <14X10-17V c¢m?
at room temperature and these are given in figure 2.13
where they are compared with theoretical results {4052]

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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obtained by numerical integration of the Boltzmann
equation.

. For higher values of E/N there is only one set of
xperimental: data [1625] available and these results
ire compared with theoretical values [5233] obtained
by Monte Carlo methods in figure 2.14 (a temperature
of 0 °C has been assumed in reducing the values of
Elp given in this theoretical paper to E/N). The theo-

retical values obtained from integration of the Boltzmann .

~equation [4052] for values of E/N' >14X10-' V ¢m?
are also shown in figure 2.14.
Table 2.12 gives a set of numerical values for DL,[.L
for the whole range investigated.

3.2.g. Values of D1/u and D, /u— Oxygen

The available data for D+/p for oxygen are given in
figure 2.15 and show that the more recent results [649,
‘1269, 5226] which have a quoted error of less than about
‘3 percent lie considerably above the early values [195,
2089] for .E/N > 5X 10~ V cm?” In an attempt to over-
come some of the difficulties experienced in obtaining
values of Dy/p for electrons in the presence of negative

" ions, measurements have also recently been made [4901]
in oxygen containing 1.7 percent hydrogen. The presence

- of the hydrogen rapidly removes O~ ions by an associa-
tive detachment reaction. These results for Dy/u are
also shown in figure 2.15 and can be seen to be in good
agreement with the recent determinations in oxygen
alone.

It has also been shown {2553] that a self-consistent
set of values of the cross sections involved can be found
that gives theoretical values of Dy in good agreement
with the recent experimental values. These theoretical
values are also shown in figure 2.15.

A set of values of Dyfu throughout the range of
E|N investigated is given in table 2.13.

Experimental results for D./u at very low values of
E/N have recently been obtained using the drift-dwell-
drift method (see section 3.3.a). These values are shown
in figure 2.16 where they are compared with theoretical
values [4052] which have been obtained over the range
10-18 < E/N < 10~V cm? using numerical integration
of the Boltzmann equation. The disagréement between
experimental and theoretical values suggests that some
revision of the cross sections used in the theoretical
calculations is necessary.

Schlumbohm [1625] obtained values- of Dl,u from
investigations of avalanche shape at relatively- high
values of E/N >10-15 V cm? This type of experiment
also gives values of D, /u and the results are shown in
figure 2.17.

A composite set of tabulated values of D, /u for oxygen
is given in table 2.14.

3.2.h. Values of D1/ and of D/~ Carbon Monoxide

The only data at room temperature (unspecified)
available for carbon monoxide are those of Skinker and
White [200] for Dq/u shown in figure 2.18. Also shown
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in figure 2.18 are the more recent results of Warren-and
Parker [1036] which were obtained at a temperature of
77 K using an apparatus that required empirical calibra

- tion because. of slight field distortions. The theoretica

values obtained for 77 K by Hake and Phelps [2553] and.
for 293 K by Lowke [4052] using the cross sections nf
Hake and Phelps are also given in figure 2.18 and can:
be seen to be in good agreement with the expenmentaﬁ
values. '
Sets of values of Dy/u at room temperature and at!
77 K are given in tables 2.15(a) and (b), respectively.
There is one set of experimental data [3313] available
for Dy/u. This was obtained at 293 K and is.shown

* together with theoretical values [4052], obtained at both

293 K and 77K, in figure 2.19.
Sets of values of Dy/u are tabulated in tables 2. 16(3]
and (b) for temperatures of 293 K and 77 K, respectively.

3.2.i. Values of D/u~ Nitric Oxide

The only published data on D/u available for nitric
oxide are the early experimental results of Skinker and
White [200] and of Bailey and Somerville [2385] for
Dr/u. Although, as can be seen from figure 2.20, there
is fair agreement between the two sets of data, it should
be noted that the results of Skinker and White showed
a marked dependence of Dy/u on pressure, especially
at the low values of E/N, probably because of the forma-
tion of negative ions.

3.2.j. Values of Dy/p ond Dy /u— Carbon Dioxide

Measurements of D/u for carbon dioxide have been
made over the range 5.6 X 10-* < E/N <1.4X10-%V
cm?. Recent work [2140] has shown experimentally that
below values of E/N of aboul 14X 10~ V cm® autach-
ment has negligible influence on the resulis obtained.
Several sets of data [159, 198, 736, 1036, and 2140] have
been obtained in this range. but only those of Rees
[2140] and of Warren and Parker [1036] extrapolated
approximately to the expected value of Dg/u (see3.3)
at low values of E/N and these results are shown in
figure 2.2]1 and given in table 2.17. ‘

- At higher values of .E/N, it was shown that under the
experimental conditions used in [2140) the effect. of
attachment continued to be negligible up to a value of

‘EIN of about 56X 10-'7 V cm?, and the various sets of

results {2140, 1036, 198, 159] (the data for Dq/u ascribed
to [159] are actually given in Healey and Reed, The
Behavior of Slow Electrons in Gases, 1941, p. 98) are
seen in figure 2.22 to be in good agreement in this
region.

At valucs of E/N grecater than about 56 X 10-17V cm?2,
the results obtained in [2140] showed that processes of
both attachment and ionization become significant and
that values of ionization coefficients and attachment
coefficients are required for the analysis of the resulis.
As a result, the values of Dy are not accurately
established in this region. The results of [2140] given in
figure 2.22 were obtained using an expression that took
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iphization- but not attachment into account. The magni-
!ude .of the further correction required for attachment
iszuncertain, because values for the attachment coeffi-
vient are not accurately known. The values of Dy/p at
the higher values of E/N obtained in [2140] and given in’
figure 2.22 are probably. too low by an amount varying
b{imeen 4 percent and 9 percent depending on the
values used for the attachment coefficient. As can be
seen from figure 2.22, the data of [198], in which there
i -no discussion of ionization and attachment processes,
nre:somewhat lower at these higher values of E/N.

The variation of Dr/u with temperature was in-
vf:étiga’ted experimentally by Warren and Parker [1036]
and:the results are shown in figure 2.23 where it can be
;i‘egn that they are in good agreement with results calcu-
luted by Hake and Phelps [2553] using a self-consistent
set-of collision cross sections.

‘Sets of numerical values of Dy/u at ambient tempera-
tures and 195 K are given in tables 2.17(a) and (b),
‘respectively. v

At relatively low values of E/N <1015V cm? there
xists” one published set of theoretical values [4052]
wfs Dyju for CO; and these are compared in figure 2.24
with_ the experimental data [1833, 3313] which are

“available over a more limited range. _

‘The only values of Dy /u at high values of E/N >10-15
Viem? in carbon dioxide are those obtained by Schlum-

bohm' [1625] from the analysis of the arrival times of

. electrons in an avalanche and these values are shown in

figure 2.25. Table 2.18 gives a set of values of Dy/p in
COs,.

3.2.k. Values of D;/u— Air

Recent values [2813, 2097] of D+/p with an estimated
error of +£2 percent, obtained for dry air, from which
CO: had been removed, are given in figure 2.26 and
table 2.19. (In the region of overlap both sets of
results agree and for clarity only those of [2097] are
included in the figure.) These results are in good agree-
ment with the later results of Rao [5247] and the early
work of Bailey [1332] (not shown) if the temperature in
the latter work is assumed to be 15 °C. As can be seen
from figure 2.26, Townsend and Tizard’s [2104] early
results for dry air lie considerably below the recent
values, possibly because the CO., which is expected
to reduce the mean energy of the electrons, was not
removed in this case. Above E/N of about 10~V cm?
ionization becomes significant and may have affected
the results of [2104]. _

There are no published theoretical values of Di/u
available. Neither are there any published data for
Dy /.
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FIGURE 2.1(a). Dqfp and Di/p as functions of E/N for helium at ambient temperature.
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FIGURE 2.1(b). Comparison of experimental and theoretical values of Di/u for helium at ambient
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FICURE 2.2. Dy/u as a function of E/N in helium at 77 K.
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-FIGURE 2.6. Theoretical values of Dy/u and D;/p for krypton and xenon.
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FiGURE 2.9. Dq/u Aas a function of E/N for hydrogen at a temperature of 77 K.
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FiGURE 2.12. Dy/u, EIN for nitrogen at a temperature of 77 K.
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FIGURE 2.14. D\/ju, E|N for nitrogen for E/N > 14X 1077V cm?,
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FIGURE 2.15. Dq/p, EIN for oxygen.
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ELECTRON SWARM DATA

E/p, W/cm torr)
102 107! R 10%

Experimental: @ Nelson(5135).
Theoretical: ~ * Lowke(4052)

FiGURE 2.16. Di/u, EIN for oxygen for E/N <3 X107 V em?.
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Experimental: © Schlumbohm(1625).

FIGURE 2.17. Experimental Dy/u, EIN for oxygen for E/N > 10~ V cm?.
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Experimental: @ Skinker(200); & Warren(l1036).
Theoretical: -+ Hakel(2553); + Lowke{4052).

F1GURE 2.18. Dy/u, E/N for carbon monoxide at ambient temperatures and 77 K. (A temperature of

15 °C was assumed for the conversion of the values of E/p given in [200] to values of

EIN.)
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E/p. (V/cm torr)
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Experimental: @ Wagner(3313),
Theoretical: -, + Lowke(4052),
FIGURE 2.19. Dyju, EIN for carhon monc_oxide at 293 K and 77 K.
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Experimental:  0,4,9.0 Skinker(200); + Bailey(2385).

FiGURE 2.20. Experimental Dy/pt, (E/N) g, for nitric oxide. (A temperature of 15 °C was assumed in
both cases to convert the given values of :E/p to values of iE/N. ).
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Experimental: © Reesi{2140); [ Warrenl1036),

FiGURE 2.2]1. Experimental Dy/u, E/N for carbon dioxide for E/N < 14 X 10-*7 V cm?.
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Experimental: © Reesl2140); 0 Warren(1036);
¥ Skinker{198); x Bailey(159),

FIGURE 2.22. Experimen‘tal Dy/u, EIN for carbon dioxide for E/N > 14X 107 V cm?
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E/p. V/cem torr)
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Experimental: = B,+ Warren(1036).
Theoretical: ~ -q, b Hake(2553).
FicuRE 2.23. DT/u, EIN for carbon dioxide at various temperatures.
: E/p. (V/em torr)
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Experimental: + Fink{1833); 0 Wagner(3313).
Theoretical: - * Lowke(4052).

FIGURE 2.24. Dyju, EIN for carbon dioxide for_ EIN <1075 V cm?,
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E/p, 1103 V/em torn)
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FIiGURE 2.25. Experimental D ju, E/N for carbon dioxide for E/N > 10~ V cm2.
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Experimental: O Crompton{2097); & Rees(2813);
+ Townsend(2104),

Ficure 2.26. Experimental Dy/u, E/N for dry air. (The data of [2097] and [2813] refer to dry air with

CO, removed, whereas the data of [2104] refer to dry air containing CO.. The temperature
assumed for the conversion of E/p to E/N in [2104] is 15 °C.)
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Table 2.1(a)

Values of DT/u for helium at ambient femperatures

649

(a) Warren, et al., Phys. Rev. 128, 2661 (1962), data taken at 300 K.
(b) Crompton, et al., Austr. J. Phys. 20, 369 (1967), data taken at 293 K.

(c) Townsend, et al., Phil. Mag. 46, 657 (1923), data taken at 288 K.

E/N DT/u E/N : DT/ u E/N DT/ i
i1o'17ch2) _(10'1v) (10"17va2) (10"1v) (10’17ch2) (1o°lv)
_0;001133 0.203 (a) 0.02124 0.302 (b) 0.455 2;170 (b)
0.001804 0.234 (a) 0.02430 0.313 (b) 0.546 2.545 (b)
*0.002834 0.256 (a) 0.02730 0.325 (b) 0.607 2.789 (b)
0.00360 0.255 (a) 0.0303 0.337 ™ 0.759 3.400 (b)
0400515 0.254 (a) 0.0364 0.362 (b) 0.910 3.990 (b)
0;00543 ©0.254  (a) 0.0455 0.400 (b) 1.214 5.20 (b)
+0.00720 0.260- (a) 0.0546 0.441 (b) 1.517 6.40 (b)
0.00776 0.260 (a) 0.0607 0.468 (b) 1.820 7.55 ‘(b)
0.00823 0.262 - (a) 0.0759 0.534 (b) 2.124 8.76 (b)
0.01133 0.271 (a) 0.0910 0.604 (b) 2.43 9.96 {b)
0.01177 ‘0.266 (a) 0.1214 0.741 (b) 2.730 11.17 {b)
0.01242 0.275 (a) 0.1517 0.874 (b) 3.03 12.41 (b)
0.01645 0.279 (a) 0.1820 1.01 - (b) 5.02 22.8 . ()
0.01707 ~ 0.284 (a) 0.2124 1.141 (b) 8.35 33. {c)
0.01773 0.280 {(a) 0.243 1.271 (b) 10.07 36. (c)
0.01804 0.295 (a) 0.273 l.405> b) 12,52 39. (c)
0.01878 0.295 (a) 0.303 1.536 (b) 15.80 44, (c)
: ' 0.364 1.792- (b)
'Exﬁerimentalz
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Table 2.1(b)

Values of DT/u for helium at 77 K

E/N D/u ~ EMN Dy/u E/N D /u
10" yem?) 1o lvy 10" yen?y @0 tvy 20" Yyem?) oty
0.0002943 0.066 0.00882 0.094 0.0615 0.34
0.000463 0.065 0.00959 0.096 0.0751 0.41
0.000537 0.063 0.00990 0.098 0.0779 0.40
0.000736 0.067 0.01158 0.113 0.0820 0.45
0.000820 0.064 , 0.01161 0.093 0.0829 0.44
0.000844 0.063 0.01183 0.104 0.0844 0.48
0.001158 0.069 0.01236 0.115 0.0882 0.47
0.001236 0.066 0.01288 0.112 0.0959 0.49
0.001288 0.065 0.01344 0.116 0.0990 0.52
0.001344 0.065 0.01416 0.116 0.1161 0.58
0.001475 0.067 0.01475 0.129 0.1183 0.61
0.001940 0.066 0.01506 0.118 0.1236 - 0.635
0.001984 0.066 0.01524 0.120 0.1288 0.67
0.002052 0.066 0.01822 0.133 0.1344 0.73
0.002105 0.070 0.01984 0.144 0.1416 0.71
0.002114 0.069 0.02052 0.150 0.1506 0.77
0.002689 0.069 0.02114 0.156 U.1524 0.75
0.002943 0.071 0.02151 0.150 0.1822 : 0.88
0.00301 0.070 ~ 0.02397 0.160 0.1940 0.95
0.00309 0.068 , 0.02689 0.185 0.1984 0.96
0.00311 0.070 0.02903 0.187 0.2052 - 1.02
0.00323 0.071 0.0301 0.194 . 0.2151 1.05
0.00385 0.074 0.0305 0.190 0.2397 1.11
0.00410 0.074 0.0309 0.203 0.2903 1.35
0.00463 0.077 0.0311 0.199 0.301 1.42
0.00475 0.077 0.0323 0.206 0.305 1.38
0.00484 0.077 0.0385 0.248 0.309 1.44
0.00497 0.074 0.0410 0.250 ©0.311 1.45
0.00537 0.080 0.0435 0.254 0.456 2.03
0.00587 0.080 0.0456 0.270 0.472 2.12
0.00608 0.094 0.0475 0.279 0.497 2.19
0.00615 0.081 0.0484 0.286 0.581 2.5
0.00736 0.090 0.0497 0.286 0.609 2.6
0.00751 0.084 0.0537 0.32 0.668 2.9
0.00779 0.088 0.0581 0.33 0.829 3.4
0.00820 0.089 . 0.0587 0.33 0.916 3.8
0.00844 0.092 0.0608 0.33 1.161 5.2
Experimental:

All data taken from Warren, et al., Phys. Rev. 128; 2661 (1962).
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All data taken from Warren, et al., Phys. Rev. 128, 2661 (1962).

6551
Table .z
Values of DL/u for helium at ambient temperatures
‘ ?{N DL/u ) E/N DL/u E/N DL/u
10 yen?) (10 v - @0 ven®) o' 10 ven?) o™tv)
-0.00914 0.253  (a) 0.1563 0.51 (a) 1.184 2,69  (b)
001826 0.265 (a) 0.2607 0.83 (a) 1.234 2.83 “{b)
70.02442 - 0.291 (a) , 0.2819 0.78 (b) 1.540 3.6 (b)
10,0302 0.293 (a) 0.300 0.89 (a) 1.816 4.2 (b)
-0.0441 0.31 (a) 0.397 1.13 (b) 2.031 4.9 (b)
“0.0446 0.29 (a) 0.526 1;61 (a) 2.322 5.5 (b)
0.0585. - 0.34 (a) 0.530 1.45 () 2.667 6.4 {d)
0.0736 0.29 (a) - 0.728 1.76 (b) 3.00 7.6 (b)
0.1442 . 0.51 (a) 0.740 1.95 (a)
0,1457 0.58 (a) 0.915 2.17 (b)
Experimental: )
‘(a) Crompton, as given in Lowke, et al., Phys. Rev. 181, 302 (1969).
(b) Wagner, et al., J. Chem. Phys. 47, 3138 (1967).
Table 2.3(a)
Values of DT/u for argon at 288 K
E/N ) DT/U ) E/N : DT/u E/N DT/?J
‘@0 ven?y @0ty R ) a0 vy 10" yen?) ot
10,313 23.6 1.252 42, 12.67 77.
0,334 23.8 2,518 68. 17.58 76.
0,501 27.5 3.73 80. 26.11 80.
0.626 31. 6.32 84. 36.1 81.
0.668 32. 8.43 79. 59.0 80.
ixperimental:
All data taken from Townsend, et al., Phil. Mag. 44, 1033 (1922).
Table 2.3(b)
Values of DT/u for argon at 77 K
E/N DT/H E/N DT/u E/N DT/U
(10" ven?) a0 v aMva?y | @ tv) 0" ven?) a0™v)
u. 000466 0.066 0.001257 0.080 0.002524 O.V182
-0,000553 0.0663 0.001630 0.085 0.002794 0.277
0.000699 0.069 0.001760 0.093 0.00302 0.39
-0,000931 0.072 0.002012 0.106 0.0627 13.6
“0.001006 0.075 -0.002328 0.144 0.0931 15.1
0.1257 16.4
Eiperimental:
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Table 2.3(c)

Values of DT/u for argon at 88 K

E/N DT/u E/N DT/u . E/N DT/u
@0 ven?) aoly) 10" ven?) oty @0 ven?) a0ty
0.00311 0.65 0.00584 2.91 0.02561 8.8
0.00348 1.03 0.00730 3.5 0.02924 8.8
0.00394 1.50 0.01024 4.7 0.0363 10.2
0.00438 1.91 0,01462 6.4 0.0410 10.0

0.02189 8.0 0.0512 11.5
Experimental: )
All data taken from Warren, et al., Phys. Rev. 128, 2661, (1962).
Table 2.4(a)
Values of DT./u for argon at ambient temperature

E/N DL/U E/N DL/U E/N DL/M
@0 ven?) @0ty 10" vem?) ao”tvy 10 ven®y @o ')
0.0445 1.91 0.607 5.6 1.473 7.4
0.0971 2.38 0.797 6.1 1.866 8.1
0.1659 3.6 0.963 6.4 2.080 8.6
0.2509 3.8 1.101 6.6 2.384 9.0
0.312 4.2 1.271 6.9 2.578 9.2
0.437 4.6 1.384 7.4 3.02 10.4
Experimental:

All data taken from Wagner, et al., J. Chem. Phys. 47, 3138, (1967).
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Table -2.4(b)

Values of Dt/u for argon at 77 X

E/N DL/u E/N DL/u E/N DL/u
0 Yyen?) @ty (10" ven?) a0ty @0 Yven?) @ty

0.000300 0.068 (2) 0.00364 2.49 (1) 0.00991 0.8 (2)
0.000303 0.067 (1) 0.00378 1.23 (2 0.01214 0.8 (1)
70.000455 0.067 (1) 0.00394 2.58.. (1) 0.01242 0.86 (2)
0.000552 0.070 (2) 0.00406 1.55  (2) 0.01721 0.91  (2)
0.000607 0.068 (1) 0.00418 1.81  (2) 0.0182 0.93 (1)
0.001043 0.073 (2) 0.00425 2.43 (1) 0.02349 1.02  (2)
$0.001214 0.076 (1) 0.00436 1.86  (2) 0.0243 1.03 (1)
0.001551 0.082 (2) 0.00455 2.11 (D) 0.0303 1.2 O
70.,00182 0.120 () ) 0.00461 1.98 2) 0.0420 1.32 (2)
0.002001 0.103 (2) 0.00495 1.89  (2) 0.0455 1.33 Q)
0.002209 0.119 (2) 0.00539 171 (@) 0.0607 1.53 (1)
0.002371 0.148 (2) 0.00546 1.61 (1) 0.0876 1.80  (2)
0.00243 0.455 (1) 0.00570 1.51 (2 0.1909 2.5 (2)
0.002545. 0.192 (2) 0.00607 1.09 (¢D) 0.4790 3.9 (2)
0.002732 0.268 (2) 0.00612 1.30 (2 1.073 5.7 ()
0.002974 0.40 (2) 0.00676 111 (@) 1.864 7.2 (@)
“0.00303 1.49 () 0.00715 0.97 2) 3.15 9.4 (2)
0.00306 0.53 2) 0.00801 0.91 (2)

0.00324 0.68 2) 0.00872 0.87 (2)

0.00348 0.9 (2) 0.00910 0.82 (1)

Theoretical: v

(1) Lowke, et al., Phys. Rev. 181, 302 (1969), using'qm given in Engelhardt, et al., Phys. Rev.
133, A375 (1964).

(2) TIbid., using values of 4, given by Golden, Phys. Rev. 151, 48 (1966).

Table 2.5(a)

Values of DT/u for krypton

E/N DT/]J E/N D,r/].l E/N DT/U

-17. 2 - -
@0 yen?) W) 10 yen?) ™) @0 yen?) V)
0.002083 0.0261 0.01715 0.229 0.0417 0.85
0.00400 .0.0268 0.019 0.292 0.0659 1.26
0.00659 0.0291 0.02083 0.35 0.2083 2.78
0.00932 0.039 0.02553 0.49 0.659 5.2
0.01318 0.106 0.02946 0.59 2.083 8.3
‘Theoretical:

A1l data taken from Frost, et al., Phys. Rev, 136, A1538 (1964).
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Iable 2.5(b)

Values of DL/u for krypton

E/N D, /u E/N D, /u E/N D, /u
(10 Yyen?) ) @0 yen?) W) 10" yen?) W)

0.002083 0.0263 0.01715 0.515 0.0417 0.221
0.00400 ) 0.0279 0.019 0,538 0.0659 0.214
0.00659 0.0337 0.02083 0.512 0.2083 0.293
0.00932 0.0673 0.02553 0.381 0.659 0.467
0.01318 0.281 0.02946 0.299 2,083 0.821
Theoretical:

All data taken from Lowke, et al., Phys. Rev. 181, 302 (1969).

Table 2.6(a)
Values of DT/u for xenon

E/N DT/u . E/N DT/U E/N , DT/U
10 ven?) ) @0 Vven?) W a0 Myen?) W
0.002494 0.0259 0.0400 0.210 0.1576 1.21
0.0100 0.0268 0.0499 0.35 0.2494 1.65
0.01576 0.0289 0.066 0.55 0.788 3.2
'0.02494 0.052 0.0788 0.67 2.494 5.4
0.0353 0.146 0.1114 0.93
Theoretical:

All data taken from Frost, et al., Phys. Rev. 136, Al538 (1964).

Table 2.6(b)
Values of DL/u for xenon

E/N DL/u E/N DL/u E/N DL/u
10" yen?y ™) (20" yen?) ) 20 yen?) W)
0.0024694 0.0260 0.0400 0.44 0.1576 0.208
0.0100 0.0281 0.0499 0.47 0.2494 0.233
0.01576 0.034 0.066 0.32 0.788 0.33
0.02494 0.108 0.0788 0.243 2.494 0.61
0.0353 0.34 0.1114 N.194
Theoretical:

All data taken

from Lowke, et al., Phys. Rev. 181, 302 (1969).
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-All data taken from Wagner, et al., J. Chem. Phys. 47, 3138 (1967).
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Table 2.7
Values of DT/u for hydi'ogen at ambient temperatures
.LE/'N Dp/u E/N D /u E/N D./u
a0 Yyen?) 2 @0 " ven?) W 107 7 ven?) W)
0.01821 0.0258 - (a) 3.64 0.267 (a) 134.7 3.2 ()
0.02428 0.0262 (a) 4,55 0.310 (a) - 148.5 3.2 (b)
‘0.0304 -0.0265  (a) 5,46 0.350 (a) 142.6 3.5 (d)
0.0455° 0.0275 (a) 6.07 0.374  (a) 153.6 3.3 (b)
10,0607 0.0286  (a) 13,24 0.60 (@) 157.2 3.7 (@)
?"0;0759 0.0297 ¢ (a) 18.24: 0.84 (c) 162.8 3.5 ()
0.0911 0:0308 (a) 26.66 1.16 (c) 169.5 3.5 (b)
10.1214 0.0330 -(a) 28,20 1.02 ) 171.5 3.8 @)
0.1518 0.0353  (a) 31.0 1.08 (b) 184.5 3.6 (CHE
0.1821 0.0375 (a) 39.3 1.54 (e) 188.0 3.7 (e)
0.2125 0.,0396 (a) §1.4 1.47 ) 200.0 3.8 (b)
0.2428: 0.0418. (a) 45.6 1.56 (®) 215.9 4.0 ()
0.2732 0.0439 (a) 53.3 1.92 (e) 216.1 4.0 (c)
0.304 0.0459 " (a) 56.4 1.95 @) 254.0 4.2 (c)
0.364 0.0500 (a) 61.9 2.00 ®) 294.6 4.5 (c)
0.455 0.0562 (a) ' 68.8 2,27 (c) 340 4.7 ()
0.546 0.0625 (a) 70.3 2.40 @) 379 4.9 (c)
0.607 0.0668 (a) 77.4 2.32 (b) 425 5.1 (c)
0.759 0.0779 (a) 84.9 2,65 @@ 469 5.3 (c)
0.911 0.0888 (a) 87.0 2.62 (c) 521 5.5 ()
1.214 0.1112 (a) 92.5 2.55 (b) 580 5.7 (c)
1.518 0.1334 (a) 98.8 2.84 @) 651 6.0 {c)
1.821 0.1551 (a) 107.9 2.78 (®) 721 6.2 (c)
2.125 0.1761 <(a) 110.8 2.98 (c) 798 6.5 (c)
2.428 0.1962 (a) 113.4 3.2 @) 884 6.7 {c)
2.732 0.215 " (a) 123.4 2.97 (b) 995 7.1 ()
3.04 0.233 (a) 127.3 3.2 «)
Experimental:

(a) Crompton, et al., Austr. J. Phys. 21, 43 (1968).

(b) Crompton, et al., in Proc. of the Seventh International Conf. Phen. Ion. Gases (Belgrade,
22-27 August 1965) B. Perovic and D. Tosic, eds., Gradevinska Knjiga Publishing House,
Belgrade 1, 86 (1966).

(¢) TLawson, et al., Brit. J. Appl. Phys. 16, 1813 (1965).

(d) Virr, et al., 1st Int. Conf. Gas Discharges, London 530 (1970).

Table 2.8
Values of DL/u for hydrogen at ambient temperature
E/N - DL/u E/N D, /u E/N DL/u
(20" yead) o lvy a0 Vyen?) oty 10 Vyen?y ao v

0.139 0.275 0.737 0.41 2.143 0.83
0.1879 - 0.286 0.858 0.46 2.455 0.93
0.2698 0.30 0.982 0.47 2.561 0.99
0.336 0.33 1.112 0.53 3.05 1.12
0.400 0.34 1.155 0.56 3.64 1.28
0.524 0.37 1.358 0.63 4.56 1.60
0.582 0,40 1.464 0.65 5.02 1.67
0.646 0.39 1.955 0.77 5.86 1.87
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Table 2.9

E/N DT/u E/N DT/u E/N DT/u
20" ven?) 107v) (10" ven?) (107v) (10" yen?) (107v)

0.000484 0.066 (a) 0.0300 0.118 (b) 1.600 1.31 (b)
0.000491 0.066 (a) 0.0350 0.127 (b) 1.800 1.45 (b)
0.000761 0.066 (a) 0.0400 0.135 (b) 2.000 1.60 (b)
0.000770 0.064 (a) 0.0450 0.143 (b) 2.50 1.93 (b)
0.000969 0.068 (a) 0.0500 0.151 (b) 3.00 2.24 (b)
0.001232 0.069 (a) 0.0600 0.165 (b) 3.50 2.52 {b)
0.001326 0.061 (a) 0.0700 0.178 (b) 4.00 2.78 (b)
0.001385 0.070 (a) 0.0800 0.189 (b) 4.50 3.02 (b)
0.001919 0.067 (a) 0.0900 0.200 (b) 5.00 3.25 (b)
0.001937 0.068 (a) 0.1000 0.210 (b) 6.00 3.66 (b)
0.002000 0.0676 (b) 0.1200 0.229 (b) 7.00 4.05 (b)
0.002500 0.0681 (b) 0.1400 0.247 (b) 8.00 4.40 (b)
0.00300 0.0685 (b) 0.1600 0.263 (b) 9.00 4,74 (b)
0.00350 0.0690 (b) 0.1800 0.278 (b) 10.00 5.06 (b)
0.00400 0.0696 (b) 0.2000 0.294 (b) 12.00 5.65 (b)
0.00450 0.0702 (b) 0.2500 0.329 (L) 14 6.11 (¢D)
0.00500 0.0709 (b) - 0.300 0.364 (b) 17 6.94 )
0.00600 0.0723 (b) 0.350 0.398 (b) 20 7.24 ¢H)
0.00700 0.0738 (b) 0.400 0.433 (b) 30 10.71 1)
0.00800 0.0755 (b) 0.450 0.467 (b) 40 - 14,73 (1)
0.00900 0.0772 (b) 0.500 0.502 (®) 50 18.68 (D)
0.01000 0.0790 (b) 0.600 0.572 (b) 60 22.9 )
0.01200 0.0827 (b) 0.700 0.642 (b) 70 26.3 )
0.01400 0.0867 (b) 0.800 0.713 (b) 80 29.6 (&8}
0.01600 0.0907 (b) 0.900 0.786 (b) 90 32.4 (1)
0.01800 0.0946 (b) 1.000 0.860 (b) 100 35.0 (1)
0.02000 0.0986 (b) 1.200 1.01 (b) 125 39.9 (1)
0.02500 0.108 (b) 1.400 1.16 (b) 150 44.5 (1)
Experimental:

(a) Warren, ct al., Phys. Rev. 128, 2661 (1962).

(b) Crompton, et al., Austr. J. Phys. 21, 43 (1968).
Theoretical:
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Table 2.10
Values of DT/u for nitrogen at ambient temperatures
E/N D,/ E/N D, /u E/N D, /u
@0 yen?) W 0 Yyen?) W) 10 ven?) W)
"0.01833 0.0262 (a) 0.620 0.180 (a) 9.17 0.88 (a)
“0.02451 0.0270 (a) 0.758 0.219 (b) 12.12 0.98  (b)
0.0310 0.0279  (a) 0,909 0.256 (b) 12.26 0.94 (a)
0.0469 0.0305 (a) 0.937 0.255 (a) 14.90 1.07 (c)
0.0620 0.033 (a) 1.212 0.33 (b) 15.16 1.04 (b)
0.0775 0.037 (a) 1.516 0.39 (b) 18.19 1.09 (b)
0.0927 0,040 (a) 1.567 0.38 (a) 20.13 1.11 (d)
0.1212 0.048 (b) 1.819 0.45 (b) 21.22 1.12 (b)
0.1240. 0.048 (a) 1.874 0.44 (a) : 1.13 (e)
_’0.1‘516 0,057 (b) 2.122 0.50 (d) 24 .25 1.18 (h)
0.1567 0.057 (a) 2,192 0.48 (a) 29.80 1.25 (c)
0.1819 0,066 (b) 2.425 0.54 (b) 30.3 1.25 (e)
0.1874 0.066 (a) 2,479 0.51 (a) 40.4 1.29 @
0.2122 0.075 (b) 2.728 0.57 (b) 44,7 1.36 {c)
0.2192 0.075 (a) 2.77 0.55 (a) 45.5 1.36 (e)
10,2425 0.085  (b) 3.03 0.61  (b) 59.6 1.48  (c)
0.2479 0.083 (a) 3.13 0.58 (a) 60.6 1.46 (e) .
0.2728 0.094 (b) 3.64 0.66 (b) 74.5 1.63 (c)
0.2803 0.093 (a) 4.53 0.69 (a) 75.8 1.59 (e)
0.303 0.103 (b) 4,55 0.72 (b) 80.5 1.68 )
0.364 0.120 (b) 5.46 0.77 (b) 90.9 1.76 (e)
0.455 0.145 (b) 6.06 0.80 (b) 106.1 1.97 (e)
0.464 0.142 (a) 6.13 0.77 (a) 121.2 2.19 (e)
0.546 0.168 (b) 7.58 0.85 (b) 163.8 2.95 (d)
‘0,606 0.182 (b) 9.09 0.90 (b)
Experimental:
“(a) Crompton, et al., in Proceedings of the Sixth International Conference on Ionization
Phenomena in Gases, Paris 8-13 July 1963, (P. Hubert and E. Cremieu-Alcan, Eds., Serma,
Paris, 1963), Vol. 1, p. 337. : '
(b) Jory, Austr. J. Phys. 18, 237 (1965).
(c) Crompton, et al., Proc. Roy. Soc. London, Ser A 215, 467 (1952).
(d) Townsend, et al., Phil. Mag. 42, 874 (1921). '
(e) Naidu, et al., Brit. J. Appl. Phys. (J. Phys. D 2) 1, 763 (1968).
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Table 2.11
Values of DT/u for nitrogen at 77 K

E/N D, /u E/N D, /u E/N D, /u

10 ™ ven®) 107w 10 ven®) 107*v) @ Mven®)  @otw

0.000699 0.067 (a) 0.0320 0.104 (a) 1.009 2.87 (a)

0.000813 0.065 (a) 0.0385 0.115 (a) 1.267 3.3 (a)

0.000832 0.066 (a) 0.0506 0.136 (a) 1.279 3.4 (a)

0.001397 0.067 (a) 0.0574 0.155 (a) 1.599 4.1 (a)

0.002033 0.068 (a) 0.0633 0.165 (a) 2.018 5.0 (a)

0.002080 0.068 (a) 0.0640 0.168 (a) 2.238 5.2 (a)

0.002555 0.065 (a) 0.0770 0.202 (a) 2.530 5.4 (a)

0.002794 0.070 (a) 0.0894 0.230 (a) 5.06 7.6 (a)

0.00376 0.069 (a) 0.1009 0.30 (a) 8.41 8.8 (a)

0.00407 0.068 (a) 0.1267 ) 0.34 (a) 10 9.9 1

0.00640 0.068 (a) 0.1276 0.34 (a) 20 1.16 (1)

0.00699 0.074 (a) 0.1605 0.45 (a) 30 1.26 (¢D)

0.00751 0.072 (a) 0.1925 0.57 (a) 40 1.34 (€8]

0.00770 0.068 (a) 0.2018 0.57 (a) 50 1.42 (1)

0.00813 0.073 (a) 0.2530 - 0.79 (a) 60 1.51 1)

0.01087 0.076 (a) 0.2555 0.78 (a) 70 1.60 1)

0.01276 0.074 (a) 0.320 0.99 (a) 110 2.10 1)

0.0159¢ 0.078 (a) 0.385 1.21 (a) 140 2.53 ()]

0.01925 0.083 (a) 0.506 1.50 (a) 180 3.1 1)

0.02033 0.095 (a) 0.633 1.89 (a) 240 3.9 1)

0.02530 0.091 (a) 0.770 2.22 (a) 300 4.7 (1)

0.02555 0.093 (a) 0.863 2.43 (a) 400 5.9 (1)

Experimental:

(a) Warren, et al., Phys. Rev. 128, 2661 (1962).
Theoretical:
(1) Engelhardt, et al., Phys. Rev. 135, Al1566 (1964).
Table 2.12
Values of DL/u for nitrogen at ambient temperatures
E/N DL/u E/N DL/u E/N DL/u
-1 2 _ - .

@0 ven?) ) 10 ven®) ) 1207 ven?) )
0.0104 .026 (1) 1.164 0.146 (a) 200 2.47 (¢D)
0.0136 Q26 ) 1.476 0.178 (a) 334 4.5 (®)
0.0171 .026 (1) 1.664 0.207  (a) 469 5.1 (b)
0.0240 .026 (1) 2.209 0.266 (a) 491 7.2 (b)
0.0304 .025 1) 2.761 0.31 (a) 616 6.3 (b)
0.0402 .025 (¢8) 3.21 0.31 (a) 729 5.3 (b)
0.0526 .026 1) 3.85 0.37 (a) 977 5.7 (b)
0.0671 026 (1) 4.56 0.39 (a) 1064 7.9 )
0.0828 .027 1) 5.37 0.43 (a) 1310 7.0 (b)
0.105 .028 (¢9) 6.05 0.44 (a) 1592 10.1 (b)
0.128 029 1) 10.0 0.42 1) 1898 9.6 (v)
0.1455 .027 (a) 20.0 0.45 (¢D) 2749 11.8 (b)
0.2606 .038 (a) 40.0 0.50 (1) 3660 19.1 {b)
0.561 .075 (a) 60.0 0.63 1) 5440 29.6 (b)
0.867 .115 (a) 100 1.22 (1) 8470 37 (b)

Experimental:

(a) Wagner, et al., J. Chem. Phys. 47, 3138 (1967).
(b) Schlumbohm, Z. Physik 184, 492 (1965).
Theoretical:

(1) Lowke, et al., Phys. Rev. 181, 302 (1969).
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Table 2.13
Values of DT/u for oxygen
E/N DT/u E/N DT/u E/N DT/u
10" yen?) W) 10 Vyen?y W) @0 Yyen?) )
0.01029 0.0241 (1) 0.457 0.108 (1) 9.0 1.01  (a)
0.01271 0.0241 (1) 0.512 0.115 (1) 9,07 0.99  {a)
0.01403 0.0241 (1) 0.565 0.121 (1) 9.09 0.98 (b)
0.01662 0.0244 (1) 0.615 0.126 (1) 10.0 1.08  (a)
0.01886 0.0244 (1) 0.669 0.131 (1) 12.0 1.27 (a)
0.02234 0.0248 (1) 0.749 0.137 (1) 12.12 1.31 ()
0.02537 0.0249 (1) 0.850 0.145 (1) 12.22 1.29 (a)
0.02963 0.0251 (1) 0.993 0.159 (1) 14.0 1.47 (a)
0.0341 0.0257 (1) 1.0 0.14  (a) 14.90 1.57 (c)
.0.0398 0.0260 (1) 1.189 0.185 (a) 15.0 1.55  (a)
0.0465 1 0.0266 (1) 1.212 0.188  (b) 15.16 1.60  (b)
©0.0551 .0.0276 (1) 1.489 0.205  (a) 15.20 1.57 (a)
0.0653 0.0288 (1) 1.516 0.207 (b) 15.40 1.57 @
00,0741 0.0296 (1) 1.785 0.225 (a) 16.0 1.73 {a)
0.0865 0.031 (1) 1.819 0.225  (b) 17.88 1.81  (c)
10.0969 0.033 (1) 2.0 0.21 (a) 16.19 1.84 (b)
0.1116 0.035 (1) 2.382 0.256 (a) 18.32 1.84 (a)
0.1284 0.039 (1) 2.425 0.258 (b) 22.35 2.05 . (c)
0.1418 0.042 (1) .2.980 0.293  (a) 29.80 2.32  (c)
0.1587 0.046 (1) 3.0 0.31 (a) 30.0 2.23  (d)
0.1777 0.050 1 3.03 0.293 (b) 37.3 2.51 {c)
0.1961 0.056 (1) 4.0 0.40  (a) 44,7 2.68  (c)
0.2134 0.057 (1) 4.54 0.43 (a) 45.0 2.58  (d)
0.2323 0.063 (1) 4.55 0.43 ®) 52.2 2.80  (c)
0.2528 0.068 (1) 5.0 0.53  (a) 59.6 2.93  (c)
0.2751 0.073 (1) 5.99 0.60  (a) 60.1 2.87  (d)
0.308 0.080 (1) 6.0 0.65  (a) 75.2 3.1 {d)
0.335 .0.087 (1) 6.06 0.60  (b) 90.2 3.3 (@)
0.365 0.092 (1) 7.0 0.76  (a) 105.9 3.5 )
0.403 0.099 (1) 8.0 0.89 (a) 121.2 3.6 @)
136.9 3.8 (d)
150.7 4.0 @)
Experimental:

(a) Fleming, et al., J. Phys. D 5, 291 (1972).

(b) Rees, Austr. J. Phys. 18, 41 (1965).
(c) Huxley, et al., Austr. J. Phys. 12, 303 (1959).

(d) Naidu, et al., J. Phys. D 3, 957 (1970).

Theoretical:

(1) Hake, et al., Phys. Rev. 158, 70 (1967).
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Table 2.14

Values of DL/u for oxygen

E/N DL/].J E/N DL/u E/N DL/LI
20" ven?) W @0 ven?) W) @0 ven?) W
0.0543 0.0279 (a) 1.232 0.086 (a) 20.0 1.36 (1)
0.0697 0.0296 (a) 1.386 0.084 (a) 40.0 1.80 (1)
0.0851 0.033  (a) 1.540 {0.090 (a) 80.0 2.22 (¢8)
0.1128 0.0297 (a) ' 0.085 (a) 150 2.69 (¢))
0.1313 0.031 (a) 1.694 0.096 (a) 211 4.9 (b)
0.1467 0.030 (a) 1.848 0.101 (a) 267 5.0 (b)
0.1621 0.037 (a) 2,002 0.101 (a) 333 4.8 (b)
0.1775 0.034 (a) 2.156 {0.106 (a) 446 6.5 (b)
0.2237 0.045 (a) : 0.100 (a) 452 5.5 (b)
0.2853 0.042 (a) 2.310 0.104 (a) 457 4.5 (b)
0.347 0.062 (a) 2.464 0.109 (a) 685 {7.8 {(b)
0.493 0.058 (a) 2.618 0.108 (a) 5.9 (b)
0.066 (a) 0.115 = (a) 1165 7.4 (b)
0.616 loioes (@) 2.7172 {0113 @ 1192 9.4 ®)
0.770 {0.071 (a) 2.926 0.118 (a) 1994 12.4 (b)
- 0.069 (a)
3.080 0.123 (a) 2017 14.8 (b)
0.074 (a) 3.5 0.193 1) 2804 15.6 (b)
0.924 0.075 (a) 5.00 0.285 (D) 3130 14.5 (b)
0.073 (a) 7.00 0.47 1) 6870 25.6 (b)
1.078 {0.079 (a) 10.0 0.76 (1) 12890 34 (b)
° 0.081 (a)
Experimental:
(a) Nelson, et al., J. Chem. Phys. 57, 4079 (1972).
(b) Schlumbohm, Z. Physik 184, 492 (1965).
Theoretical:
(1) Lowke, et al., Phys. Rev. 181, 302 (1969).
Table 2.15(a)
Values of DT/u for carbon monoxide at ambient temperatures
E/N D /u E/N D /v E/N Dp/u
07 yem?y oty 0™ Myem?) o ly) 0 Yven?) 1o™tv)
0.100 0.273 (@) 0.638 0.76  (a) 10.19 4.3 (a)
0.200 0.340 1) } 1.276 1.15 (a) 20.41 7.0 (a)
0.300 0.448 1) . 2.551 1.59 (a) 40.8 9.5 (a)
0.319 0.47 (a) 5.10 2.50 (a) 81.6 12.0 (a)
163.3 22.8 (a)
Experimental:
(a) Skinker, et al., Phil. Mag. 46, 630 (1923).
Theoretical:

(1) Lowke, et al., Phys. Rev. 181, 302 (1969).
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Table 2.15(b)

Values of DT/u for carbon monoxide at 77 K

661

CE/N Dy o Emw Dy

All data taken from Wagner, et al., J. Chem. Phys. 47, 3138 (1967).

E/N Dp/u
(10" Y yen?y atyy 0™ ven?) 107*v) 0 yen?) (107w

.0.00354 0.070 (a) 0.2080 0.124 (a) 1.416 1.17 (a)
0.00708 0.069 - (a) _ 0.2477 0.149  (a) 1.664 1.28  (a)
0.01099 0.070 " (a) 0.2934 0.176 (a) 2.123 1.50 - (a)
0.01416 0.069 (a) 0.354 0.250  (a) 2.642 1.61  (a)
‘0.02198 0.071 (a) ; ' 0.416 0.33 (a) 3.14 1.91 (a)
'0.02831 0.076  (a) 0.497 0.44 (a) 4.69 2.48  (a)
“0.,0354 0.074 (a) 0.556 0.54 (a) 6.15 2.96 (a)
0:.0441 0.073 (a) 0.624 0.62 (a) - 7.30 3.5 (a)
-0.0708 0.077 (a) 0.708 . 0.70 (a) 11.74 4.9 (a)
+0,0879 0.083 (a) 0.832 0.83 (a) 17.60 6.4 (a)
0.1248 0.087 (a) 1.062 0.99 (a) 30 8.1 (1)
0.1416 0.093 (a) 1.174 1.05 (a) 70 10.8 (1)
o ' 100 13.9 L
Experimental:
' (a} Warren, et _al., Phys. Rev. 128, 2661 (1962).

Theoretical:

(1) Hake, et al., Phys. Rev. 158, 70 (1967).
Table 2.16(a)
Values of DL/u for carbon monoxide at ambient temperature
E/N D,/ E/N D /u E/N D /u
107 yen?) 0~lv) 10" yen?) ao v @0 Yvea?) o™ty

10.0407 0.251 0.931 0.49 4.79 1.06
0.1413 0.270 1.031 0.49 5.13 1.10
).2706 0,289 1.261 0.57 7.33 1.27
2.329 0.252 1.262 0.48 7.66 1.28
0.529 0.31 1f907 0.75 9.05 1.31
‘0,615 0.40 2.439 ) 0.78 10.19 1.52
0.659 '0.35 2,568 0.77 11.28 1.59
0.730 . 0.41 3.82 0.84 12.54 1.85
‘Experimental:
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Table 2.16(b)

Values of DL/u for carbon monoxide at 77 K

“E/N DL/u ‘E/N DL/u " E/N Dx;/” 7
10 yem?) @o iy 20 ven?) @o vy 0™ yen?) @ao vy
0.100 0.0712 0.400 0.0913 2.5 0.848
0.200 0.0796 0.55 0.215 6.00 1.22
0.25 0.0787 0.700 0.357 10.0 1.73
0.31 0.0741 1.00 0.543 30.0 2.92
0.35 0.0764 1.7 0.732 70.0 6.22
100 10.2
Theoretical: . .
All data taken from Lowke, et _al., Phys. Rev. 181, 302 (1969).
Table 2.17(a)
Values of DT/u for carbon dioxide at ambient temperatures
E/N DT/u E/N DTIu E/N DT/u
10" vem?) o ty) 10" ven?) @0ty 10 yen?) (107 vy
0.0702 0.255 (a) ‘ 6.58 0.4 (a) 22,51 6.2 (a)
0.1403 0.254 (a) 9.09 0.57 (b) 24,25 7.0 @)
0.303 0.255 (b) 9.25 0.55 (a) 26.39 8.4 (a)
0.351 0.249  (a) 12.12 0.95 ) 26.82 8.7 (c)
0.606 0.258  (b) 13.19. 1.23 (a) 27.28 8.5 {b)
0.702 0.261 (a) 14,37 1.53 (a) 28.87 10.0 (a)
1.212 0.265 (b) 16.21 2.3 (a) 30.3 10.1 (b)
1.319 0.263 (a) 17.88 2.98 (c) 32.8 11.9 (c)
1.819 0.275  (b) 18.01 3.3 (a) 36.0 13.2 (a)
2,425 0.286 (b) 18.19 3.4 ) 36.4 12.7 )
2.639 0.293  (a) 19.64 5.2 d) 39.3 14.9 (@)
3.03 0.301  (b) 19.79 5.7 @) 39.9 15.0 @)
4.55 0.34 (b) 20.24 4.3 @y 41.7 14.6 {c)
4.63 0.34 (a) 21.22 5.1 (b) 42.4 14.8 (b)
6.06 0.39 (b) 22.35 6.0 (c) 47 .7 17.4 “(e)
48.5 16.7 (b)
T4.6 18.4 b)

Experimental:
(a) Warren, et al., Phys. Rev. 128, 2661 (1962).
(b) Rees, Austr. J. Phys. 17, 462 (1962).
(¢) Bailey, et al., Phil, Mag. 14, 1033 (1932).
(d) Skinker, Phil. Mag. 44, 994 (1922).
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rable 2.1/\p)

Values of DT/u for carbon dioxide at 195 K

663

(a) Wagner, et _al., J. Chem. Thys. 47, 3138 (1967).

(b) Schlumbohm, Z. Physik 184, 492 (1965).
Theoretical:

(1) Lowke, et al., Phys. Rev. 181, 302 (1969).

E/N D/ V E/N Dy /v E/N Dy /v
o Mven?y - oy o yen?) ao~?v) 0 yem?) ao %y
0.01639 1.74 0.2620 1.82 2.887 2.50
10.02297 1.70 0.342 1.76 3.45 2,65
'0.0329 1.70 0.419 1.82 4.84 2.97
0.0419 1.52 0.683 1.90 5.62 3.3
0:0491 1.70 0.888 2.00 6.64 3.7
0.0655 1.68 1.043 2.02 6.89 3.9
£0.,1043 1.64 1,366 2.13 7.79 4.1
0.1366 1.69 1.801 2.21 9.00 5.0
10,1636 1.75 2.089 2.40 10.34 6.3
0.2089 1.70 2.173 2.33 11.33 7.7
o 12.32 9.2
13.78 13.8
Experimental: '
All data taken from Warren et al., Phys. Rev. 128, 2661 (1962).
Table 2.18
Values of DL/u for carbon dioxide
v'E/N DL/u E/N DL/u E/N DL/u
(107 Ven?) W) @0 Vyen?) W) @0 yen?) )
_'0{.2476 0.0271 (a) 1.397 0.0285 (a) 3.03 0.032 (a)
0,443 0.0284 (a) 1.534 0.0296 {a) 12.14 0.139 (1)
0,469 . 0.0284 (a) 1.560 0.0296 (a) 15 0.242 (1)
0,632 0.0291 (a) 1.789 0.0293 (a) 30.3 0.431 (1)
0.673 0.0287 (a) 2.044 0.030 (a) 60.7 0.903 (1)
0.769 0.0291 " (a) 2.095 0.031  (a) 182 2.36 ).
1.024 0.0291 (a) 2.199 0.030 (a) 704 4.0 )
1.112 0.0284 (a) 2.554 0.031 (a) 1145 5.1 (b)
1.234 0.0282 (a) 2.794 0.033  (a) 1472 6.8 (b)
1.282 0.0290 (a) 2.853 0.031 (a) 2036 7.6 (b)
2124 6.9 (b)
2604 9.4 (b)
‘Experimental:
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Table 2.19

Values of DT/u for dry air from which the carbon dioxide has been removed

E/N DT/U E/N DT/u E/N DT/v

@0 yen?) W) 0 Mven?) W 10 yen?) W)
0.2980 0.099 (a) 2.682 0.35  (a) 14.90 1.00  (a)
0.600 0.146 (a) 2.980 0.39 (a) -29.80 1.18 (a)
0.894 0.179  (a) 3.58 0.45  (a)- 44.7 1.32 (a)
1.192 0.206  (a) 4.47 0.5 (a) 59.6 1.48  (a)
1.490 0.233  (a) 5.36 0.61  (a) 60.6 1.50 (b)
1.788 0.261 (a) 5.96 0.66  (a) 75.8 1.73 ()
2.086 0.293  (a) 8.9 0.82  (a) 90.9 1.97 (b
2.384 0.32  (a) 11.92 0.93  (a) 106.1 2.2 ()
121.2 2.53 (b

Experiuiental :

(a) Crompton, et al., Proc. Roy. Soc. London, Ser A, 218, 507 (1953).

(b) Rees, Austr. J. Phys. 17, 307 (1964).

3.3. Diffusion Coefficient

For an electron swarm in thermal equilibrium with a
gas, the diffusionis symmetric and can be characterized
by a coefficient of diffusion, which is a constant inde-
pendent of direction and which will be designated here
as the thermal equilibrium diffusion coefficient Dy,.
When equilibrium is disturbed by the application of an
electric field E, the diffusion becomes asymmetric and,
as mentioned in section 3.2, the diffusion coefficient
becomes a tensor, having components D and D,,
respectively, in directions perpendicular to and along
the direction of the electric field. As E— 0, both D¢
and DL"") Dth‘ :

The only values of DN and D N given in sections
3.3.b and 3.3.c are those measured directly. Other
values for D, N and D+N can, of course, be obtained by
muliiplying the values of Dyfu and Dy/u given in

section 3.2 by values of uN=W/ (E/N) obtainable from"

the results given in section 3.1. Values of Dy,N can be
obtained by extrapolating the data given in previous
sections to zero ficld or by using previously dctermincd
values ‘of the cross section in eq (7). Since this involves
procedures other than purely arithmetical manipulation
of the data given previously, theoretical values of Dy,
are included in section 3.3.a for comparison with the
experimental values.

" All the coefficients of diffusion are inversely propor-
tional 10 the number density of the gas, so that it is
convenient to present the data as values of Dy /N -and
as graphs of DN as functions of E/N, as is done in the
following sections.

3.3.a. Thermal Equilibrium Diffusion Coefficient D

The only experimental data for D, are those obtained
recently by Cavalleri {4049, 4050] and by Nelson and
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Davis [4048, 5135]. In Cavalleri’s so-called sampling
diffusion chamber (SDC) method, - the decay of
the number of electrons in a gas, initially weakly
ionized by a burst of X-rays, was measured. In Nelson
and Davis’ so-called drift-dwell-drift (DDD)-method, an
electron swarm produced by a pulsed light source was
allowed to drift under the influence of an applied field
which was then reduced to zero and subsequently re-
applied after a measured period of time which could be
varied. The distribution of the time of arrival of the
electrons at the detector, which was measured. gave a
measure of Dy,. The experimental values obtained are
given in the following tables, where the experimental
methods are designated by SDC and DDD, respectively.

Several methods of calculating theoretical values for
Dy, were used by Nelson and Davis [4048], and the values
obtained using the two methods which would be ex-
pected to give the most reliable resulte are given in
tables 3.1t0 3.8. These methods were:

i) to calculate Dy, from eq (7) by using values of g,
Afrom various sources and the Maxwellian velocity
distribution, and

ii) to calculate Dy, by extrapolating measured values
of W to zero field (Wgo =W, say) and inserting W,
in thce cquation W /Dy, = cE/kT. The mecthods are
designated g, and W,, respectively, in the tables and
references to the source of the data on g, or W, used
are also included with the method. )

The following references to sources of data in addition
to those in the bibliography (section 5) are designated
in tables 3.1 to 3.7 by the following letters: "

a) D. E. Golden, Phys. Rev. 131, 48 (1966)

b) T. F. O’Malley, Phys. Rev. 130, 1025 (1963)

¢) R. W. Crompton (unpublished).

In tables 3.1 to 3.8 values of Dy, are given for helium,
neon, argon, hydrogen, nitrogen, oxygen, carbon
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‘monoxide, and carbon dioxide. There are no published
values available for krypton, xenon, nitric oxide, or air.

3.3.b. hngiiﬁdinul‘ Diffusion Coefficient D,

There are very few directly measured values of
D, available. For helium, argon, and carbon monoxide
the only experimental data are those of Wagner, Davis,
“and Hurst [3313] which are shown in figure 3.1 and
.given in table 3.9.

- At relatively low values of E/N <2X 10~V cm?two
sets of values [1833, 3313] have been obtained for
:Di,N for nitrogen and carbon dioxide. These are shown
‘in-figure 3.2, together with values for hydrogen obtained
by Wagner et al. [3313] and values extending to very

Jow values of E/N for oxygen obtained by Nelson and
Davis [5135]. :

665

The only sets of data over an extensive range of values
EIN for E/N >10-1 V cm? are those of Schiumbohm
[1625] for hydrogen, nitrogen, oxygen, and carbon
dioxide. These are shown in figure 3.3, together with
two values obtained for hydrogen at E/N ~ 10-15 V ¢cm?
obtained by Breare and von Engel {3788].

The data for D N in the various gases are tabulated
in table 3.9.

3.3.c. Transverse Diffusion Coefficient D

Values of the transverse diffusion coefficient are
usually obtained by combining the data of sections 3.1
and 3.2, but direct measurements of D have recently
been made for helium by Cavalleri {4049] and these are
shown in figure 3.4 and table 3.10. The results are in
good agreement with those obtained from the values of
W and Dy/u obtained in [2433].

(E/Po)EST (V/em torr)
oz 10 107! 10°
1 TTT T T T T T T T TTTTT
. |He;Ar;CO
= B & Ar -1
: A
g - b, 4
§ — s '} \ Egg -
- A?ge 4
0 . 484

Z 8
O.Jl°v22,_ He g -
— b B —
- B —
— B -
B 9 ) ¢ “

6
= .. ¢ e ¢ s -
Lol L1 Patuil 1 bt
10-18 10’1.‘ 10*10
E/MNggy IV emd)

Experimantal: Wagner(3313)

FIGURE 3.1. Experimental values of (D V) as a function of (E/N )z for helium, argon, and carbon
monoxide. (A temperature of 27 °C has been assumed to convert the values of Dp and E/p

given in [3313].)
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E/po {(V/em torr)
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* Nelson(5135),
FiGure 3.2. Experimental values of DN for hydrogen, nitrogen, oxygen, and carbon dioxide for

E/N <2X10-'%V ecm2 (A temperature of 27 °C has been assumed to convert the values of
Dp and E/p given in [3313].)
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Experimental: -,0,4,9 Schlumbohm{1625); x Breare(3788).
F1GURE 3.3. Experimental values of D, N for hydrogen, nitrogen. oxygen and carbon dioxide for

E/N>10-15V cm? (A temperature of 20 °C has been assumed to convert the values of Dp
and E/p given in [3788].)
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E/p, V/em torr)
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FiGuRre 3.4. Experimental values of DN as a function of E/N for helium.
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Table 3.1
Values of DthN for helium
. 21 -1 -1
DthN(lo em T sec ) .
Method Reference
Experimental Theoretical
6.9 DDD Nelson (4048)
6.4 SDC Cavalleri (4049)
6.6 wo(sso)
6.6 qm(1062)
6.4 qm(2433) Nelson {4048)
6.9 qm(a)
6.4 qm(b)
Teblc 3.2%
Values of ?thN for neon
21 -1 -1 f
DthN(lo Sem sec )
- Method Reference
Experimental Theoretical
65 DDD Nelson (4048)
73 sSDC Cavalleri (4050)
44 ) Lloyd (4063)
71 - g, (e)
58 q. (b) Nelson (4048)
m
Table 3.3 %
Values of DthN for argon
21 -1 -1
DthN(lo em ~ sec )
Method Reference
Experimental Theoretical
21 DDD
' 37 u_(530)
32 9y, (1062) Nelson (4048)
21 q, ()
27 q,(a)
Table 3.4 %
Values of DthN for hydrogen
21 -1 -1 i
DthN(lo cm ~ sec 7) Method Reference
Experimental Theoretical
4.3 DDD
3.5 wo(530) } Nelson (4048)
3.9 qm(1062)

*For an outline of the methods used and the meaning
the method column see section 3.3.a of the text.

of the symbols i
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Table 3.5%

Values of DthN for mnitrogen

669

DthN(1021 cm—l secnl) T
- - Method Reterence
Experimental Theoretical
9.5 ‘DDD
3
8.2 ¥, (530) | Nelson (4048)
9.8 qm(1062)
Table 3.6%
Values of DthN for oxygen
21 -1 -1
DthN(lo cm © sec )
Method Reference
Experimental Theoretical
39 DDD Nelson (5135)
Table 3.7%
Values of DthN for carbon monoxide .
21 -1 -1
DthN(lO cm - sec )
Method Reference
Experimental Theoretical
5.7

5.4

. DDD }
W (439)
o

Nelson (4048)

Values uf DthN fur carbon dioxide

Table 3.8~

21 -1 -1
DthN(lo cm © sec )
Method Raeference
Eﬁperimental Theoretical
0.49 DDD
Nelson (4048)
0.47 Wo(439) ’

*For an outline of the methods used and the meaning of the symbols in the
method column see section 3.3.a. of the text.

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975



670 J. DUTTON
Table 3.9(a)

Values of DLN for helium

E/N DLN E/N DLN E/N DLN

(10—17ch2) (1022cm_lsec-1) (10_17ch2) (1022cm-lsec_1) (10-17‘7‘11“2) (1022cm—1sec-1)
0.2832 0.74 0.933 1.16 1.852 1.59
0.425 0.83 1.233 1.29 2.065 1.75
0.560 0.93 1.534 1.45 2.354 1.87
0.756 1.04 1.570 1.54 2.715 2.09
3.033 2.29

Experimental:
All data taken from Wagner, et al., J. Chem. Phys. 47, 3138 (1967).

Table 3.9(b)

Values of D_N for argon

L
E/N DLN E/N DLN E/N DLN
(10-17ch2) (1022cm-lsec_1) (10_17ch2) (1022cm_lsec-l) (10—17ch2) (1022cm—1sec_1)
0.0531 4.2 0.620 2.29 1.487 1.66
0.1298 3.5 0.809 2.16 1.871 1.47
0.1711 3.5 0.927 2.01 2.106 1.42
0.2478 3.2 0.985 1.99 2.425 1.42
0.312 3.1 1.121 1.85 2.655 1.43
0.442 2.7 1.275 1.75 3.08 1.60
Experimental:
All data taken from Wagner, et al., J. Chem. Phys. 47, 3138 (1967).
Table 3.9(c)
Values of DLN for hydrogen
E/N DLN E/N DLN E/N DLN
(10-17\7(:1!12) (1022cmalsec—l) (10-17ch2) (lozzcmulsec—l) (1 0~17ch2) Q Gzzcm-lsec—l)
0.1180 0.40 (a) 1.104 0.33 (a) 204.2 6.3  c)
0.2478 0.36 (a) 1.239 0.35 (a) 302 7.6 (c)
0.366 0.34 (a) 1.346 0.35 (a) 398 9.5 (<)
0.489 0.34 (a) 1.457 0.34 (a) 501 10.6 (c)
0.608 0.35 (a) 1.959 0.36 (a) 589 11.7 (c)
0.613 0.32 (a) 2.537 0.38 (a) 708 13.0 (c)
0.737 0.33 (a) 3.10 0.39 (a) 794 14.2 (c)
0.856 0.33 (a) 103.1 3.3 (b) 891 14.7 (c)
0.968 0.31 (a) 130.3 20. (b) 1000 . 15.3 (c)
0.991 0.33 (a) 141.3 4.9 (c) 1380 14.7 (c)
1950 16.9 (c)
Experimental:

(a) Wagner, et al., J. Chem. Phys. 47, 3138 (1967).

(b) Breare, et _al., Proc. Roy. Soc. (London) Ser. A 282, 390 (1964).
(c) Schlumbohm, Z. Physik, 184, 492 (1965).

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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Table 3.9(d)
Values of D N for nitrogen
E/N DN E/N DN E/N DN
} (10—17ch2) ('lnzzcm—lgpo-l) 4] 0-17ch2) 1 Ozzrm—lgec-l) 4] 0-17an2) (1 Ozzcmvlsec-l)
0.01769 0.96 (a) 1.716 0.70  (a) 603 4.0 (o)
- 0.0403 0.79  (a) 2,278 0.79  (a) 708 4,0 (c)
. 0.0900 0.70 (a) 2.491 0.81 (b) 813 3.6 (c)
0.1241 0.54 (a) 2,809 0.84 (a) 912 3.8 (c)
0.2670 0.43 (a) 3.28 1.4 (b) 1000 3.8 (c)
0.2949 0.42 (a) 4.13 1.3 (b) 1413 4,0 . (c)
0.385 0.53 () 4.93 1.6 ®) 1995 4.5  (e)
0.590 0.5¢ (a) 5.82 2.0 (b) 2951 4.7  (e)
0.608 0.47 (a) 6.59 1.3 (b) 3981 6.1 (c)
Ov,819 0.94 (b) 6.62 1.5 (_b) 5012 6.6 (c)
0.922 0.56 (a) 7.46 1.5 () 5888 7.4 (c)
1.226 0.57 (a) 8.26 1.5 (b) 6918 7.6 {c)
1.536 0.62 (a) 9.11 2.0 {b) 7943 7.4  {¢)
:1.639 - 0.86 (b) 9.87 1.7 (b) 8913 7.6 (c)
Experimental: .
(a) Wagner, et al., J. Chem. Phys. 47, 3138 (1967).
(b} Fink, et al., Helv. Phys. Acta. 38, 717 (1965).
(c) Schlumbohm, Z. Physik 184, 492 (1965).
Table 3.9(e)
Values of DLN for oxygen
~E/N D N E/N D N E/N DN
. (10_17ch2) (1022cmblsecﬁl) (10—17ch2) (1022cm-1sec_1) (10—17ch2) (lozzcm_lsecnl)
. 0.00400 3.6 0.2278 1.06 1.855 0.93
-0.01606 2.7 0.2889 0.87 2.011 0.90
0.02351 2.9 0.502 . 0.91 2.168 0.87
0.0329 2.5 0.621 0.94 : 0.92
0.0533 1.95 0.778 0.93 2.318 0..88
- 0.0700 1.68 0.784 0.90 2.462 0.89
0.0818 1.60 0.928 0.91 2.550 0.90
~0.0975 1.21 0.934 0.88 : 0.85
0.1044 1.29 1.091 0.92 2.625 0.85
0.1338 1.06 1.241 0.95 2,775 0.87
0.1522 1.01 1.397 0.88 2.919 0.08
0.1595 1.14 1.548 0.90 3.08 0.90
0.1832 0.96 1.554 0.86 3.10 {0.94
1.705 0.93 - 0.86
Experimental:

All data taken from Nelson, et al., J. Chem. Phys. 57, 4079 (1972).
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Table 3.9(f)

Values of DLN for carbon monoxide

E/N DLN E/N DLN E/N DLN

10 ven?)  10%ensee™) 107 venh)  (10*2enFsec™h 107 ven?)  10%%en"tsec™)
0.1295 0.50 0.612 0.43 1.855 0.46
0.2474 0.49 0.913 0.42 2.474 0.43
1.231 0.39 3.10 0.40

Experimental:
A1l data taken from Wagner, et al., J. Chem. Phys. 47, 3138 (1967).

Table 3.9(g)

Values of DLN for carbon dioxide

E/N DLN E/N DLN E/N DLN
(10-17ch2) (1022cm_1sec_l) (10-17ch2) (1022cmflsec_1) (10‘17ch2) (1022cm~lsec’1)
0.2532 0.053 (a) 2.067 0.056 (a) 7.76 0.079 (b)
0.471 0.051 (a) 2.168 0.058 (a) 9.73 0.094 (b)
0.625 0.054 (a) 2.441 0.083 (b) 10.73 0.14 (b)
0.748 0.054 (a) 2.526 0.059 (a) 11.87 0.072 (b)
0.989 0,055 (a) 2.709 0.048 (b) 12.94 0.18 (b)
1.078 0.053 (a) 2.763 0.061 (a) 14.65 0.11 (b)
1.254 0.054 (a) 2.827 Q0.060 (a) 16.25 0.15 ()
1.508 0.057 (a) 3.02 0.061 (a) 17.26 0.17 (b)
1.537 0.055 (a) 3.68 0.050 (b) 1000 2.32 (e)
1.766 0.055 (a) 5.32 0.054 (®) 1513 2.63 ()
2.008 0.056 (a) 5.45 0.063 (b) 1995 2.43 (c)
6.52 0.060 (b) 3162 2.74 (e)
Experimental:
(a) Wagner, et al., J. Chem. Phys. 47, 3138 (1967).
(b) Fink, et al., Helv. Phys. Acta. 38, 717 (1965).
(¢) Schlumbohm, Z. Physik 184, 492 (1965).
Table 3.10
Experimental values of DTN for helium
E/N DTN E/N DTN E/N DTN
(10 17ch2) (1023cm-1sec-l) (10-17ch2) (1023cm-lsec-1) (10-17ch2) (1023cm_1sec_1)
0.00600 0.064 0.1500 0.104 3.00 0.34
0.00800 0.064 0.2000 Q.115 4.00 0.40
0.01000 0.065 0.2500 0.125 5.00 0.46
0.01500 0.066 0.300 0.133 6.00 0.52
0.02000 0.067 0.400 0.149 8.00 Q.67
0.02500 0.068 0.500 0.162 10.00 0.80
12.00 0.88
0.0300 0.070 0.600 0.173
0.0400 0.074 0.800 0.193 14.00 0.92
0.0500 0.078 1.000 0.209 16.00 0.94
0.0600 0.081 1.500 0.244 20.00 0.96
0.0800 0.087 2.000 0.277 23.00 0.97
0.1000 0.092 2.500 0.31 24.00 0.98
: 26.00 1.05
28.00 1.10
Experimental:

All data taken from Cavalleri, Phys. Rev. 179, 186 (1969).
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~ 3.4. Attachment Coefficient

‘By: definition, electronegative : gases are those that
ssorm _stable negative ions in an energy state lower
~than that of the ground state of the neutral atoms or
:molecules of the gas. The process of adding the extra
electron to form the negative ion is known as electron
“‘witachment, and requires the removal not only of any
- kinetic energy that the electron may possess, but also
‘of the energy difference between the original state of
the neutral atom or molecule and the negative ion. The
“energy may be removed in a variety of ways, so giving
tise to processes of

i) radiative attachment, represented by the equation

A+e— A-+hy,

ii) dlssoaanve
vquatxon

attachment, represented by the

AB+e—> A-+kee.,

jii)’ three-body
rquation

attachment, represented by the

A+B+e— A-+B-+kee.,

iv) ‘dissociation into ions, represented by the equation
AB+e—>A-+B+*+e+ke..

.Here A and B represent atoms, e an electron, A~ and
‘B* negative and. positive ions, respectively, and k.e.,
kmeuc energy.

ln general, when an electron swarm moves. through
in electronegative gas all four attachment processes
ire possible, although process (i) usually has a relatively
small cross section and process (iv) is a high energy
process so that these two processes are often negligible.
The result of all these processes is that electrons are
continually removed from the swarm to form negative
-ions.

“When the value of E/N is sufficiently small, the mean
energy of the electrons is so low that ionization by
electrons in the high energy tail of the distribution is
negligible. In these circumstances, a steady electron
current, I,, released into a uniform field (by external
““illumination of a cathode of a uniform field electrode
~gystem by ultraviolet illumination, say) results, after
travelling a distance, d, through the gas in the field
"direction, in an electron current

1 =‘-Ioe'"d,

where 7 is an attachment coedficient representing all
the possible attachment processes. Under these condi-
tions, 9 can be determined {see e.g. 1317] by measuring
the electron current as a function of d at a given value
‘-éf N. Alternatively, a short durativn pulse of electrons
released from the cathode gives rise to.an exponential

L

distribution of negative ions across the gap; which;
after the disappearance of the electrons into the.anode,
gives an ion current of the form

’ ’,
Ioe"'"f'»,

where I§ is a constant for a given gas, pressure, and
electrode system and W;is the negative ion drift velocity.
Thus sampling the negative ion current arriving at a
given distance. from the cathode as a function of time
[see e.g. 1383] gives values of 7.

Values of m have also been determined [see e.g. 649}
by measuring the transverse diffusion of a mixed swarm
of electrons and negative ions at various distances from
a point source.

These methods give values of /N as a function of
E/N which by carrying out experiments at sufficiently
low EfN, can be extrapolated and used to obtain values
of the attachment rate coefficient at thermal energies,
which is the coefficient obtained directly from experi-
ments on plasma decay using microwave methods.

Whether three-body - attachment is a significant
process in any given case may be determined by carry-
ing out the measurements of the attachment coeflicient '
over. a range of gas pressures, because the ihree-body
attachment coefficient depends on N? whereas the
coeflicients representing the other attachment processes
are linearly dependent on N.

The situation becomes much more complicated at
higher values of E/N, where in addition to electron
attachment, ionization by electrons and detachment of
electrons from negative ions in collisions with gas
molecules both have to be taken into account and where -
ion conversion reactions may also be important. The
resulting equation for the total current at a distance,
d, in the direction of a uniform field from a cathode fron
which a steady initial electron current, I, is release:
is given in section 3.7.c as equation (16). This equatios
is such that analysis of experimental data on I versu
d 10 give significant values of the individual coefficients

‘(including the attachment coefficient) is extremel

difficult in many cases and the values obtained depenc
on the simplifying assumptions that- are found to. bt
necessary. Similar complications have, of course, tc
be taken into account in the analysis of experiments
on the temporal development of pulses of electrons
released from the cathode.

Of the gases for which data are included in this survey,

only oxygen, carbon monoxide, nitric oxide,- carbon
dioxide, and air are electroncgative and the values of

m{N for these gases are given in the following graphs
and tables.

3.4.0. Attachment Coefficient—Oxygen

At low values of E/N (<12X10-17 V ¢m?), Chanin,
Phelps, and Biondi [131, 1383], using a drift tube in
which the negative ion current resulting from the release

J. Phys. Chem. Ref_ Data, Vol 4, Na. 2, 1975
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of electrons from the cathode by a pulse of ultraviolet
light was sampled as a function of time, established
that /N was a function of N as well as of E/N,indicating
that in this region, a three-body attachment process is
significant. Their results are shown in figure 4.1(a) as
(eta/N), E/N (eta on the graphs = 7 in text) together
with another set of results obtained using a drift tube
with electrical shutters [1269] covering approximately
the same range. The range of gas number densities
covered was extended in later experiments in which
the development of an electron avalanche was meas-
ured oscillographically [4919] with the results shown in
figure 4.1(b). To avoid confusion in the graphs, the three
values obtained in [1006] that also show the dependence
of 7 on N? are omitted from the figures but included
in table 4.1 where the results of all these investigations
are given as values of n/N2.

Measurements of attachment in oxygen have also
been made by studying plasma decay by microwave
methods. This procedure gives attachment rate coefh-
cients at thermal energies. For comparison, rate co-
efficients at thermal energies can also be obtained from
the drift-tube data using the procedure given below.

As discussed in section 2.1,

nW = a3 N?,

where a3 is the three-body attachment rate coeficient.
Thus by using the data given in figure 4.1, together with
data for W such as that given in scction 3.1 values of
a3 can be obtained as a function of E/N. Further, using
data for D/u such as that given in section 3.2, values of
az as a function of characteristic energy can. be ob-
tained. Extrapolation of the values of a3 to thermal
energy can then be made. Values of a; as a function of
E[N can also be obtained from drift-tube measurements
in gas mixtures. In this case

=73 a;(X)NX)N(0:),
X

where X indicates the various gases in the mixture and
N(X) the number density of molecules of gas X, so that
a; for oxygen in different gases can be determined by
measuring 7 for various small admixtures of Oz in, say,
N; or He.

Using valuee of W and D/u given in their papers,
Chanin et al. [1383] and Pack and Phelps [1662] used
the above procedure to obtain the values of a; at thermal
energies shown in table 4.2.

As can be seen from figure 4.2, the results in [1383]
and [1662] for oxygen at low energies for T=300 K are
in general agreement with the recent data of McCorkle
ct al. [5046]. The discrepancy at higher energies,
together with a similar discrepancy between results
obtained with N, as the third body, suggests however,
that the energy scale of [1383] and [1662] is in error.
The results of recent microwave measurements [762,
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1633, 4097, 5131, 5770, 5125] are also given in table
4.2, and it can be seen that values of a three-body
attachment rate coeflicient at 300 K in close agreement
with the extrapolated drift-tube data are obtained,
although in earlier microwave experiments [4095, 711,
4096} a two-body attachment rate coefficient of about
1.4 X 10- cm?® s~! was reported. :

As can be seen from figure 4.3, recent beam experi-
ments [5047] and theoretical calculations show con-
siderable siructure, in the curves of three-body rate
coefficient for the production of O; as a function of
electron energy, which was not revealed by the swarm
data. The curves shown in figure 4.3 have been normal-
ized at the peak of the swarm data given in {1383]. The
envelope of these  curves follows closely the swarm
results shown in figure 4.2, for energies up to about 0.6
eV. At higher energies the swarm data are higher be-
cause of the effect of the much wider energy distribution
in the swarm. The first peak of the beam data also shows
a smaller dependence on temperature than the peak of
the swarm data.

In the intermediate range of values of E/N between
about 12 X 10-17 and 84 X 10-17 V c¢m? a relatively large
number of experimental investigations have been
carried out using the various methods outlined in the
introduction to this section. In this region of E/N, it is
found that »/N is a function of E/N only, which indicates
the predominance of two-body attachment over the range
of values of N studied. lonization is negligibly small at
values of E/N up to about 56 X 10-'7 V c¢m?2, but above
this value it becomes increasingly significant, and the
coefficient measured by these methods is then (n— a)/N
rather than n/N.

Many of the early data [1317, 1336, 2093] were ex-
pressed as values of h, the probability of attachment in
a collision, which makes the recovery of accurate
values of 7/N difficuit, because it involves the use of
numerical values of other parameters such as W which
were in some cases taken from different papers; e.g.,
values of W given in figure 1.28 were used in the case
of [1317] and the values of k given in [195] in the case
of [1336]. Moreover, temperatures to which the values
of E/p given in [1317, 1433, 649, and 2093] correspond
are not clearly stated and have been assumed to be
20°C. These factors possibly account for some of the
scatter of the data shown in figures 4.4(a) and 4.4(b),
but an analysis [1006] of the sources of error in the
various experiments shows that most of the scatter is
likely to be experimental in origin; for example, electron
diffusion could have given rise to errors in some of the
results given in [1433] and [1317], and the length of the
pulse used in [1336] was such that it would be likely to
lead to values of n/N which were too low.

Only the results of recent experimental work in which
the results are given as n/N, E/N without ambiguity
are given in table 4.3. The results of theoretical compu-
tations [2553] of n/N, using two slightly different sets
of cross sections chosen to fit these and other (see
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$ec. 3.1.1 and sec. 3.7.d) swarm data, are given in figures
4.4a) and 4.4(b) to help comparison of the results.

“‘For values of E/N above 84 X 1017 V cm? the ioniza-
tion coefficient increases rapidly, becoming greater
than the attachment coefficient at about 10-** V cm?

“Many attempts have been made to determine the attach-
‘ment coefficient from the spatial growth of ionization
at constant values of E/N in this region. The appropriate
‘equation for the analysis of the results is eq (16), but
s use presents formidable problems. The experi-
‘mental data in all cases show the effect of attachment
.throngh the departure of the InI, d graphs from line-
“arity at low values of d, but the values obtained for
-‘_‘t'he attachment coefficient depend on the assumptions
.made about which processes are significant; e.g.,

-detachment and ion conversion are often assumed to-

be negligible. Furthermore, in oxygen as in air {2047],
analysis of typical experimental data in which the
-ionization currents are measured to within 2 or 3 per-
cent shows that the spread of attachment coefficients
‘that will fit the experimental data is very large (typically
~100 percent). This situation is reflected in the wide

range of values for /N that have been obtained. These -
.are shown in figure 4.5. The results of an investigation:

.of the development of the current with time resulting
‘from a short burst of electrons released from the
‘cathode in. a plane parallel gap [2370] are also shown
in- figure 4.5. Again there are considerable complica-
‘tions in the analysis and the results for n/N lie close
:ti) the lower limit of those obtained from spatial growth
‘measurements in the region where they overlap. It is
clear from consideration of these data that the value
of the attachment coefficient in the region where ioni-

z'atiofn is significant is at present known only in order.

-of magnitude because of the complexities in the reaction
‘scheme for oxygen.

3.4.b. Attachment Coefficient - Nitric Oxide

The only published values of the attachment coeffi-
cient as a function of E/N for nitric oxide are those
recently obtained by Parkes and Sugden [4943], whose
data at 293 K are shown in figure 4.6 and tabulated in
:able 4.4. The earlier data of Bradbury {2099] for
25X 101 < N < 100 X 10'® ¢m 3 were given as values of

1, the probability of attachment, and require values of

¥V to convert them to values of the attachment coefficient
such as those shown in fig. 4.6) for comparison with the
ecent data. The data of Parkes and Sugden were
obtained from measurements on the electron and ion
pulses resulting from the release of a pulse of electrons
from a cathode of a drift tube at relatively high number
densities in the range 2.2X108<N<5.25X108
cm~3, As can be seen from figure 4.6, all their results
lie on a single curve of n/N2, E/N, showing that three-
body attachment occurs in this case, which is in agree-
-ment with the earlier work of Bradbury {2099] and with
recent studies of plasma decay using the microwave
method [1608, 3229, 3610].

. <EIN <182X10-%

Extrapolation. of the drift-tube data of Parkes and
‘Sugden to thermal energies, however, gives a value of
(8%2) X 10-3 cm® s-! for the thermal attachment rate
coefficient which is much higher than the values 1.3 to’
2.2X10-3 ¢m® s~ |obtained; in the microwave experi-
ments at low values of N. Further measurements [4943}
of mass analyzed ion currents in NO, O;, and NO/O:
mixtures at low values of N ~ 3 X 10%¢ ¢cm~3 showed that
the attachment rates obtained in the microwave ex-
periments are too low because of the neglect of detach-
ment. Detachment becomes less significant as the
number density is increased because of the conversion
of the NO- ions from which electrons are readily de-.
tached to more stable ions in the processes

NO~ +2NO — NO; +N,0
or NO~+2NO — N;0; +NO

N:05 +NO — NO; +N:O.

Both the microwave and drift-tube experiments show:
that the attachment coefficient decreases markedly
with increasing temperature. The drifi-tube experiments.
show, however, that the temperature dependence is
larger at lower number densitics over ‘the range in
vestigated, indicating that the situation is again
complicated by detachment.

" 3.4.c. Attachment Coefficient— Carbon Monoxide

. All the possible processes of attachment in carbon
monoxide are dissociative processes with relatively high
energy thresholds (> 9.5 eV) (Hagstrum, Rev. Mod.
Phys. 23, 185, 1951; Chantry, Phys. Rev. 172, 125,
1968). This, together with the fact that there is a very
rapid detachment reaction between the O~ ivns formed
and CO to give CO; makes attachment unlikely to be
significant under swarm conditions. The importance of
this effect was illustrated (i) by mass spectrometric
measurements [3352] (see also J. L. Moruzzi and A. V.
Phelps, J. Chem. Phys. 45,4617, 1966) at relatively low.
gas number densities (3.3 X 10 to 16.5 X 10 cm~-3)
which showed negligible negative ion formation for
15X 10-7" < E/N < 300X 10-7V cm?, (ii) by measure:.
ments [2099, 2408] of the negative ion component of
drifting electron swarms by means of a radio-frequency:
electron filter of the Bradbury type which gave no de-
tectable attachment coefficient for 6.4 X 1016 < N.<
31.5x10% c¢cm~2 for E/N in the range from 14 X 1017 to
118X 10 V cm?, and (iii}’ by measurements of pre-
breakdown ionization [4016] at relatively high gas:
number density (94 X 106 10 321 X 106 cm ~3) which gave
no measurable attachment coefficient for 122 X 10-17
V cm?; earlier measurements
[1254] seemed to show attachment in .CO but ‘the
observed attachment has since been shown [5243] to
be due to impurities. -
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3.4.d. Attachment Coefficient— Carbon Dioxide

The published results on values of attachment
coefficients in carbon dioxide are shown in figure 4.7.
No dependence of the coefficient /N on ‘N has been
found, indicating that attachment occurs by a two-body
process of associative detachment.

The experimental results shown in figure 4.7 for
EIN <73%x10-1 V ¢m? were obtained [2408] for a
range of values of NV from 14 X 1010 28 X 106 cm =3 by
determining the negative ion component of a drifting
swarm using a radio-frequency electron filter of the
Bradbury type. Those for E/N > 73X 10~ V ¢m? were
obtained either by analysis of the measured spatial
growth of prebreakdown ionization [948, 3435, 4843] in
the steady state for 78 X 10 < N < 386 X 10'® cm~3 or
by analysis of oscillographic observations of prebreak-
down current pulses [1724]. Theoretical values {2553]
obtained using cross sections obtained from considera-
tion of swarm data are also shown.

The mean values given in figure 4.7 should not be
taken as indicating more than approximate values of the
attachment coefficient, because the nature of the
analysis of the experimental data 1s such that a con-
siderable spread (often greater than 100 percent)

about the mean values given would be compatible with
the experimental results.

3.4.e. Attachment Coefficient— Air

In air ionization becomes significant with respect to
attachment at a value of E/N above about 70 X 10-17V
cm?, so that it is convenient to consider the results
obtained in two regions above and below this value of
E/N.

The values obtained in the lower region of E/N are
given in figure 4.8. All these results were obtained using
various arrangements for the spatial analysis of an elec-
tron swarm moving through the gas, except for those in
[3165] in which the temporal development of avalanches
was measured. One of the sets of data [1317] was
prescented in the form of values of the probability of
attachment, h, at an unspecified temperature, so that the
conversion to n and the assumption of a temperature of
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20 °C might have introduced some error in this case, but
it seems likely that the spread in the other results arises
from experimental factors such as those mentioned in
the case of oxygen.

Tt is interesting to note that at very low E/N below
about 10X 10~ V ¢m? the dependence of /N on N
observed by Hessenauer [3165] indicates the predom-
inance of three-body attachment as in oxygen, the values
for n/(partial pressure of oxygen) in air lying close to the
values of m/p obtained in oxygen alone.

Thermal attachment rate coefficients have been
obtained for air [762] in the range 1007 <N < 10*® cm~3
and for 4:1 niwrogen/oxygen mixwres [5770] in the
range 3.54 X 1016 < N < 3.54 X 107 cm -3 from micro-’
wave studies of the decay of ionization produced by
pulsed electron beams. The results of Brodski and Zagik
[762] were given in the form of a graph of v,/{O:] versus
p which tended to saturate at the higher pressures.
Treating the low pressure part of the curve as linear,
gave ky=3%10-30 cm®s-1! and k,as 5X 1073 cmbs-7,
where k; and k; are defined by

1'3/[02]= k:[oz]"‘ ]fz[Nz]b,

the brackets indicating concentrations. The results of
Hirsh, Eisner, and Slevin [5770] showed that », was
linearly dependent on pressure over the range in-
vestigated and gave a value of k3=1.1 X10-3 ecm®s-?,
where kj is defined by

va=ka([O2]+[N;])2.

In air k3=k,+ 4ky/25, so that the value of k; from the
results in [762] is 1.4 X 10~3" ¢m® s~ in fair agreement
with the value given in {5770].

The values for m/N at higher values of E/N when
ionization becomes significant are shown in figure 4.9,
Similar difficulties concerning the analysis of the
experimental data arise as were discussed in the case
of oxygen and these account for the lack of precise
knowledge of the attachment coefficient in these
conditions.
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Table 4.1
Experimental values of n/N2 for oxygen for E/N <.30 x 10_17ch2
E/N N ) nlm2 E/N N n/N2
a0 ven? @oten™3) 1073 en’) 10 vem?) a3y @)
0.2154 2.45 12.2  (a) 1.224 4,83 2.28 (a)
0.2456 2.45 11.0  (a) 1.237 2.45 2,20 (a)
.0.2501 3.38 10.1  (a) 1.250 3.38 2.13  (a)
0.2801 2.45 9.8 (a) 6.92 1.62  (d)
0.2819 3.38 8.9 (a) 8.24 1.72  (d)
9.80 1.64 (d)
6.92 4.8 . (d) 11.99 1.59 (d)
8.24 5.0 (d) 14.49 1.61  (d)
0.303 11.99 4.5 () 1.515 Y 21.74 147 (@)
14.49 4.2 (d) 28.99 1.45  (d)
0.307 3.38 8.1 (a) , 43,5 1.47  (d)
72.5 1.26  (d)
0.309 2.45 : 8.6 (a) 144.9 1.00 (d)
6.92 (4.5 (@ :
8.24 4.5  (d) - 4.95 1.56  (b)
0.364 11.99 4.2 () ' 4.95 2,02 (b)
14 .49 3.9 (d) 5 6.60 1.65 (b)
21.74 3.2 @) 1.516 6.60 1.83  (b)
f11.0 1.74  (b)
6,92 {3.9  (d) 13.6 1.75  (b)
8.24 3.9 (d) .
0.485 )11.99 3.5 (@) 1.523 8.05 1.70  (a)
) 14.49 3.3 (d) 1.534 3.38 1.75 (a)
21.74 2.99  (d) 2.45 1.80 (a)
28.99 2.73  (d) 1.346 {4.83 {1.78 (a)
I 1.694 10.62 0.64  (e)
6.92 3.5 (d)
8.24 3.4 (@) ( 3.30 (1.67  (b)
0.606 11.99 3.1 (@ 4,95 1.29 ()
: 14.49 2.83 (d) 4,95 1.74  (b)
21.74 2.81 (d) 5.77 11.65  (b)
28.99 12,45 (@) 6.60 1.38  (b)
6.60 1.47 (b)
0.611 4.83 4.5 (a) 6.92 1.40 (d)
0.616 2.45 4.5  (a) 8.24 1.43  (d)
0.621 3.38 4.1 (a) 9.80 1.39  +d)
- 1.819 y 11.0 .46 ®)
6.92 2.54  (d) 11.99 1.34  (d)
8.24 2.65 (d) 13.6 1.47  (b)
11.99 2.38 (d) 14.49 1.40 (d)
0.900 14,49 2.28 (d) 21.74 1.30  (d)
21.74 2.16 (4) 28.99 1.26  (4)
28.99 2.10 (4) 43,5 1.26  (d)
143.5 2.16 (4) 72.5 1.13 (@)
72.5 1.67 (d) |144.9 0.92 (@)
0.910 4.83 3.0 (a) 1.830 3.38 1.45  (a)
0.920 3.38 2.78 (a) 1.834 4.83 1.49  (a)
0.925 2.45 3.0 (a) ©1.856 2.45 1.47  (a)
: 5 21.74 {1.15 {d)
3.30 2.21  (b) 2.122 72.5 0.97 (d)
4,95 2.02 (b) 144 .9 0.79  (d)
4,95 2,49 (b)
5.77 1.65 (b) 2.145 3.38 1.24  (a)
6.92 2,01 (d) 2.154 . . 2.45 1.27  (a)
8.24 2.14 (d) 2.163 " 4.83 1.26 - (a)
1.212 { 9.80 4 {1.89 . () 2.314 14.2 1.18  (a)
11.99 1.87° (d)
14.49 1.80 (d)
21.74 1.79 (d)
28.99 1.73 (d)
43.5 1.61 .(d)
(72.5 1.55 (d)
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Table 4.1 (continued)
Experimencal values of n/NZ‘EOr oxygen for E/N < 30 ~ 10‘17ch2
CE/M N n/n’ E/N v N ‘ n/N*
0 Vyen?y o’ @0 36 @0 yen?y @t ey 10730y
3.30 1.09  (b) (4.91 0.53  (d)
4,91 1.06  (d) 6.92 0.53  (d)
4.95 1.01 () 8.24 0.55 (d)
4,95 1.29 () 9.80 0.55 (d)
5.77 1.11 () .24 11.99 10.55  (d)
6.60 0.93  (b) . 124.49 0.48 ()
6.60 1.11  (b) 121.74 U.54 ° (d)
6.92 1.01 (&) 28.99 0.52 (d)
8.24 11.07. () 143.5 10.54  (d)
2.425 < 9.80 41.05 () 172.5 0.51 (d)
11.0 1.12 (b)
11.99 1.08  (d) 4.49 7.79 0.57  (e)
13.6 1.10  (b) (4.95 0.47 (b
14.49 1.03 - () 4.95 0.53  (b)
21.74 0.98 (d) 5.77 0.50 (b)
28.99 0.99  (d) 4.55 6.60 J0.49  (b)
43.5° 1.01  (d) : 10.44 0.34  {(e)
72.5 0.88 (d) 10.44 0.37  (e)
144.9 0.75  (d) 11.0 0.42 (b)
. : 13.6 0.47 (b)
2.451 4.83 1.10  (a)
2.456 2.45 1.14 - (a) 4.56 4.83 0.53 (a)
2,459 3.38 S 1.09  (a) 4.57 3.38 0.48  (a)
2.728 { 72.5 {0.81 (d) 4.68 14.2 0.54 (a)
o 144.9 0.71  (d) 4.72 {10.80 0.33  (e)
: 11.12 0.37 (&)
2.731 4.83 0.95 (a) 4.75 17.4 0.55 - (a)
2.738 2.45 1.02 (a) 5.34 10.66 0.32  (e)
2.771 3.38 0.95 (a)
3.02 { 8.05 {0.87 @) 4,91 (0.37 (&)
' 14.2 0.83  (a) 6.92 0.37 (d)
L ’ 8.24 0.39 @)
3.30 0.74  (b) 9.80 0.38 (d)
4.91 l0.79 (@ 11.99 0.38 (d)
4.95 0.65 (b) 5.45 ] 14.49 ]0.38 (@)
4.95 1.01 () : 21.74 0.38  (d)
5.77 0.92  (®) 28.99 0.36 (d)
6.60 0.68  (b) 43.5 0.39 (d)
6.60 0.83 (b) 72.5 0.36 (d)
6.92 0.79  (d) 144 .9 0.33 @)
8.24 0.85 (d) 289.9 0.293 (d).
3.03 { 9.80 {0.84 (d)
11.0 10.80  (b) 5.97 5.21 0.39  (e)
11.99 0.86  (a) 6.06 6.60 0.32  {e&)
13.6 0.83 (b) 6.08 8.05 0.41 (a)
14.49 0.86  (d) 6.14 3.38 0.275 (a)
21.74 0.80 (d) 6.16 {10.73 {0.253 (e)
28.99 0.78 - (@) : 10.76 0.297 (e)
43.5 0.83 (4) 6.50 17.84 0.176  {e)
72.5 10,75 (&)
{144.9 \0.65 (@) 6.92 - 0.267 (4)
8.24 10.279  (d)
3.05 3.38 0.82 (a) 11.99 0.267 (4)
3.06 4,83 0.85 (a) 14.49 0.269 (d)
3.14 . 10.62 0.44 (&) 6.67 ] 2174 0.267 {(d)
3.21 9,98 0.37 (o) . 28.99 lo.262 (@)
3.38 10.58 0.48 (e 43.5 0.271 (d)
6.60 0.64  (b) 72.5 0.280 (d)
3.64 {11.0 {0.50 (x) 144.9 0.241 (d)
13.6 0.56  (b) 289.9 0.252 (d)
3.73 10.62 0.47  (e)
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Table 4.1 (continued)

Experimental values of n/N2 for oxygen for E/N < 30 x 10—17ch2
.2 2
E/X N n/x E/N N n/N

0™ veu?) @oten ) (107%n”) (107 ven®) @0t en?) (10%ca®)
6.81 10.62 0.263 -(e) 6.92 0.55 (&)
6.97 6.92 0.259 (4) 8.24 0.49 (d)
7.06 14.34 0.181 (e) 11.99 0.38 (d)
7.7 {6.92 {0.246 (d) : 21.74 0.271 (d)
’ 8.24 0.254 (d) 10.91 28.99 0.214 (d)
7.58 6.92 0.241 (d) 43.5 0.168 (d)
7.61 4.83 0.230 (a) 72.5 0.138 (d)
7.77 11.43 0.269 (e) |144.9 0.115 {(d)
289.9 0.104 (d)

[ 8.24 [0.246 @y
11.99 0.230 (d) 10.93 14.2 0.28 (a)
14.49 0.228 (d) 43.5 (0.182 (d)
21.74 0.216 (&) 11.52 { 72.5 ;0.135 @
7.88 { 28.99 0.207 (d) 144.9 0.109 (d)
43.5 0.209 (d) 11.62 2.45 2.20  (a)
72.5 . 0.196 (d) 11.89 10.83 0.45 (e)
144. 0.169 (d) ' 12.01 3.38 2.01 - (a)
289.9 10.190 (d) 12.12 {144.9 {0.104 @)
. ° 289.9 0.092 (d)

8.42 11.33 0.232 (e)
[ 6.92 0.259 (d) ~12.19 8.05 0.89 (a)
8.24 0.272 (d) 6.92 0.88 (d)
11.99 0.233 (d) 8.24 0.81 (d)
8.49 J 16,49 jo.221 (@) 14.49 0.47 (&)
’ 21.74 0.207 (d) 12.73 21.74 0.38  (d)
28.99 0.193 (d) : 28.99 0.286 (d)
43.5 0.184 . (d) 43.5 0.230 {d)
144.9 10.150 (d) "72.5 0.146 (d)
{289.9 0.088 (d)

8.50 7.79 0.39  (e)
6.92 0.31 (d) 13.10 2.45 3.5 (a)
8.24 0.31 (@) ‘ 13.31 14.34 0.40  <e)
11.99 0.245 (d) 13.83 4.83 2.13  (a)
9.09 { 14.49 0.228 (d) 13.94 289.9 0.082 (d)
: 21.74 0.207 (d) 14.10 10.34 0.67 (e)
43.5 0.172 (d) 14.54 289.9 0.080 (d)
72.5 0.159 (d) 14.88 8.05 1.85 (a)
1289.9 0.152 (d) 15.08 3.38 3.9 (2)
9.12 10.97 0.265 (e) 6.92 1.53 ° (d)
9.32 10.66 0.238 (e) 8.24 1.31  (d)
9.35 3.38 0.33  (a) 14.49 0.77  (a)
9.40 28.99 0.193 (d) 21.74 0.58  (d)
o 21.74 0.216 (d) 15.15 { 28.99 {0.44 (@)
9.70 43.5 0.163 (d) 43.5 0.31  (d)
72.5 0.146 (d) 72.5 0.196 (d)
289.9 \1.24 (@) 144.9 0.117. (a)
289.9 0.079  (d)

9.92 © 5.42 0.47 (&)
10.00 28.99 0.197 (d) 15.82 5.42 1.67  (e)
10.19 2.5 1.02  (a) 16.00 2.45 6.0 (a)
{14.49 {0.290 @ 16.10 10.34 0.0108 (e)
10.31 43,5 0.163 (d) 16.50 4.83 3.4 (a)-
. (72.5 0.139 (d) 14,34 0.0092 (e)
10.75 8.05 0.45 (a) 17.66 §10.87 0.0126 (e)
10.90 10.58 0.35 (e) 10.87 0.0140 (e)
18.07 8.05 2.24  (a)

4. Phys. Chem. Ref. Data, Vol. 4, Ne. 3, 1975
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Table 4.1 (continued)
. 2 ~17 2
Experimental values of n/N~ for oxygen for E/N < 30 x 10 ~'Vcm
2 2
E/N N n/N E/N N n/N
10" yen?) @0 en™3) @0 38cn”) a0 ven?) o ean™3) 10738’y
(6.92 2.25 (a) 22,63 11.12 0.0200 (e)
8.24 1.91 () 23.09 4.83 4.7 (a)
14.49 1.11 d) 6.92 3.2 ()
21.74 0.78 ) 8.24 2.75 (d)
18.19 { 28.99 {0.60  (d) 14.49 1.57  (d)
43.5 0.41 (d) 24.25 21.74 1.00 (@)
72.5 0.251 (4d) . 28.99 0.77 (d)
144.9 0.130 (4) 72.5 0.31 (d)
289.9 0.085 (d) 144.9 0.161 (d)
289.9 0.097 (d)
18.36 17.84 0.0090 (e)
19.10 2.45 7.9 @) 24.31 3.38 7.2 (a)
19.49 7.79 0.0216 (e) 25.71 17.84 0.0141 (e)
19.80 4,83 4.3 (a) 25.88 4.83 5.2 (a)
20.85 3.38 6.5 (a) 27.09 3.38 7.5 (a)
21.07 11.08 0.0165 (e)
6.92 3.4 (@)
6.92 2.76 (d) 14.49 1.72 )
8.24 2.42 @ 21.74 1.12 (d)
14.49 1.37 (d) 27.28 28.99 0.87 (d)
21.22 21.74 0.92 (d) * 43.5 0.63 d)
* 28.99 10.71 (D) 72.5 0.36 (d)
43,5 0.49 (d) 144.,9 0.186 (d)
72.5 0.30 (d) 289.9 0.099 (d)
144.9 0.153 (d) 28.33 10.73 0.0262 (e)
Experimental:
(a) Chanin, et al., Phys. Rev. 128, 219 (1962).
(b) Rees, Austr. J. Phys. 18, 41 (1965). )
(c) Chatterton, et al., J. Electron. Control 11, 425 (1961).
(d) Grunberg, Z. Naturforsch. 24a, 1039 (1969).
(e) Doehring, Z. Naturforsch. 7a, 253 (1952).

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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} Table 4.2
Experimental values of the thermal three-body attachment rate coefficient
_ for oxygen at various temperatures )
T a4 T ‘ ag T ag
(°K) (1030cm§/sec) (°K) (1030cm6/sec) (°K) (1030cm6/sec)
77 <1 (a) 2.8 (a) 370 3.1 (a)

113 0.72 (b) 2.0 (c) 530 2.8 (c)

195 2 (a) 3.0  (d)

200 1.5 (b) 300 2.3 (e)

2.4 - ()
2.12° (g)
2.2° (nh)
Experimental:
(a) Chanin, et al., Phys. Rev. 128, 219 (1962).
(b) Truby, Phys. Rev. A 6, 671 (1972).
(¢} Pack and Phelps, J. Chem. Phys. 44, 1870 (1966).
(d) Brodski, et al., Sov. Phys. Tech. Phys. 11, 498 (1966).
(e) Hackam, et al., Proc., Phys. Soc. (London) 86, 123 (1965).
(f) Lennon, et .al., Proc. Phys. Soc. (London) 78, 1543 (1961).
(g) Hirsh, et al., Phys. Rev. 178, 175 (1969).
(h) Warman, et al., Chem. Phys. Lett. 12, 211 (1971).
Table 4.3
. Experimental values of n/N for oxygen for E/N > 30 x 10_17ch2
E/N n/N E/N n/N E/N n/N

@0 M yen?) ao ¥ 20 ven?) 0 18cn?) @0 ven?) 10782y

30.3 {2.5 (a) 42.3 2.5 (c) 53.0 2.5 (a)

: 1.28 (b) 42.4 1.39 (b) 54.5 1.06 (b)
33.3 0.23 (b) {2.6 (a) 2.4  (c)
36.4 1.36 (b) 45.5 0.71 (&) 60.6 2.2 (a)
37.9 2.6 (a) 48.5 {2.5 (c) 72.1 1.9 (e)
39.4 1.46 (b) : 1.42 (b)

Experimental:
(a) Huxley, et al., Austr. J. Phys. 12, 303 (1959).
(b) Grunberg, Z. Naturforsch. 24a, 1039 (1969).
(c) Chattertom, et al., J. Electron. Control 11, 425 (1961).
Table 4.4
Experimental values of n/N2 for nitric oxide

E/N N  n/N? E/N N n/N2
- = - - 5 - : - -

@0 yem?ty @08 0™ ey @0 ven?) 10183 0™ en)
0.927 5.25 10.1: 4,98 5.25 3.8
1.421 5.25 8.4 5.68 3.9 3.6
1.963 5.25 6.6 8.09 3.9 2.5
2.160 3.45 5.7 8.58 3.45 .2.06
2,738 5.25 5.2 9.87 3.9 2.24
2.786 3.45 6.0 10.47 2.65 1.90
3.06 5.25 5.9 11.65 2.65 1.36
3.82 5.25 4.3 13.15 2.65 1.63
4.28 3.45 3.4 14.58 2.65 1.63
4.44 2.2 3.8 15.50 2.2 1.08

17.43 2.2 0.70

Experimental:

All data taken from Parkes, et al., J. Chem. Soc. Faraday Trams. II 68, 600 (1972).
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3.5. Detachment Coefficient

In section 3.4 a number of processes are listed by
which, in an electronegative. gas, negative ions can be
produced in an electron swarm by collisions between
electrons and the gas atoms or molecules. These
processes of -electron attachment are all reversible
giving rise to corresponding processes of electron
detachment in which electrons are removed from nega-
tive ions by providing the energy difterence required.
In swarm conditions, the only processes of detachment
that are significant are those resulting from collisions
of the negative ions with neutral gas particles and these
processes can be represented by the equations

"AT+B+ke.>A+B+e,
A 4+B— AB+e,

“which are the reverse of three-body and dissociative
attachment, respectively.

Of the gases considered in this review, values of the
detachment rate coefficients and of the detachment
coefficient have been obtained only (i) for oxygen nega-
‘tive ions, either in oxygen or in mixtures of oxygen with
-other gases. particularly air and (i) for nitric .oxide
‘negative lons in mixtures of nitric oxide and oxygen. The
data obtained are discussed in the nexi two subsections.

3.5.a. D h Coefficients— Oxygen

At low values of E/N for which ionization is negligible,
the continuity equations for an electron swarm moving
in an electronegative gas in which attachment and
detachment are occurring may, neglecting diffusion, be
written

L R
ot ox

on oN
—a—t+W_—a;—-an—d]V~

where n and N_ are the electron and negative ion
number densities and W and W . are the electron and
negative ion drift velocities, respectively.

. These equations were used by Pack and Phelps
[1662] as the basis of the analysis of the wave-form of
-the current observed to result from the liberation of a
pulse of electrons from the cathode of a drift tube.
The value of E/N in the drift tube was maintained at a
value sufficiently low (~3X10-"7 V em?) for the
negative ions to remain in thermal equilibrium with the

-gas molecules. In this way, values of the thermal -

detachment rate coefficient were obtained over the range
375 < I'< 573 K and for values of N from about 107 to

10%% em~3. These values are shown as a graph of d,

T in hgure 5.1 and given in table 5.1.
Detachment rate coefficients have also been deter-
mined for several mixtures of oxygen with small amounts

J: Phys. Chem. Ref. Data, Vol. 4, No. 3; 1975

of other 'gases. These were obtained using flowing

-afterglow techniques [3042] and from measurements in

drift tubes of mass identified ion currents {5700} and of"
the time-resolved electron component of pulses gen-
erated by photoelectric emission from the cathode
[3352]. The values obtained from the drift tube measure-
ments for the detachment rate coefficients for the
associative detachment reactions ’

0~ +H,— Hy0+e,
0~+CO— CO;+e,
and 0~+NO— NO,+e,

are shown as functions of E/N in figures 5.2, 5.3, and 5.4.

Using Wannier’s expression (G. Wannier, Phys. Rev.
83, 281, 1951; 89, 795, 1952) for the mean energy of
the negative ions, the range of values of mean energy
corresponding to the range of experimental values of
EIN was found to be about 0.04 10 0.7 eV. The resulis
are thus in accord with the results of the afterglow
studics [3042] which gave values for the associative
detachment rates at thermal energy (0.039 ¢V at 300 K)
of 7.6 X107 ¢m3 s-1 for Hy, 5.4 X107 cm?® s~ for
CO and 3.2X 10~ c¢m3 s~ for NO. (These values are
updated values given graphically in [3352].)

Both drift tube and flowing afterglow studies show
that the associative detachment rate for O~ in nitrogen
is very low, an estimate ~ 10-19 cm3 51 being given in
[3352].

Microwave measurements on a decaying afterglow
in relative large admixtures (10 to 20 percent) of oxygen
in nitrogen at a nitrogen pressure of about 9 Torr were
made by Hackam and Lennon [1633). The variation of
decay rate with the oxygen content of the mixture was
interpreted to give a value of d=8.4 X10"* cm?s~* at
T=296 K for the detachment rate coefficient of oxygen
negative ions in collision with nitrogen molecules.

At higher values of E/N, when ionization becomes a
significant process, attempts have been made to obtain
values of the detachment coefficient both from measure-
ments on pulsed [1444, 2370] and steady-state {2462,
2555, 4948] electron swarms. The analysis of the
experimental data has, however, proved difficult,
because of the large number of significant processes
occurring and their relative magnitudes. The solution
of the appropriate continuity equations in the steady
state is given by cquatibn (16). (See sec. 3.7.¢.)

Analysis of the steady-state data has been carried
out using this equation and various simplifying as-
sumptions {e.g., that secondary ionization and ion con-
version are negligible). With this assumption it was
found that the detachment coefhicient & for 100 X 10-17 <
E/N <140X10-" V cm? is small compared with the
attachment coefficient %, values of /N in the range
from zero to about 3 X 10~ c¢m? having been obtained,

depending on the conditions. Unfortunately, when
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B/n'is small there is no significant difference in the best
it to the experimental data for a wide range of combina-
tions of the coefficients which include the possibility
of 8=0. In a recent reanalysis [4947] of the steady-
state data, it has been suggested that inclusion of ion
conversion would lead to values of & compatible with

the much higher values (8§/N ~ 1.5X10-17 cm?) found

by analysis [2370] of the pulse data. It should be pointed
out, however, that the inclusion of ion conversion in the
steady-state analysis enables an even wider range of
combinations of coefficients to be used to give agree-
ment with the experimental data and the possibility of
8=0 is still not excluded.

That 8/p is finite but small in this region of E/N was
definitely established by further experiments {2994,
4920, 4949] on the steady-state spatial growth of current
resulting from an initial negative-ion current. The
values obtained for 8/N were ~ 3 X 10-*% cm? at p=20
Torr, decreasing as the pressure increased to 60 Torr,
but no detailed agreement has yet been obtained be-
tween different sets of data obtained using this pro-
cedure. Moreover none of the analyses used included
either the effect of ivn conversion reactions or of the
presence of electrons mixed with the initial negative
jon current. Comparison of these experiments is further
complicated by the fact that the proportion of the ion
species O, Oz, and O3 in the initial negative-ion
current depends on the conditions in the sources which
were different. To obtain definitive results on detach-
“ment coeflicients in oxygen for E/N >99X10-17V cm?
requires further work, preferably in a system in which
the ion species can be identified.

3.5.b. Dé!uchmenf Coefficient — Nitric Oxide

Parkes and Sugden [4943] obtained a value of

(5 1) X102 cm? s-! for the detachment coefficient
of near-thermal NO~ ions from an analysis of experi-
ments in which the mass identified ion current at the
end of a drift tube was measured as a function of
oxygen concentration in NO/O mixtures at E/N=3.1X
107V cm?a.

.3.5.c. Detachment Coefficient — Air

" There ‘are no values for the detachment coefficient
at low values of E/N in air.

At values of E/N > 85X 10-17V ¢cm? where ionization
becomes significant, measurements have been made o
both the spatial growth of an electron swarm in the
steady state [791, 2047, 2407, 2919] and of the tempora
growth under impulse conditions [2235, 2370, 4947] fo1
85X 10-7 < E/N <140Xx 10~ V cm2 The same
difficulties of analysis arise as in the case of oxygen so
that the values of the detachment coefficient are not
well defined. The values obtained are very dependent
on the assumptions made in the analysis, and even for
a given set of assumptions agrcement between theory
and experiment can be obtained for a wide range of
combinations of values of the coefficients involved.
Thus values of 8/N ranging from zero to 1.5 X 1017 ¢cm?
have been shown [791, 2047, 2407, 4947] to be compatible
with the steady-state experimental results, while threc
sets of impulse data {2235, 2370, 4947] have been ana-
lyzed to give values of 8/N in the upper end of this range,
but without any indication of the range of values of the
coeflicients which could be used to fit the experimental
data. So far, no experiments on the development of an
initial negative-ion current such as those carried out i
oxygen have been reported for air.

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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FiGuRE 5.1. Thermal detachment rate coefficients for oxygen ions in oxygen as a function of

temperature.
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FIGURE 5.2. Associative detachment rate coefficient for the reaction O~ + Hy~ H, O+ e as a function
of E/N.
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FIGURE 5.4. Associative detachment rate coefficients for the reaction O~ + CO~> CO.+ e as a function

of E/N.
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Table '5:1

Thermal detachment coetticients for oxygen

Temperature- - d ) Temperature d Temperature d
°K) (10_15cm3/sec) (°K) 10 -15 3/sv.ac:) (°K) (10 ~15 3/sec)
375 0.090 433, 0.58 529. 9.3
: 0.096 460. 1.5 539. 11.7
0.42 474, 2.1 544, 12.7
423, £0.47 477, 2.3
0.49 523. 7.9 373. {15
425. 0.52 524, 9.7 583. 29.
Experimental:

A1l data taken from Pack, et al., J.

3.6. Excitation Coefficient

~Some of the energy gained from the field by the
slectrons in an electron swarm is given up in inelastic
collisions which lead to the excitation of the gas atoms
or molecules. The number of excitations produced by
n electrons moving a distance, dx, in the field direction
is o€ dx, where € is the excitation coefficient.
" If the excited states produce decay with the emission
of radiation, measurements of the light emitted from the
swarm, as a function of the distance from the cathode of
a uniform field electrode system, may be used to de-
termine €,, the excitation coefficient to radiative states.
The light emitted by any given excited level at the
currents (i < 10-7 A) existing in electron swarms is of
very low intensity. Thus, most measurements have been
concerned with the determination of the total radiation
emitted which leads to an average value of €, for all
the radiating states involved. In some experiments
[1761, 2229]) however, the value of €, for excitation to
states giving rise to particular radiations has been
obtained by measuring the light emitted from the whole
" of a discharge in a narrow range of wavelengths.
In molecular gases, excitation may occur ta repulsive
states which leads to dissociation. Measurement of the
-number of dissociations produced by a given current

can then be used to evaluate €4, the excitation coefficient -

‘to dissociating states, which is often termed, snnply,
‘the dissociation coefficient.

Of the gases with which this data survey is concerned,
excitation coeflicients have been obtained experimentally
for Hs, N2, Oz and CO. and have been calculated
theoretically for He and Ne. The values obtained are
given in the succeeding subsections.

3.6.a. Excitation Coetticient — Helium

When an electron swarm moves through helium both
metastable and radiating states are excited. There are
no published experimental values of excitation coeffi-
cients for helium, but there have been a number 1336,
3897, 4057, 5701, 4909] of theoretical calculations both
of the total excitation coefficient and of the partial
excitation coefficients  to metastable states and to

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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radiating states. The values obtained are shown in
figures 6.1 and 6.2 and given in table 6.1 {epsilon in the
figures = ¢ in the text).

. All these values of € are based on the published data
{119, 318, 2010] (see also H. S. W. Massey and E. H. S.
Burhop, Electronic and Ilonic Impact Phenomena,
Clarendon Press, Oxford, 1969, 2nd Ed., Vol. 1) on the
cross sections involved. In [336, 4057, 5701, and 4909]
analytical methods were used, based in one case {336]
on a previously published {2010] energy distribution
function, and in the others on distributions obtained for
the purpose. In {3897} a Monte Carlo methed was used.

) 3.6.b. Excitation Coefficient—Neon

The only available published information on excita-
tion coeflicients for electron swarms in neon are the
values of the total excitation coefficient calculated by
Hughes [4909] and the approximate values for the
excitation coefficient to the 3P, level calculated in
[2501] using expressions given in [3552]. These values
are shown in figure 6.3, the values for the excitation
coefficient also being tabulated in table 6.2.

3.6.c. Excitation Coefficient--Hydrogen

The radiation produced by an electron swarm moving
through hydrogen lies mostly in the far ultraviolet (1000
to 1200 A), resulting from the excitation of the 2 i,
state. A direct measurement of the excitation coefficient
was made [354] by determining, at various distances
from the cathode, the far-ultraviolet radiation emitted
from a small length Ax of an electron avalanche (current
i< 10-8A) eslabiished_between parallel plates. These
measurements gave values both of the excitation
coefficient €., which are shown in figure 6.4, and given
in table 6.3, and of the ionization coefficient a. The
values of « so obtained were in good agreement with
those obtained using the Townsend method (see fig.
7.5). :

In othér experiments, the radiation emltted by the
whole discharge, either axially from an avalanche with
i <10-% A [921] or radially from a self-sustaining
Townsend discharge with 1 pA <i< 10 pA [3722), was
measured together with the value of the current flowing.
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17both: these experiments the emission at a constant
ilue of E/N was found to depend on the gas pressure
(I<<p <100 Torr), because of the quenching of
idiation. in collisions of the second kind between
kcited and neutral gas molecules. When the results
ere corrected for this pressure effect they gave values
['€./o. In [921], absolute values of €,/a were obtained
nd converted into the values of €./N shown in figure
4. (and given in table 6.3) by using the values of a/N
iven in [1356]. In [3722], however, relative values of
[Ja_ were .obtained, converted to relative values of
N using values of afN given in [2150], and then
wrmalized to give the values shown in figure 6.4. This
jormalization was carried out by adjusting the value of
¢;IN to agree with the absolute values of [354] and of
]921] at low values of E/N.

Observations [1761] of the radiation from a self-
sustained Townsend discharge, at currents up to 300 uA,
nsing interference filters gave valnes aof ¢, for the excita-
tion of states leading to the emission of H, and Hyg
tadiation and these are shown in figure 6.5.

Comparison of figures 6.5 and 6.4 shows that the
number of molecules excited so as to give H, and Hp
radiation is much smaller than those excited to the
21, state. _

On the other hand, the dissociation coefficient €4,
which is essentially a measure of the excitation coeffi-
cient to the 3%} and 33 states is much larger than
€, for the 211, state, as can be seen from figures 6.6
‘and -6.4. Figure 6.6 and table 6.4 show the values of €4
obtained from measurements of the number of molecules
‘dissociated by a radiofrequency (5 MHz) discharge
[354] and by a dc discharge [4950]. A maximum value

of €a/E of 6.5X10-2, which is close to that given in

figure 6.6 was also obtained [4951} from measurements
:on  the dissociation in a discharge at a frequency of
3000 MHz. Fair agreement between the experimental
values of €4 in figure 6.6 and those calculated [4950],
‘on‘the assumption of a Maxwellian energy distribution,
by the method given in |2109] can be obtained, provided
‘the cross section for excitation to the *X} and 3%+ levels
is-assumed to be about a factor of 2.6 times greater
“than the theorctical valuc of about 0.2 ma?, obtained by
a:wave mechanical calculation [see 2109 and 49511,

‘Values of (e,+e€4) calculated [260] using cross

-sections obtained from numerical integration of the

“Boltzmann equation and comparison with swarm data
are shown in figure 6.7 together with the experimental
values obtained by the addition of the values of €, and
€4 given in figures 6.4 and 6.6.

It should be noted that the concept-of a swarm
coefficient €/N at high values of E/N (say >4 X 10-13V
‘em? for hydrogen) is questionable, because equilibrium
conditions are not established in the experiments.

3.6.d. Excitation Coefficient— Nitrogen

When an electron avalanche moves through nitrogen,
-ultraviolet radiation with wavelength in the range 3400

to 3800 A, corresponding to the second positive group
which involves C3I1,— B3II, transitions, is emitted.
Absolute- measurements were made in [921] of the in-
tensity of this radiation emitted axially from avalanches
in which the current was < 10-8 A. These showed that
for 1 Torr < p <10 Torr the intensity was independent
of pressure at a given value of E/N. At higher pressures
(10~100 Torr), however, quenching of the radiation in
collisions of the second kind led to a decrease in emis-
sion with increasing pressure at a given E/N. For this
region, the value of €./« was obtained from the measurec
coeflicient (€;/a@), say, using the relationship

efa= (e/a)n(1 +P/pQ)5

where pis the pressure and p, is a constant (found to be
60 Torr for nitrogen), called the “quenching pressure.”
The pressure p, is that at which one half of the excited
molecules produced are destroyed by quenching. The
values obtained for €,/a from this equation gave a single
curve for €./a, E/N, which was independent of pressure
and in close agreement with the values obtained at low
pressures. These values are shown in figure 6.8. Also
shown in figure 6.8 are values of €./a computed [921]
assuming a Maxwellian energy distribution for the
electrons, a maximum cross section for excitation of
0.88 X 10~ ¢cm?2 and an excitation potential of 11.04 eV.

The experimental values of €./ were converted to the
values of €./N shown in figure 6.9 by using the values of
afN given in [2556]. These values of €,/N, which are
tabulated in table 6.5, have recently been confirmed in
other similar experiments [4993]. Also shown in figure
6.9 are values computed [218] using a self-consistent
set of cross sections obtained bv solving the Boltzmann
equation.

3.6.e. Excitation Coefficient — Oxygen

Measurements [3268] of the intensity of radiation in
the vacuum ultravioclet from electron avalanches, in
which the current densities were less than 107°A/cm?,
in O; gave the values of ¢,/a shown in figure 6.10. The

~ intensity of radiation was found to be dependent on

pressure for 05 < p < 20 Torr because of quenching,
and the experimental results were interpreted using
the equation given in section 3.6.d with the quenching
pressure p,=2.5 Torr.

When the results for €,/a were published, there was
doubt about the values of a/N in oxygen so that no values
of €,/N were given. Reliable values of a/N have recently
been obtained [4994], however, and those have here
been used to convert the values of €/« in figure 6.10 to
give the values of €./N for the range of E/N which the
results overlap in figure 6.11.

3.6.f. Excitation Coefficient— Carbon Dioxide

Measurements [4993] of the vacuum ultraviolet
emission produced by electron avalanches in carbon
dioxide showed that at a given value of E/N, the intensity

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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decreased with increasing pressure for 1 < p <10 Torr.
A single curve of €,/a, E/N was obtained using the
expression given in section 3.6.d and a quenching pres-
sure of 3.6 Torr. From this curve, unspecified values of
o were used to obtain the curve of ¢ /N, E/N shown in

figure 6.12 and given in table 6.6(a).

Measurements of the increase in total pressure and
of the pressure of the permanent gas products resulting
from running a glow discharge in CO; for a given time

were used {5702] to obtain the values of the dissociation
coefficient in CO, shown in figure 6.13 and given in
table 6.6(b). A dissociative rate coefhcient of 7 X 10-1
c¢m? s~ was obtained [5607] from measurements of the
dependence of the fractional concentration of CO on
flow velocity and position in a CO; laser for which the
value of E/N on the axis was about 2.2 X 10~ V cm?,
This value is stated [5607] to be in good agreement with
that calculated using the cross section in [2553] and with
the data in {5702].
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FIGURE 6.1. Theoretical values of the total excitation coefficient (to radiating and metastable states)

for helium.
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Table 6.1

*
Theoretical values of the total and partial excitation coefficients for helium

E/N

e /N e!'/N e!/N e"/N e /N e /N e/N
. it s T r P s
10 ven?y @07 8en?) - 107 Ben?) 107Ben?) 107Hen?) 0 Bend) @0 7Ben?) (1078en?)
8.8 1.54 1) 0.067 (1) 1.61 ()
8.96 2.67 (2)
9.1 0.23 (3)
9.2 0.098 (3) 0.70 (3)
9.5 1.46 (4)
9.7 0.298. (3)
9.8 2.05 (1) 0.112 (1) 2.16 (1)
10.1 0.132 (3) 0.90 (3)
10.4 0.38 (3 : ' 2.62 (4)
10.7 2.60 (1) 0.218 (1) : : 2.82 (1)
14.23 1.92 (2) 0.86 (2) 5.8 (2)
19.7 ‘ 7.9 (&)
19.8 3.7 (3)
20.0 1.5 (3
20.3 6.4 (1) 127 Q) 7.7 @
20.4 0.94 (3)
27.40 5.7 @ 2.1 () 10.0 ()
28.8 12.1 (&)
29.9 - 5.7 @3) _
30.3 9.2 (1) 2.37 (@) 1.6 @
31.5 2.27 (3)
31.7 1.82 (3)
39.1 2.25 (3)
40.4 15.6 (&)
41.4 2.64  (3)
41.6 9.4 (@ 3.4 (@) 13.0 (@)
41.7 7.1 (3)
49.6 2.86 (3
50.0 2.85 (3)
51.0 7.6 (3)
51.2 17.7 (&)
5.9 1.6 (2) 4.5 (2) 15.2  (2)
0.1 8.0 (3)
60.2 2.98 (3
60.7 3.5 (3)
61.8 19.9 (4
70.1 13.4 (2) 5.3 (2 16.6 (2)
70.9 231 (4)
79.7 25,5 (4)
83.8 4.9 () 6.3 (2 7.8 (2)
91.8 27.8 (4
98.6 16.0 @ 7.1 (@ 18.9  (2)
101.9 » 327 @)
110 4.6 (5) 36 (5
112.2 7.1 @ 7.9 (@) 19.8  (2)
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Table 6.1 (continued)

*
Theoretical values of the total and partial excitation coefficients for helium

E/N e /N e'/N e'/N e"/N e /N e /N e/N
m s T r p s
a0 ven?dy 10 8en?y 10 B8em?d) 1078%m?y 1078em?) @0 Bn?) @oBw?) 0 8cn?)
126.5 18.3  (2) 8.7 (2 21.0  (2)
140.2 9.9 (2) 9.4 (2 2.7 ()
154.9 205  (2) 10.2  (2) 2.7 (2)
169.2 2.7 () 10,9 (2) 3.4 (2)
183.4 2.8 (2) 11.5 (2) 2.3 (2)
197.6 23.7 (2) 12.1 2) 25.0 (2)
211.9 2.5 () 12.4 (2 25.7  (2)
219 4.0 (5) 45 (5)
226.6 25.4  (2) 12.7  (2) 6.4 (2)
448 2.5 (5) 48 )

*s, total excitation coefficient; € m Sum of excitation coefficients to the 23S 215 and 23p
18 and 23P levels;

er, sum of excltatlon coefficients to all states except the 225 and 21 S levels; ep, excitation

levels; c , sum of the excitation coefflcients to all states except the 238 2

1
coefficient to the 2 P level; €y excitation to the 23S level; Es’ excitation to the 27S level.

Theoretical: :
(1) Corriganm, et al., Proc. Phys. Soc. London 72, 786 (1958).
(2) Bortnik, Sov. Phys. Tech. Phys. (Engl. trams.) 9, 1496 (1965).
(3) Phelps, Phys. Rev. 117, 619 (1959).
(4) Hughes, J. Phys. B 3 1544 (1970).
(5) 1Itoh, et al., J. Phys. Soc. Japan 15, 1675 (1960).

Table 6.2

Theoretical values of the total excitation coefficient for neon

E/N e/N E/N e/N E/N e/N
17, 2 A - - - Z
o Vvem?) @0 Vend) @0 ew?y  aoVemd) @0 Yyem?y @0 Vemd)

6.59 0.39 30.3 1.45 70.2 2.87
7.63 0.44 32.5 1.57 72.5 2.96
8.80 0.49 34.5 1.62 75.1 3.0
9.85 0.55 36.3 C11 78.4 3.1
10.89 0.61 39.3 1.81 80.7 3.2
12.07 0.66 42.3 1.92 83.0 3.2
13.50 0.74 45.4 2.08 84.7 3.3
14.81 0.80 47.2 2.14 86.7 3.4
16.12 0.86 50.3 2.21 89.3 3.5
17.82 0.96 53.1 2.34 92.1 3.6
19.39 1.03 55.7 2.41 9.6 3.7
21.10 1.08 58.3 2.48 97.5 3.7
22.67 1.16 60.7 2.55 100.1 3.8
24.37 1.26 62.5 2.63 103.5 3.9
25.94 1.31 64.9 2.71 106.9 4.0
27.91 1.37 67.3 2.79 110.5 4.0

112.2 4.0
Theoretical:

All data taken from Hughes, J. Phys. B 3, 1544 (1970).
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Table 6.3

. %
Experimental values of the excitation coefficient for the 21Hu state of hydrogen

E/N er/N E/N er/N ~E/N er/N
@0 Bven?y @0V em?) @ Byen?y @0 Yen?) @ Pyen?) @0 Vend
0.460 ~  0.069 (b) 1.142 2.06 (b) 3.47 6.1 . (a)
0.532 0.181 (b) 1,220 2.39  (b) 4,14 6.5 (c)
0.608 0.34 (b) 1.293 2.63  (b) 4.84 6.7 (c)
0.666 0.66 (a) 1.356 2.92  (a) 5.33 6.4 {c)
0.686 0.53  (b) 1.369 2.90  (b) 5.94 5.9 (c)
0.766 0.71  (b) 2.062 4.2 (a) 6.05 {5.7 “(e)
0.837. 0.95 (b) 2.430 4.6 ©) . 6.1 (c)
0.915 1.23 () 2.995 5.6 (c) 6.76 5.8 (¢)
0.987 1.44  (b) 3.02 5.2 ) 7.31 5.3 {c)
1.064 1.75 (W) 3.13 5.5 (c) 7.61 5.3 (c)
7.67 5.0 *(c)

* .
a temperature of 20 C has been assumed for the results given in (a) and in (c).

Experimental:
(a) Corrigan, et al., Proc. Roy. Soc. London Ser. A 245, 335 (1958).
(b) Legler, Z. Physik 173, 169 (1963).
(c) Nygaard, J. Appl. Phys. 36. 743 (1965).

Table 6.4

Experimental values of the excitation coefficiéntbleading to dissociation
(dissociation coefficient) for hydrogen (a temperature of 20 C was assumed)

E/N ed/N . - E/N ‘ ed/N E/N sd/N
10 Bvem?y @0 Ven?) 10 Pvem?) @0 Ve 10 Pyer?) a0 Yem?)
-0.576 1.76  (b) 0.803 4.8 (b) 1.351 9.2 (a)
0.561 2.76 - (b) 1.076 5.6 (b) 1.626 9.1 <(a)
0.606 2.91  (b) 1.182 5.3 (b) 2.03 4.7 (b)
0.712 3.94 (b) 1.271 7.3 (a) 3.17 21.0 (a)
Experimental: :

(a) Corrigan, et al., Proc. Roy. Soc. London.Ser. A 245, 335 (1958).
(b) Poole, Proc. Roy. Soc. London Ser. A 163, 424 (1937).
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Table 6.5

Experimental values of the excitation coefficient

for excitation to the C3HL1 state of nitrogen

E/N er/N E/N sr/N E/N er/N
a0 yen?y @0 Ve @0 ven?) @0 Ven?) 120 Yyem?) @0 en?)
76.1 0.067 257.6 4.5 441 6.2
90.8 0.212 271.5 4.8 455 6.7
106.3 0.47 288.7 4.8 486 6.8
121.4 0.80 303 5.0 519 6.9
136.8 1.23 318 5.3 544 8.0
151.7 1.68 334 5.4 576 7.4
166.1 2.18 348 5.6 610 7.3
180.3 2.68 364 5.9 638 7.3
196.7 3.1 380 5.7 669 8.0
212.7 3.6 : 396 6.0 702 8.3
228.0 4.0 410 6.0 727 8.8
241.3 4.3 424 6.2 763 8.7

822 8.8
Experimental: )
A1l data taken from Legler, Z. Physik _1_71, 169 (1963).
Table 6.6(a)
Experimental values of the excitation coefficient for carbon dioxide
for excitation to states leading to vacuum u.v. irradiation
E/Nest E:r/Nest E/Nest €r:/Nest E/Nest er/Nest
- -1 - 2 - - -
a0 ven?y @0 e a0 Mva?) @0 Hea?) a0 ven?y 207 en?)
118.5 0.0092 249.2 0.079 555 0.50
123.5 0.0105 264.0 0.089 584 0.56
129.9 0.0120 277.7 0.100 625 0.66
136.6 0.0136 292.1 0.114 662 0.74
143.7 0.0158 309 0.128 702 0.85
149.8 0.0183 326 0.144 oy 0.98
157.3 0.0211 345 0.169 783 1.12
165.4 0.0241 369 0.196 837 1.28
174.0 0.0279 394 0.226 895 1.50
184.3 0.033 ) 411 0.251 950 1.71
195.7 0.039 436 0.286 1006 1.98
209.2 0.047 462 0.33 1058 2.19
219.6 0.053 494 0.38 1121 2.50
233.1 0.063 520 0.43 - 1190 2.85
Experimental:

All data taken from Teich, et al., an Int. Conf. Gas Discharges, London, 335 (1972).
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Table 6.6(b)

Experimental values of the dissociation coefficient for carbon dioxide

E/N - gy /N E/N eq/¥ E/N eg/N
@0 yem?dy 10 Ved) W Vyen?y @0 Vend) @0 Yyen?y @07 Vea?y
31.2 0.42 33.6 0.42 : 54.5 1.19
: 0.39 42.1 0.71 73.8 1.70
32.3 0.39 44 1 0n.75 78.5 1.80
32.6 0.45 50.5 0.93 91.5 1.92
Experimental:

All data taken from Kutszegi Corvin, et et al.,

3.7. lonization Coefficient

When an electron swarm moves in an electric field
that is sufficiently strong for ionization of gas atoms
by electrons to become significant, there is a progressive
‘umplification of the electron current ‘as it moves in the
field direction.

‘When the only significant process of ionization
wccurring is that of gas atoms by electrons and when
-electron removal processes are negligible, a current Io
feleased into a gas from the cathode of an electrode
uystem in which a uniform field E is established gives
rise, in the steady state, to a current

I=[e~d-do), ¢)]

at.a distance d from the cathode. The inclusion of d; in
eq (9) takes formal account of the fact that electrons
-emitted from the cathode attain a steady state, de-
~ermined by the value of E/N in the gas, only after a
. number of collisions. The range over which eq (9) gives
a-satisfactory representation’ of the current has been
disénssed in detail hy Falkard and Haydon [4907]. The

value of dy decreases as N increases and thus at.

i‘telat'ive]y low values of E/N, d, is often negligible with
respect to d; in these circumstances the current is given
- 10 a very good approximation by

I=1eed, (10)

Equations (9) and (10) define the coefficient a which is
.known as the Townsend primary ionization coefficient.
Both experimentally and theoretlcaﬂy a/N is found 10
“be ‘a function of E/N so that « is constant for a given

value of N and E/N. When primary ionization is the only -

significant process, a may clearly be determined from
measurements of the steady-state ionization current as
‘a‘function of d at constant E/N and N by using eq (9) or
-(10). This method of determining « is usually referred
‘to- as the Townsend method. The primary ionization
‘coeflicient may also be determined from measurements
on-the transient electron avalanche produced by a pulse
of electrons released from the cathode of a uniform-field
electrode system. If a number ny electrons is released

J. Chem. Phys. 50, 2570 (1969).

in the pulse, the number of eleétrons in the gap at any
time t less than the transit time of the electronc aeross
the gap is given by

n=ng exp (aW_t). (1)

This equation may be used as the basis for obtaining
values of alW_ by determining the electron component
of the transient current in the gap from measurements
either of the current in the external circuit of which the
gap forms part, or of the light emission from the gapas a
function of time. The total duration of the electron com-
ponent of the avalanche gives the value of W/ and hence
a may be obtained. If each avalanche is initiated by only
one electron from the cathode, there is a measureable
statistical fluctuation in the total number of elecurons
produced in an avalanche. Measurements of the prob-
ability f(n) of such a single avalanche containing a
total number n electrens may also be used to determine
a, since

fln)= (7)1 exp(—n/a), a2

where Ai=exp(ad).

The interpretation of the Townsend primary ionization
coefficient, defined by eq (9), in terms of ionization rate
coefficients and of jonization coefficients per unit
distance in the direction of the electric field depends on
whether or not diffusion is significant. The effects of
diffusion can often, in practice, be neglected and in
this case the jonization coefficient a can be interpreted
such that the number of new electrons produced on the
average by n electrons in moving a distance dx in the
field direction is nadx, i.e. a is a coefficient per unit
drift distance as discussed in section 2. It should be
remembered, however, that if diffusion is taken into
account the number of new electrons produced on
average by n electrons moving a distance dx in the field
direction becomes (Crompton, J. Appl. Phys. 38, 4093,
1967)

rna{l—a(D/W) ldx=na:dx, {13)
say. Thus, stnctly, the ionization frequency v;= a,W
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and only when diffusion can be neglected can the
approximation v;= aW be used.

This can be important when relating data on ionization
coefficients to the ionization cross section Q;(e€) through
the relationship

vi= f °° (e/150m)12NQ;(€)2F (e)de,  (14)

where v; is the ionization frequency, €; the ionization
energy, € the electron energy and F (€) the normal-
ized electron energy distribution. It
should also be borne in mind when comparing the results
of measurements of steady-state growth of prebreak-
down ionization currents {Townsend method) with those
of pulse analysis and of high frequency breakdown
measurements.

Where available, values of the Townsend primary
ionization coefficient obtained by both steady state and
pulse methods are given in the following subsections.
Somewhat different problems are encountered in obtain-
ing values of the coefficients for monatomic gases, for
molecular gases which are not electronegative, and for
electronegative gases. The data are thus grouped under
these headings.

3.7.a. lonization Coefficient — Monatomic Gases

In monatomic gases, eq (9) is not a good approximation
to the prebreakdown ionization current, because sec-
ondary ionization, which results from a number of pos-
sible secondary ionization processes, is always sig-
nificant compared with  primary ionization. In these
circumstances, the steady-state ionization may be
expressed as

I=le[1= (w/a) (e**—1)], - (15):

where w/a is a coefficient representing the action of
secondary ionization processes. Hence, by suitable
analysis, values of a can be obtained from measurements
of steady-state ionization currents as a function of d at
a constant value of E/N. Care is needed in the use of
eq (15), however. For a number of secondary ionization
processes (such as the emission of electrons at the
cathode by positive ions, for example) w/a is, or can
effectively be treated as, a constant at a given value of
E/N but for others (such as emission of electrons from
the cathode by metastable atoms) the dependence of
w/a on d has to be considered.

Moreover, monatomic gases have large excitation
and ionization potentials relative to other gases, so that
experimentally, it is necessary to use gas samples of
the highest possible purity if significant data relating to
the gas being investigated are to be obtained.

3.7.a(i}. lonization Coefficient — Helium

The problem of gas purity is acute in the case of
helium which has an ionization potential (24.58 V)

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975

higher than that of any other gas, and metastable levels
with energies above 19.8 €V. As a result, any impurities
present are not only preferentially ionized by direct

-ionization but are also ionized by Penning ionization

which occurs in collisions between helium metastables
and impurity atoms. The high cross section for Penning
ionization means that very small concentrations of
impurity (~p.p.m.) can significantly affect the spatial
growth of ionization. For this reason the values obtained
for a in helium have decreased as vacuum techniques
have improved.

The recent experimental results {646, 1173] given in
figure 7.1(a) and table 7.1 were obtained using modern
ultrahigh vacuum techniques and it is significant that
there is good agreement between the two sets of data.
There is, moreover, good agreement for E/N > 17 X
10-'7 V cm? between these experimental data and the
theoretically computed values, some of which are also
shown in figure 7.1(a). An intercomparison of the avail-
able theoretical data obtained using both analytical
methods [771, 1440, 2143, 5701, 4909] and Monte
Carlo techniques [3897] is shown in figure 7.1(b).

It should be noted that recent experiments using He
and Ne-He mixtures [3751] indicate that the generally
accepted experimental values for helium may still
be too large, not because of impurities but because of the
operation of processes which do not conform to eq (13)
where a constant value of w/a is used to analyze the
data.

Values of E/N below about 17 X107 V cm? corre-
spond to relatively large electrode separations and to
high gas pressures so that experimental problems,
especially those associated with the production of some
litres of very high purity gas, become severe. Recent
work [4910, 5077, 4049] in this range has shown that
even for impurity contents as low as about 1p.p.m., the
values of a/N obtained are considerably higher than
those expected for pure helium, because of the influence
of Penning ionization. Earlier values are even higher

- [2406] probably because of relatively high levels of

neon impurities or unreliable [646] because of the re-
stricted range of parameters used. In these circum-
stanccs, thc most rcliable data available for a/N for
E/N <1.7%10-% V c¢m? are probably those obtained
by theoretical computations and shown in figure 7.1(b),
although even these are subject to uncertainties due to
the approximations adopted and uncertainties in the
cross sections used [see 3753]. Table 7.1 gives a com-
posite set of values of a/N in helium over the full range
investigated.

At values of ‘E/N >2.84%X10- V cm? which corre-
spond to very low values of pressure and electrode
separation, expcriment [646] indicates that clectrons
do not experience sufficient collisions in moving from
cathode 10 anode for steady-state conditions to be
established and in these circumstances values of «
have little significance.
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3.7.afii). Ionizufion -Coefficient — Neon

The - experimental results ‘of Kruithof and Penning

[2855], which were themselves in fair agreement with -

the earlier results of Townsend and MacCallum [730]
at an unspecified temperature, have been confirmed by
»ihree recent sets of measurements [751, 3751, 3612]
in-which ultrahigh vacuum techniques were. used. The
data of Kruithof and Penning together with the three
recent sets of data are given in figure 7.2 and in table
"1.2..(To avoid confusion two graphs—figs. 7.2(a) and
{b)—are shown with one set of values [2355] common

1o both.) Measurements of the luminous flux from self-

sustaining discharges in neon as a function of distance
from the cathode gave values of a/N lower than those
‘obtained by the Townsend method both for pure {2535,
:5049] and impure [5771] neon. The reasons for this
difference are not at present clear and the resuits for
“pure neon using this method seem to depend on the

.conditions since one set of data [2535] gave results of.

20 1o 30 percernl below those given in figure 7.1, while
-aniother [5049] gave results about.16 percent below
those in figure 7.1. ~

"In attempting to obtain theoretically computed values
of a/N in neon, one of the main difficulties is in the
uncertainty associated with values of the excitation
cross section as a function of energy. It has been shown
in a number of investigations [2048, 5110, 4909] that the
experimental values of this cross section obtained by
Maier-Leibnitz (Z. Physik 95,499, 1935), gave calculated

values of /N in fair agreement with experiment. In

recent more rigorous calculations, values of af/N were
-obtained using Monte Carlo calculations [3752] and using
the energy distribution obtained from the solution of the
Boltzmann equation [3753]. In this work it was found
necessary to use excitation cross sections about 20
percent less than the Maier-Leibnitz experimental values
ihi order tn ohtain the agreement between the theoretical
and experimental values of a/N shown in figure 7.2.

The largest experimental uncertainty lies in the region
of E/N below about' 1.5X 10~ V cm?-which is also the
region in which there is discrepancy between theory and
experiment as shown in figure 7.2(b).

Both theory [3752] and experiment [751] agree in
indicating that above a value of E/N of about 2.82 X 10-15
V.cm?, steady-state conditions are not established so
that the concept of a swarm coefficient « is not relevant.

3.2.aliii). lonization Cpeﬂi:ien'—Argon

The most extensive investigations of argon to date are
tnose of Kruithof and Penning[2139] and Kruithof [2237]
with which the more recent data ohtained over restricted
ranges by Davies and Milne {2138] and by Willis [5241]
are in good agreement as can be seen from figure 7.3.
Kruithof’s data are given numerically in table 7.3.

There has been no estimate of the upper limit.of E/N
for which equilibrium swarm conditions are likely to

“occur, but Kruithof :{2237] remarked that - although the
region of the I, d-curve satisfying eq (10) became shorter

and shorter as E/N increased, it was possible to dete
mine a/N at values of E/N up to 4.7 X10-4V cm2.

At low values of E/N, the experimental error in:the
values of a/N obtained by Kruithof and Penning in-
creases considerably because of the relatively low pres-
sures (160> po>1 Torr) and small electrode separa-
tions (d < 1.6 cm) used. The uncertainty in the region
of E/N <34X1071 V cm? is further increased by the
recent work of Golden and Fisher [2333] at higher
pressures (up to 700 Torr) and large electrode separa-
tions (up to 5 cm). They found that the I, d curves counld
not be represented by eq (15) but that values of a/N.
could be obtained, from measurements of I as a function
of po at a constant value of d; the values of a/N obtained,
however, depended on the distance used. The values of
ofN at all values of 4(0.6 to 1.2 ¢cm) used for 34 X 10717>
EIN >25X10-17 V cm? were within 20 percent of the
values of Kruithof and Penning. For. E/N < 25X 1017
V cm? on the other hand, the values which were ob-
tained for d=4 and 5 cm were lower than those of
Kruithof and Penning by as much as a factor of 15 at
E/N=14.1X10-" V cm2

Although the results of theoretical computations;
which are also shown in figure 7.3, are close to the ex-
perimental values they were obtained by methods open
to the general criticism of Thomas [3753] concerning
similar computations for neon.

3.7.aliv). lonization Coefficient —Krypton and Xenon

The two available sets of data [2237, 5293] for
krypton are shown in figure 7.4. There is good agreement:
for E/N >100X10-'" V cm? but the recent results of
Heylen [5293] fall increasingly below those obtained
by Kruithof [2237] as E/N decreases, being about a
factor of two lower at E/N ~ 30X 10-17 V cm2. Numer-.
ical values from both sets of data are given in table
7.4(a).

The only data available tor xenon arc wue. experi-
mental values obtained by Kruithof [2237] shown in
figure 7.4 and given in table 7.4(b).

3.7.b. Molecular Gases Which Are Not Electronegative

In molecular gases the secondary ionization co

efficient w/a is considerably smaller in relation to ‘the

primary ionization coefficient than is the case in mon-
atomic gases. Thus; in some circumstances, eq (9) can
be used to determine a by the Townsend method but
in other cases it has been shown [2150 ] that significant.
errors can be introduced if the full eq (15) is not used to
analyze the data. : '

The relatively: low value of w/a also means that
relatively large electron avalanches can develop ‘in
molecular gases at distances less than the distance -d;
at which breakdown occurs, d; being given by the value
of d at which the denominator of eq (15) becomes zero. .
This simplifies the experimental problems associated:
with the measurement of. the electron component .of
transient electron avalanches, so that for molecular
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gases values of « have often been obtained both by the
Townsend method and the methods based on measure-
ments on transient avalanches (see sec. 3.7). The values
for H; and N using both methods are given and com-
pared in the next two sections.

3.7.b(i). lonization Coefficient—Hydrogen

The question of purity is not nearly as critical in
hydrogen as in the inert gases [790]. As a result, there
is  good agreement between the values obtained in a
large number of experimental determinations based on
the measurement of steady-state currents [751, 782,
790, 1145, 1160, 1174, 1356, 1640, 2148, 2150}, of pulsed
avalanches [2154] and of radiation from self-sustaining
discharges [5105] for values of E/N < 3.4 X105V em?.
The data obtained in this range are so numerous that
for clarity they are shown in two figures, 7.5(a) and 7.5(b),
with one set of points [1356] common te both to aid the
comparison. These data are also given in table 7.5.

Ry numerical solution of the Boltzmann equation,
Engelhardt and Phelps obtained values for the ap-
propriate collision cross sections which, as shown in
figure 7.5, gave computed values of a/N in good agree-
ment with the experimental data, although some of the
cross sections used need modifying to take account
of subsequent experimental data (Phelps, Rev. Mod.
Phys. 40,399, 1068).

Until recently the situation for values of E/N ~ 3.4 X
10-13 V em? was confused, there being a large number
of observations, extending in some cases up to values of
EIN > 3 X 1004 V em?, with discrepancies between
results of different investigations which increased as
E/N increased. The situation has, however, been con-
siderably clarified by the recent investigation of Folkard
and Haydon [4907] in which special attention was paid
to the effect of instrumental errors on the accurate
determination of the ionizalion currents and to con-
siderations of the range of experimental parameters over
which a steady state is established. This work showed
that significant values for a/N can be obtained only
up to values of E/N about 7X10-15 V cm? At higher
values of E/N in the range 8 X101 <E/N< 14X 10-15
V cm?, a quasi-steady state exists as shown by Monte
Carlo calculations [5292]. When a steady-state analysis
is used to analyze results obtained in this region the
values of o/N obtained vary greatly, depending on the
precision with which the ionization currents are meas-
ured. The region of E/N = 14 X 10~ V ¢m?® is a com-
pletely non-steady-state region to which the concept
of swarm coefficient a is not relevant.

Accordingly, the values obtained in various investiga-
tions up to E/N =7 x10-15V cm? are shown in figure 7.6.
In this region Jones and Llewellyn-Jones [2150] and
Haydon and Stock [2148] have shown, respectively,
that ignuring secondary ionization in the analysis of
experimental data and including measurements at small
distance when field distortion occurs, both give rise 1o
high values of a/N. Other results [1160] show that the

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975

purity of the gas sample plays a significant role in this
region. These factors probably contribute to the re-
maining discrepancies. The numerical values given in
table 7.5 for E/N >3.4%X10-® V cm? are those of
Folkard and Haydon [4907] since they are likely to be
the most accurate obtained to date.

3.7.b(ii). lonization Coefficient — Nitrogen

The results of recent investigations of steady-state
ionization currents [1145, 1741, 1836, 1948, 2144, 2275,
5187] and pulsed avalanches [1836, 2154, 5228], at
values of E/N below about 2.82 X10-'* V c¢m?, using
samples of nitrogen from cylinders (usually with im-
purity contents of about 0.1 percent) in conventional
vacuum systems using backing and diffusion pumps,
from which mercury was excluded, are in fairly good
agreement with each other. In view of the large number
of results available they are plotted for clarity on two
figures —7.7(a) and 7.7(b)— with a set of data obtained
from measurements of steady-state ionization for
samples of higher purity [710] included in both figures
to facilitate comparison. These values are also in faijr
agreement with the earlier data of Masch {2277, 2556] (if
it is assumed that the temperature of Masch’s measure-
ments was 20 °C) even though it is likely that Masch’s
results were for mercury-contaminated gas.

Englehardt, Phelps, and Risk [218] were able to
find a self-consistent set of collision cross sections which,
as shown in figure 7.7(a), give computed values for the
ionization coefficient in agreement with the experi-
mental values shown. : :

. It has been clear for some time that small amounts of
impurities (< 0.1 percent) significantly affected the
results obtained in the range of E/N below 2.82 X 10-1%
V cm? in nitrogen. For example, Harrison [2102] using
a degassed conventional vacuum system, obtained
large (3 to 30 percent) differences in results for gas
samples produced in different ways, the values in all
cases being considerably greater (by two to six times)
than those shown in figure 7.7. On the other hand,
Heylen [710], using an ultrahigh vacuum system found
that, although his values for a/N were higher than the
others shown in figures 7.7(a) and (b) for values of
EIN <1.3%X10-5V cm?, they lay much closer to them;
for example, at E/N =1X10-15 V cm?, Heylen’s value
is about 40 percent higher, whereas Harrison’s data lie
between a factor of three and four higher. Recent
investigations [5334, 5703] have shown that these differ-
ences result from the fact that in nitrogen the emission
of electrons from the cathode by metastable nitrogen
molecules (Haydon. J. Phys. B 6, 227, 1973) can make
an important contribution to the secondary ionization.
This process gives rise to a secondary ionization w/a
which is dependent on electrode separation. Thus,
primary and secondary ionization acting together can,
in some circumstances, give an exponential spatial
growth of current which if analyzed by means of eq (9),
which assumes that primary ionization alone is operative,
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gives erroneously high values of a/N. Thus the values of
a/N shown in figure 7.7 which are obtained for slightly
impure samples are more likely to be characteristic of
-nitrogen, because the impurities quench the metastables,
thus markedly changing the secondary ionization, but
‘having little effect on the primary ionization. This

supposition is confirmed by the agreement of the values

‘obtained from steady-state measurements: on such
samples with those obtained from pulse measurements
[2154, 5228] which are not affected by secondary
‘jonization.

-A composite set of experimental results excluding the
‘data of [2275] at the upper end and of [710]} at the lower
‘end of the ranges are given in table 7.6.

There are three recently published sets of data [3297,
2448, 5334] in mercury-free nitrogen for E/N > 2.82 X
10=* V cm?® These are compared with Bowls® [2275]
earlier values in figure 7.8. The values are not very
.different from those obtained.for mercury-contaminated
nitrogen [789, 2277 and 2556]. The .most recent investi-

.gation-[5334] shows. that all' these data correspond to
-the steady-state region which was shown to extend to
E/N = 3.4X 10~V cm? in nitrogen.

3.7.c. Electronegative Gases

In electronegative gases, processes of electron attach-
~ment to and detachment from gas molecules have to
“be taken into account, and ion conversion reactions
_which convert negative ions of species A-, with a low
«cross section for collisional detachment, to species
B~ with high cross section or vice versa can also be
.important. The equation for the spatial growth of pre-
-:_'breakdown jonization taking into account these proc-

‘esses in addition to primary and secondary ionization

‘processes, may be written as

A (A —Ag) Az(Ar = A7)

I1=1,

of only one ion species and neglecting secondary ion-

ization has been carried out, but even in this case the
combinations of values of the coefficients («, 1, 8) which
will give agreement with the experimental data are in
general subject to inherently large spreads (typically
~ 100 percent) even when the measurements of the
ionization currents are accurate to within a few percent.

In practice, there is often a range of distance for which
all but the first terms in the numerator and denominator
of eq (16) are negligible. Over this range a graph of
log I, d is linear with a slope A;. Under similar condi-
tions, avalanches grow temporally with a time constant
MW - so that A; can be obtained both from steady state
and pulse measurements.

The coefficient A;, which can be thought of as an

apparent or effective ionization coefficient, is a useful

measure of the electrical properties of an eleclronega:
tive gas and, unlike the true ionization coefficient «,
can always be determined to within a few percent pro-

~ vided the ionization currents are measured accurately

(to within a 1ew percent) over a sufficiently wide range.
Consequently, for the electronegative gases values of
M\/N are given rather than values of a/N even though
A\1/N is often a function of N as well as of E/N. (In some
cases the values presented have had to be recovered
from the data given in the published papers by combin-
ing graphs and taking into account the analysis used;)

3.7.c(i). Apparent lonization Coefficient —~ Oxygen
Recent investigations in oxygen have been confined
to E/N < 200X 10-'7 V ¢m2 The values of A obtained
are shown in figure 7.9. For clarity two graphs, figures
7.9(a) and 7.9(b), have been drawn with the theoretical
values given on each to aid comparison. It can be seen
that the values obtained using the Townsend method

( A+d+« )ehd a()\2+6+1<) e [(n+ n')x+ 78]
h1)t2

() [ ) (o) = (B ) (o) |

‘where 7, m' are electron attachment coefficients to
form A~ and B~ ions respectively, & the electron detach-
‘ment coefficient from jon species B- (that from A-
E being taken as negligibly small) and « the jion conversion
‘éoefﬁclent from A-to B~ ions (all coefficients being per
‘unit drift distance). The coeﬂiments A1 and A; are the
“1oots of the equation

K= (a— n—m1—=8—«k) A—[(a— n—nY
X (k=4 8)+n18] —
an

Analysis of experimental data in terms of eq (16)
which contains seven unknown coefficients ‘is difficult
and this equation has not so far been used for the analy-
sis of data in any published work. Analysis using the
simplified equation obtained by assuming the formation

(16)

[573, 791, 861, 961, 2555, 2908] and those obtained using
pulse [2154, 2387] methods show general agreement
within rather a large scatter which is greatest at the
lowest values of E/N. Some of this scatter may be
accounted for by the fact that in a recent investi:
gation [2908] in this region Ai/N was shown to be
dependent on N as well as E/N, a fact attributed to the
occurrence of three-body processes which influence A;.:

Hake and Phelps [2553] were able to obtain a set of

~ self-consistent cross sections which give theoretically

computed values of A;/N which, as shown in figure 7. 9.
lie within the spread of the experimental data.

* Use has recently been made [4994] of the fact that
the addition of small percentages of hydrogen to oxygen

gives a gas mixture which, because of the fast associative
detachment reaction

J. Phys. Qham. Ref. Data, Vol. 4, No. 3, 1975
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0’+H2">H20+e,

behaves as nonattaching gas, in which the true ionization
coefficient can be accurately determined. Theoretical
calculations showed that the energy distribution of the
electrons remained unchanged in the mixture so that
the values of a/N obtained for the mixture should thus
correspond to the true ionization coefficient for O:.
These values which lie within the large spread of values
determined from the analysis of measurements in
oxygen alone are shown in figure 7.9(c).

There is only one extensive published set of data
[2556] extending beyond E/N =200 X 10-17V ¢m?2 These
results, which were obtained for oxygen contaminated

" with mercury vapor from the manometer used, are
shown in figure 7.10. The temperature corresponding
to the values of E/p and Ai/p given in the original paper
is not clear and a value of 20 °C has been assumed to
obtain the data in figure 7.10. Frommbhold {2154] gives
two values for oxygen uncontaminated with mercury
vapor. at E/N =239X 1077 and 326 X 10-7 V cm?, and
these are also shown in figure 7.10. ‘

No estimates have been made of the value of E/N
dbove which steady-state swarm conditions cease to
exist.

3.7.¢(ii). lonization Coefficient — Carbon Monoxide

The results of electron beam experiments have shown
that negative ions are formed by electron collisions with
gas atoms in carbon monoxide by processes such as

CO+e—>C+O-.

The processes are relatively high energy processes
(thresholds ~ 10 eV), however, and do not give rise to
significant attachment in electron swarms for the range
of values of E/N up to about 300 X 10-17 V cm? for which
determinations have been made. (See sec. 3.4.c.) Thus
the coefficient determined from the linear section of
the log I, d graphs in carbon monoxide represents a
true ionization coefficient. The values obtained in the
three published investigations [1254, 4016, 5243] are
shown in figure 7.11 and tabulated in table 7.7.

There are no published values of a/N in carbon
monoxide for values of E/N > 275X 10-'7 V em?2.

3.7.c(iii). Apparent lonization Coefficient— Nitric Oxide

There is no published information available on the
ionization coeflicient for nitric oxide.

3.7.¢(iv). Apparent lonization Coefficient— Carbon Dioxide

In contrast to the situation in carbon monoxide, there
is no doubt that electron attachment occurs in low
energy swarm conditions in CO: and there have been
four recent determinations of apparent ionization coef-
ficients in this gas, two [948, 3435] using the Townsend

J. Phys. Chem. Ref. Dato, Vol. 4, No. 3, 1975

method and two [1625, 1724] using pulse methods. The

" apparent ionization coefficient has been shown [3435] to

be independent of gas number density for 35 X 101 <
N<1062X16*cm—3, and the result of the four in-
vestigations are in good agreement as is shown in figure
7.12.

Hake and Phelps [2553] obtained a set of cross sections
that gives theoretically computed values of A;/N which,
as shown in figure 7.12, agrees with the experimental
data.

There is one set {948] of recent data for As/N in CO;
for E{N >282%10-17V cm? and this is compared with
the early values of the Townsend group {2271, 2593, 2815]
and of Bishop [3490] in figure 7.13. The theoretical data
of Hake and Phelps [2553] are included in this figure
also to aid comparison. It can be seen that in the region
where the results overlap, the data of the Townsend
group lie considerably closer to the more recent results
both of figure 7.12 and of [948] than those of Bishop.
Table 7.8, which gives the numerical data, includes all
the results shown in figure 7.12, together with the ddta
of Townsend [2271] and of Bhalla and Craggs [948]
for E/N>152X10-YV cm? and of Hurst {2815] for
E/N > 4000 X 10-'7V cm?2

No estimate has been made of the upper limit to the
value of E/N at which steady-state conditions exist in
CO..

3.7.¢(v). Appuorent lonization Coefficient — Air

For values of E/N < 1.7 X 105V c¢m?, a number of
sets of experimental data for A,/N in dry air uncontami-
nated with mercury vapor have been obtained. The
values obtained using the Townsend method are given
in figure 7.14.

It can be seen that although the general trend of the
various sets of results is the same, there is considerable
scatter in the data. Some of this scatter, particularly
at the lower values of E/N, is due to the variation of
Mi/N with N at a given value of E/N which has recently
been shown [4015] to occur, and which is illustrated in
figure 7.15.

The only results obtained using a pulsed avalanche
method [1911] are between about a factor of two and
ten lower than the results shown in figure 7.14. There
are no published theoretical values of Ay/N for air.

The two investigations [2274, 2556] of air which cover
the widest range of E/N and which extend well beyond
the value of E/N = 1.7 X107V cm? were both carried
out using mercury-contaminated air, but give results,
as can be seen from figure 7.16, lying close to those
obtained in a recent investigation [5246] of mercury-free,
dry air. Consequently the three sets of results are given
in table 7.9. No estimate appears to have been made of

the value of E/N above which steady-state swarm con-
ditions cease to exist.
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FIGURE 7.4. a/N, E/N for krypton and xenon.
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FIGURE 7.9(c). a/N, EIN for oxygen.
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Experimental: + Bhallal948);
© Conti(3435); X Schlumbohm(1625).
Theoretical: +« Hake({2553).

O Schlumbohm(l724);

FIGURE 7.12. M/N, E/N for carbon dioxide for values of E/N up to 300X 10-*" V cm%
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Experimental: + Townsend(2271};
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Theoretical: + Hokel2553).
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M/P, lem 'torr™")

FIGURE 7.13. (M 1/N)gg, (EIN)gg for carbon dioxide for values of E/N up to about 7000X 107 V cm?.
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‘Elp, (10" V/em torr)
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+ Llewellyn-Jones{2050); ¥ Dutton(2407);
x Dutton(2487); © Hochbergi2558); 4 Dutton(2919);
B Rao(5248), ,
FIGURE 7.14. (Ai/N), (EIN) for air for E/N < 1.7X 10~ V cm?.
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FIGURE 7.15. Variation of A,/N with N at given values of E/N for air.
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E/po {(V/ecm torr)

100‘. 1002 1003
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Experimental: © Saonders(2274); + Masch(2556); * Rao(5246).

FIGURE 7.16. (M/N), (E/N) for air for values of E/N up to about 2000 X 10-'7 V cm? (The results of
Sanders {2274] and Masch [2556] are for mercury-contaminated air while those of Rao
15246} are for mercury-free, dry air.)

Table 7.1

Values of o/N for helium

3/p, lcm™'torr

E/N a/N E/N a/N E/N a/N
10 Yven?) (10 8cn?) 10" ven?) 107182y @0 Y vem?) 107 8n?)
9.09 0.00212 (1) 42.5 3.10 (a) 156.1 18.4  (b)
12.12 0.0303 (1) 42.6 2.67 () 170.1 19.2  (b)
15.16 0.127 (1) 56.1 5.1 (a) 184.2 22.3 (b
17.34 0.277 () 57.1 4.0 (b) 196.2 25.7  (a)
19.87 0.48  (b) 71.2 5.9 (b) 198.3 2.8 (b)
19.95 0.43 (a) 85.1 9.4 (a) 226.5 29.2  (b)
23.12 0.79 () 85.3 7.4 (b) 254.7 3% (b)
26.01 1.05  (b) 99.3 9.6 (b) 282.8 37 (®)
27.97 1.41  (a) 113.8 12.1  (b) 288.2 37 (a)
28.54 1.39 (b 127.9 4.8 (b) 420 50 (a)
35.8 2.26  (b) 140.9 7.5 (a) 563 56 (a)
142.0 6.7 (b) 832 67 (a)
Experimental:

(a) Chanin, et al., Phys. Rev. 133, A1005 (1964).

(b) Davies, et al., Proc. Phys. Soc. (London) 80, 898 (1962).
Theoretical:

(1) Dunlop, Nature 164, 452 (1949).

4. Phys. Chem. Ref. Dota, Vol. 4, No. 3, 1975
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Table 7.2

Values of a/N for neon

Teo

(a) Chanin, et al., Phys. Rev. 132, 2547 (1963).
(b) Kruithof, et al., Physica 4, 430 (1937).

(c) Dutton, et al., J. Phys. B: Atom. Molec. Phys. 2, 890 (1969).

(d) Willis, et al., Brit. J. Appl. Phys. (J. Phys. D) 1, 1219 (1968)

E/N Caf/N E/N . afN E/N afN
@0 Yyen?y @0 Ben?y a0 Yyew?y @0 18emd) 10 Yyen?) 0™ 8cm?)
» 0.0141 (a) ,{2.87 ®) 127.1 17.8  (b)
5.65 {0.0184 () 39.6 2.74 (d) _ {19.2 (a)
6.22 0.0223 (b) 42.4 3.2 (a) 141.2 20.2 ()
7.06 0.032 (b 45.0 4.0 (o) 21.2 (d)
7.91 0.044  (b) 45.2 3.7 () 155.4 2.0 (d)
8.48 0.044 (a) 4.5  (b) 2.9 (b)
9.04 0.065 (b) 50.9 - '{5.1 @ 169.5 {26.3 @
10.17 0.090 (b 52.2 S5 (@) 29.1 (a)
11.30 0.119 () 55.1 5.9 () 197.7 {29.3 ()
12.71 0.167 (b 6.5 ~{5.6 (a) 30.8 (@)
. 5.4 (b)
.12 {o.zos “(a) 226.0 3% ()
. 0.226 (b 59.6 L 6.0 () 254.2 8 (b)
15.54 0.29: (b) : 6.4 (b) 43 (a)
16.95 0.38 (b 62.2 . {6.8 (@) 282.5 {42 (b)
19,77 {o.ss (a) 65.0 7.3 @) 339 50 (b)
: 0.58 . (b) 67.2 7.2 ()
396 56 (b)
22.29 0.88 {c) 70.6 - 7.8 (b) 424 61 @)
22.60 0.82 () 74.2 8.3 (c) 452 63 (b)
24.01 1.05  (d) o1 {9.3 () 509 69  (b)
2 .86 132 () 9 19.3 @ <65 {74 (a)
25.42 1.10 (b 81.4 9.5 () 73 (b)
28.01 1.57 (o) 90.0 10.6 (o) 678 82 (b
{1.’31_ (a) 90.4 {11.2 ®) 791 89 (b)
2825 1.42 () . 11.3 (@) 848 102 (a)
' 1.53 (@ 1017 {13.3 () 904 93 ()
31.1 1.76 () L. 13.3 (@) 1017 9%  (b)
31.7 2.19 () 101.8 12,7 (o) 1130 {116 (a)
259 {z.n ®) 113.0 15.3 () 101 (b)
. 2.12 (@) 113.3 13.8 (o)
37.9 294 (c) 118.6 15.8  (d)
Experimental :

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975.
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Table 7.3

Values of a/N for argon

~E/N a/N E/N a/N E/N a/N
a0 Y yem?y 107 o2y 10 M yem?) 10" em?y a0 Myom?y 107 on?y
14.12 0.00068 79.1 0.53 565 12.5
15.54 0.00104 90.4 0.74 678 14.9
16.95 0.00158 101.7 0.95 791 17.0
19.77 0.0032 113.0 1.22 904 19.0
22.60 0.0059 127.1 1.55 1017 20.7
25.42 0.0098 141.2 1.90 1130 22.3
28.25 0.016 169.5 2.62 1271 24.0
31.1 0.025 197.7 3.35 1412 25.6
33.9 0.036 226.0 4.1 1695 28.3
39.6 0.068 254.2 4.8 1977 30.5
45.2 0.109 282.5 5.6 2260 32
50.9 0,158 339 7.0 2542 34
56.5 0.216 396 8.5 2825 35
62.2 0.282 452 9.8 3390 36
70.6 0.40 509 11.2 3960 38
. 4520 39
Experimental:
All data taken from Kruithof, Physica 7, 519 (1940).
Table 7.4(a)
Values of o/N for krypton
E/N a/N E/N af/N E/N af/N
10" Myem?) (107 cp?y 0™ yen?) 0™V n?y 20 Vyem?) @o Ven?)
14.12 0.00044 (a) 62.4 0.233 (b) 226.0 4,2 (a)
15.54 0.00068 (a) 68.4 {0.282 (b) 246.1 4.8 (b)
16.95 0.00103 (a) : 0.316 (b) 249.7 4,7 (b)
19.77 0.00218 (a) 70.6 0.38 (a) 254,2 4.9 (a)
22.60 0.0041 (a) 77.2 0.38 (b) 282.5 5.7 (a)
25.42 0.0071 (a) 78.3 0.45  (b) 339 7.4 {a)
27.51 0.0046 (b) 79.1 0.51 (a) 396 9.0 (a)
28.25 0.0117 (a) 87.1 {0.56 (b) 452 10.6 (a)
30.5 0.0118 (b) . 0.59 (b) 509 12.2 (a)
30.8 0.0114 (b) 90.4 0.71 (a) 565 13,7 (a)
31.1 0.0182 (a) 99.0 0.79 (b) 678 16.4 (a)
33.7 0.0173 (b) 101.7 0.93 (a) 791 18.9 (a)
33.9 {0.0268 (a) 110.9 1.08 (b) 904 21.2 (a)
: 0.0197 (b) 113.0 1.18 (a) 1017 23.3 (a)
36.4 0.0261 (b) 124.2 1.42 (b) 1130 25.3 (a)
36.9 0.030 (b) .127.1 1.51 (a) 1271 27 .4 (a)
39.6 0.052 (a) 130.6 1.48 (b) 1412 29.5 (a)
42.3 0.046 (b) 139.2 1.78 (b) 1695 33 (a)
43.1 0.064 (b) 140.2 1.71 (b) 1977 36 (a)
45.2 0.089 (a) 141.2 1.87 (a) 2260 38 (a)
49.4 0.087 (b) 157.1 2.22 (b) 2542 40 (a)
- 50.9 0.137 (a) 166.4 2.39 (b) 2825 41 (a)
54.9 0.135 (b) 169.5 2.62 (a) 3390 44 (a)
56.5 0.195 (a) 193.2 3.2 (b) 4000 45 (a)
61.5 0.198 (b) 197.7 3.4 (a) 4520 46 (a)
6_2.2 ) 0.262 (a) 203.1 3.4 (b) 5090 47 (a)
Experimental: 5650 47 (a)

(a) Kruithof, Physica 7, 519 (1940).

(b) Heylen, Int. J. Electron. 31, 19 (1971).

J. Phys. Chem. Ref. Data, Vol. 4. No. 3, 1975
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Table 7.4(b)

Values of o/N for xenon

E/N a/N ' E/N af/N E/N a/N

(10-17ch2) (1O—l7cm2) (10_17ch2) (10_l7cm2) (10-17ch2) (10_’17(:1112)
22.60 0.00054 127.1 0.96 1017 26.7
-25.42 0.00102 141,2 1.25 1130 29.4
28.25% 0.00181 . 169 .5 "1.88 1 271 33
31.1 0.0030 197.7 2.60 1412 35
33.9 0.0048 226.0 3.4 1695 41
39.6 0.0109 254.2 4.2 1977 45
45.2 0.0215 282.5 5.1 2260 49
50.9 0.038 339 6.8 2542 53
56.5 0.062 396 8.5 2825 56
62.2 0.092 452 10.3 3390 61
70.6 0.151 509 12.1 4000 65
79.1 0.227 565 14.0 4520 68
90.4 0.36 678 17.5 5090 70
101.7 0.51 791 20.8 5650 72
113.0 0.70 904 23.9 6780 74
ixperimental:

All data taken from Kruithof, Physcica 7, 519 (1940).

Table 7.5

Values of of/N for hydrogen

E/N af/N - E/N of/N E/N af/N

10 yem?) 07182 @0 yen?) o 8a?y - 10" yem?) 107182y
42.4 0.0073 (a) _ 62.0 0.255 (d) 79.0 0.98 (d)
42.7 0.0063 (b) 62.2 0.260 (a) 79.1 1.01  (a)
45.2 0.0161 (a) 62.5 0.282 (e) 84.1 1.37  (e)
45.8 0.0142 (c) 63.7 {0.32 () 84,7 1.33  (m)
47.9 0.0254 (d) e 0.30 (c) 84.8 {1.40 (a)
: W46 (£)

48.0 0.0299 (a) 64.0 0.31  (b)
48.7 -0.031  (b) 66.7 0.40 (g) 85.1 1.45  (c)
48.8 0.033 (c) 67.0 0.42  (b) 89.0 1.68 - (e)
50.9 0.054 (a) 67.8 0.44  (a) £ 90.6 1.84  (d)
51.8 0.059 (c) 68.0 0.43  (d) 95.7 2.3 (@)
97.2 2,49 (c)

53.7 0.089 (d) 68.4 0.7  (e)
54.8 0.099 (b) 68.9 0.47  (e) 97.3 2.39  (e)
55.2 0.103 (e) 69.6 0.52  (e) 98.9 2.71  (a)
56.4 0.115 (e) 69.7 0.53 (g) 101.4 2.94  (d)
56.5 {0.116 ) 72.8 0.67 (g) 107.0 3.6 @
: 0.130 (a) 109.1 3.9 (c)

73.2 0.67 (d)
56.6 0.134 (d) 73.5 0.68 (a) 113.0 4.4 (a)
57.9 0.150 (c) 75.8 0.85  (g) 120.4 7.1 (h)
60.6 0.227 (g) 76.0 0.8 (o) 121.0 5.8 {c)
60.9 0.221 (b) 78.7 0.99 (e) 124.5 5.5 @
61.1 0.215  (e) 127.1 6.6 (a)

d Phys: Chem. Ref. Data, Vol. 4, No. 3, 1975
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Table 7.5 (continued)

Values of a/N for hydrogen

E/N a/N E/N o/N E/N a/N
10 yem?) (107 18cn?y @0 ven?y (107 18cn?) 10 Y ven?) (107 18cn?y
138.3 9.1 (i) 211.9 {22.0 «® 36 (a)
140.9 8.3 (d) - 20.9  (m) 282.5 36 )
8.8 (f) 214.6 22,1 (3) ’ 36 ()
141.2 8.9 (a) 215.4 25.5 (k) 33 (m)
' 8.8 (W) 221.8 26.1 (k) 300 {39 k)
8.3 (m) 39 (h)
224.3 24.0 (h)
152.7 10.41  (3) 226.0 25.1 (a) 306 41 )
152.9 11.22 (1) 228.0 25.4  (d) 308 44 (i)
154.0 15.5 (k) 232.3 28.2 (k) 311 41 (k)
162.4 16.6 (k) 240.8 29.8 (k) 321 42 (k)
169.5 {13.5 (D) 334 46 (h)
: 4.1 (a) 2640 29.2  (3§)
247.2 31 (k) 338 45 (k)
173.0 18.2 (k) 254.2 31 (a) 353 48 ®)
177.9 16.7  (h) 257.0 32 {d) 424 {57 (%)
181.5 19.5 (k) 264.1 34 &) 52 (m)
183.7 5.4 (3) 494 61 (2)
187.9 20.7 (k) 270.7 31 (h)
272.6 35 (k) s6s {65 ®)
196.6 19.4 (d) 274.9 36 Gg) 66 (m)
197.7 19.5 (a) 279.1 36 (1) 636 68 )
204 .8 23.6 (k) 706 71 ®)
208.6 22,2 (d) 847 82 (m)
Experimental:

(a) Rose, Phys. Rev. 104, 273 (1956).

(b) DeBitetto, et al., Phys. Rev. 104, 1213 (1956).

(c) Hopwood, et al., Proc. Roy. Soc. (London) Ser. A 235, 334 (1956).

(d) Barna, et al., J. Appl. Phys. 35, 2781 (1964).

(e) Frowmhold, Z. Physik 160, 554 (1960).

(f) Chanin, et al., Phys. Rev. 132, 2547 (1963).

(g) Crompton, et al., Proc. Phys. Soc. (London) Ser. B 69, 2 (1956).

(h) Jones, et al., Proc. Phys. Soc. (London) 72, 363 (1958).

(i) Haydon, et al., Proc. Phys. Soc. (London) 78, 92 (1961).

(3) Blevin, et al., Nature 179, 38 (1957).

(k) Fletcher, et al., in Proc. of the Sixth International Conference on lonization Phenomena in
Gases, Paris, 8-13 July, 1963, (P. Hubert and E. Cremieu-Alcan, Eds., Serma, Paris, 1963),
Vol. 2, p. 217.

(&) Folkard, et al., Austr. J. Phys. 24, 527 (1971).

(m) Blasberg, et _al., Physica 54, 468 (1971).
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Table 7.b

Values of a/N for nitrogen

727

E/N a/N E/N afN E/N af/N
@0 ven?y @07 8e?) @0 Yven?y  @o78en?) 10 ven?y @0 8en?)
'85.0 0.0181 (a) 121.2 0.31 () 165.8 1.50 (e)
87.5 0.0222 (b) 121.4 0.31 (a) 169.5 2.06 (j)
87.7 0.0242 ga) 122.1 {0.258 (a) 169.7 2.00 (i)
88.7 0.0252 (b) : 0.281 (c) 174.3 2.26 (i)
88.9 0.026 (c) 123.3 0.32  (g) 177.1 2.29 (e)
90.4 0.0293 -(b) 123.5 0.299 (c) 1179.0 2.60 (i)
91.2 0.034 (a) 124.3 0.33 (h) 184.7 2.93 (1)
91.5 0.0254 (d) 124 .4 0.35 (a) 188.2 3.2 (4)
91.9 0.034 (b) 125.3 0.30 (d) 193.6 3.5 (i)
92.2 0.038 (c) 126.4 0.37 () 197.5 3.8 (i)
93.8 0.044 (a) 127.3 {0.39 (h) 197.7 3.8 (1)
93.9 0.041 (b) ) 0.44 - (e) 202.9 4.3 (i)
96.0 0.049 (b) 127.4 0.42  (a) 207.6 4.2 (e)
96.2 0.053 (c) 128.1 0.36 (c) 208.6 4.8 (i)
97.0 0.061 (a) 128.3 {0.35 (d) 214.3 5.3 (i)

. 0.34 (e
97.5 0.053 (d) 219.3 5.7 (i)
97 .7 0.057 (b) . 129.2 0.38 (c) 223.3 6.2 (L)
99.9 0.077 (a) 129.4 0.43 () 226.0 9.0 (3)
100.2 0.070 (b) 130.3 0.45 (h) 228.9 6.7 (i)
100.3 0.072 (c) 130.4 '0.49  (a) 233.2 7.2 (i)
103.0 0.101 (a) S131.1 0.42 (&) 237.1 7.6 (i)
104.1 0.101 (e) 131.3 0.41 (d) 240.7 8.0 (i)
104.5 0.101 (c) 131.9 0.55 (e) 254.2 9.1 ()
105.2 0.102 (k) 132.5 0.50 (g)° 282.5 12.7 ()
105.3 0.091 (e) 133.4 0.52  (h) 316 16.5 (k)
106.1 0.124 -(£) 133.5 0.56 (a) 342 17.1  (2)
106.2 0.126 (a) 134.6 0.47 (@) 400 28.0 (k)
-106.3 0.111 (e) 135.5 0.57 (g) 424 36 @)
106.8 0.097 (d) 136.3 0.64 (a) 436 34 (m)
108.0 0.125 (b) 136.4 {0.58 (h) 483 34.2 (L)
, : 0.64  (f) .

108.3 0.125 () : 499 46 (m)
108.9 0.123 (e) 137.2 0.49  (e) 507 47 (k)
109.0 0.151 (a) 137.7 0.54 " (d) 536 52 (k)
110.9 0.153 (b) 138.4 0.64 (g) 565 63 )
111.4 0.156 (e) 139.3 0.73  (a) 567 57 k)
111.7 0.159 (c) 142.5 0.84 (a) 573 58 (m)
111.9 0.187 (a) 142.9 0.65 (c) 612 57 (&)
112.4 0.164 (c) 143.3 0.67 (c) 646 70 (m)
113.9 0.182 (e) 144.7 0.86 (e) 681 70 )
114.8 0.197 (b) 145.7 0.95 (a) 715 87 (m)
115.0 0.219 (a) 147.0 0.98 (&) 757 94 ()
115.9 0.178 (d) 148.6 1.06 (a) 760 82 )
116.2 0.221 (e) 149.0 0.87  (e) 783 98 . (m)
116.4 0.207 (e) 150.1 0.87 () 804 99 (x)
116.5 0.217 (c) 151.6 1.13  (f) 843 104 (k)
118.3 0.242 (b) 152.4 1.22  (a) 848 114 G)
118.7 0.267 (a) . 152:8 1.06 (e) 857 111 (m)
118.9 0.230 (c) 154.6 1.31  (e) 893 103 )
120.0 0.245 (e) 161.2 1.52 (e) Yz20 123 (m)
120.3 0.269 (g) : 164.0 1.72 (i) 983 108 L)
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Table 7.6 (continued)
Values of a/N for nitrogen
E/N a/N © E/N a/N E/N o/N
- - - - 2 - -
w0 ven?y @0 Ba?) a0 Mven?y 07 a0 vea?)  0ca?)
999 131 (m) 1326 148 (k) 2255 248 (m)
1017 119 (k) 1336 133 (L) 2260 260 (D)
1070 120 ®) 1414 185 {m) 2441 220 )
1130 160 @) 1530 157 (1) 2812 260 (m)
1135 149 (m) 1550 195 (m) 2825 282 G
1159 132 (k) 1635 159 ) 3050 231 )
1243 145 (k) 1692 211 (m) 3370 268 (m)
1267 167 (m) 1695 223 i) 3390 288 (i)
2013 189 (L) 3930 270 (m)
Experimental:
(a) Daniel, et al., J. Phys. B 3, 363 (1970).

(b)
(c)
@)
(e)
(£)
(g)
(h)
1)
i)
(k)
«®)
(m)

Ward, Nature 208, 994 (1965).

Cookson, et al., Brit. J. Appl. Phys. 17, 891 (1966).

DeBitetto, et al., Phys. Rev. 104, 1213 (1956).

Frommhold, Z. Physik 160, 554 (1960).

McArthur, et al., lst Int. Conf. Gas Discharges, London, 284 (1970).
Blair, Brit. J. Appl. Phys. 17, 1051 (1966).

Dutton, et al., Proc. Koy. Soc. (London) Ser. A 213, 203 (1952).
Heylen, Nature 183, 1545 (1959).

Folkard, et al., J. Phys. B 6, 214 (1973).

Jones, Brit. J. Appl. Phys. (J. Phys. D) 1, 769 (1968).

Bowle, Phyc. Rev. 53, 293 (1938).

Bagnall, et al., Austr. J. Phys. 18, 227 (1965).
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Table 7.7

Values of a/N for carbon monoxide

29

E/N a/N E/N a/N E/N a/N
10" vea?) R ) 10" ven?) a0 ¥en?y 0 yem?) 0 ¥en?) -
106.1 0.044 (o) 130.0 0.225 (c) 158.0 0.82 (b)
109.1 0.067 (a) 133.4 0.32 (a) 163.7 1.08 (a)
©112.1 0.070 (c) 134.0 - 0.294 (b) 169.7 1.31  «a)
115.2 0.109 (a) 135.1 0.299 (c) 170.0 1.24 (b)
118.8 0.114 (c) 139.4 0.42 (a) 181.9 . 1.87 (a)
121.2 0.164 (a) 145.5 0.56 (a) 182.0 1.76 b(b)
122.0 0.145 (b) 146.0 0.52 (b) 197.0 2.70 (a)
124.6 0.165 (c) 151.6 0.71 (a) 212.2 3.7 (a)
127.3 230 (a) 157.6 0.89 (a) 242.5 6.1 (a)

272..8 9.2 (a)
‘Experimental:
(a) Bhalla, et al., Proc. Phys. Soc. (Lendon) 78, 438 (1961).
(b) Davies, et al., in Contributed Papers of the Ninth International Conference on Phenomena
in Ionized Gases, Bucharest, 1-6 Sept. 1969, (Academy of the Socialist Republic of Romania,:
3 Bis Gutenberg Ave., Bucharest, 1969), p. 46.
(¢) Parr, et al., 10th Int. Conf. Phen. Ion. Gas. (1971), p. 8.
Table 7.8
Values of 1 /N for carbon dioxide
E/N )\l/N E/N )\I/N E/N ll/N
@0 Myen?y @0 Bea?) a0 yen?y @0 e a0 ven?)y (107 Bcn?)
90.9 0.121 (a) 169.8 6.7 (a) 858 135 {(e)
97.0 {0.268 (a) 185.2 7.4 () 1140 181  (a)
0.289 (b) 199.1 10.6 (a) 1188 190 . (e)
103.1 0.47 (a) 206.7 10.2 (c) 1426 222 (a)
109.1 {0.73 (a) 229.1 12.9 ) 1518 236 (e)
0.75 (b) 229.6 15.7 (a) 1714 258  (a)
115.2 1.00 (a) 260.0 20.3  (a) 1961 290 (e)
121.2 {1.34 (a) 279.1 20.0 @) 1991 285  {(a)
1.36  (b) 287.7 26,1 (a) 2275 310 (a2
127.3 1.72  (a) 298.6 24.2 (e) 2576 340 (a)
133.4 2,17 (a) 363 36. (e) 2825 360 (a)
133.5 2,25 (e) 430 49, (e) 2919 370 (e)
139.4 2.64  (a). 552 70. (e) 3580 420  (e)
145.5 3.2 (a) 570 83.8 (a) 4240 410 (1)
151.6 3.7 (a) 642 92 (e) 5300 460 (f)
162.3 4.8 () 857 141 (a) 6370 430 ()
Exég;'imental :
(a) Bhalla, et al., Proc. Phys. Soc. (London) 76, 369 (1960).
(b) Conti, et al., in Contributed Papers of the Eighth International Conference on Phenomena
in Ionized Gases, Vienna, 27 Aug.-2 Sept. 1967 (Springer-Verlag, Vienna, 1967), p. 23.
(¢) Schlumbohm, Z. Physik 166, 192 (1962). -
(d) Schlumbohm, Z. Physik 184, 492 (1965).
(e) Townsend, Phil. Mag. 3, 557 (1902).
(f) Hurst, Phil. Mag. 11, 535 (1906).
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Table 7.9
) -17_ 2
Values of Al/N for air for E/N > 140 x 10 ~‘Vcm _
E/N A1/N E/N xllu E/N >»1/N
10" ven?) 0 18cn?) 10 yem?) 107 8:n?) 10 Yvem?) 108 a?)
141 1.57 . (b) 311 22.8  (b) 565 73.5 (c)
141 1.61 (c) 311 26,0  (e) 566 57.1 (a)
150 1.47 (a) 316 19.7  (a) 579 68.7 (a)
160 1.64 (a) 333 23.2  (a) 589 61.9 (a)
168 2.76 (a) 336 25.2  (a) 612 72.8 (a)
170 3.59 " (b) 339 28.5 (b) 612 80.9 (a)
170 3.67 (c) 339 29.7  (¢) 643 81.5 (a)
176 3.30 (a) 341 24,4 (a) 675 83.6 (a)
182 3.94 (a) 355 27.9  (a) 701 9.4 (a)
188 4.52 (a) 367 34.9  (b) 706 98.9 (c)
191 4.06 (a) 367 34.8  (c) 731 90.0 (a)
197 5.36  (a) 378 32.4  (a) 780 . 105 (a)
198 6.33 (b) 379 28.0 (a) 847 123 (c)
198 6.64 (c) 395 41.7  (b) 859 121 (a)
205 5.19 (a) 395 39.6  (c) 865 131 (a)
210 6.67 (a) 397 31.6 (a) 915 135 (a)
217 7.23 (a) 404 34.5  (a) 989 144 (<)
222 7.64 (a) 420 39.6  (a) 1020 148 (a)
226 9.61 (b) 424 45.3  (b) 1130 164 (c)
226 10.3  (¢) 424 45.2  (¢) 1150 150 (a)
233 8.57 (a) 427 36.0 (a) 1160 178 (a)
240 10.1  (a) 427 41.9  (a) 1230 181 (a)
254 10.6 (a) 441 44.8  (a) 1270 184 (c)
254 13.9  (b) 448 37.4  (a) 1410 198 (c)
254 4.4 (c) 452 49.7  (b) 1410 215 (c)
261 11.6  (a) 452 51.7  (c) 1550 216 (a)
260 12.4  (a) 474 49.3 (a) 1570 237 @)
269 13.9  (a) 476 47.3  (a) 1700 252 (a)
275 15.0 (a) 489 52.6 (a) 1950 270 (a)
282 16.5  (a) 490 49.3  (a) 2280 279 (a)
282 18.0 (a) 497 54.0 (a) 2550 318 (a)
282 19.2  (a) 501 46.7  (a) 2830. 333 (a)
296 16.3  (a) 508 63.6  (c)
296 18.8 (a) 530 59.4  (a)
310 21.0 (a) 538 62.4  (a)
Experimental:

(a) Rao, et al., J. Phys. D 4, 494 (1971).
(b) Sanders, Phys. Rev. &4, 1020 (1933).

(¢) Masch, Arch. Elektrotech. 26, 587 (1932).
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3.8. Recombination Coefficient

When both electrons and positive ions are present

na gas there is a finite probability that should an ion
ind. electron come close to one another they will re-
rombine to form a neutral atom or molecule. This pro-
sess is different from all the others considered in this
urvey in that it involves the interaction of two charged
articles rather than a charged and a neutral particle.
Thus, although it is a process that can occur in electron
avalanches, recombination is usually of greater impor-
lance in the study of more highly ionized gases where
kh_e‘aprobability of collision between electrons and ions
i greater. In certain circumstances, e.g. in a highly
ionized high-density plasma, it can be the dominant
‘mechanism by which charged particles are removed
from the gas. .
~ When an electron and an ‘ion recombine, the energy
of the system after collision is less than that before,
and the difference hae to be dissipated in some way.
-As'in the case of electron attachment, the various pos-
sible recombination processes are designated by the
‘way in which the excess energy is removed. Thus,
radiative recombination may I}e represented by

e+X+—>X+hV

(18)

d}glectronic recombination by |
e+ X+ > X" X'+ hy (19)

“dissociative recombination by
e+ XY+ = X+Y +ke. (20)
and three-body recombination by
e+X++Z—>X+Z+ke. (21a)
or by

e+X++e—>X+e+ke. (21b)

In these equations e represents an electron, nv a-quan-
tum of radiation, X, Y, and Z neutral atoms, X’ and X"
singly and doubly excited electronic states of a ncutral
satom and k.e. indicates that the energy difference of
‘the reaction is removed as kinetic energy of the particles
concerned.

In a gas in which there exists a number density n of
éléectrons and N, of positive ions, the rate of removal
‘of ‘the charged particle by the process denoted by eqs
{18), (19), or(20) is given by

dn _dN: _ _ N, 22)

where r:is a constant, called the two-body recombination.
(rate) coefficient. From eq (22) it can be seen that r; has
the units of cm3s -1

The rate of removal of charged particles oy three-
body recombination is given by

dn_dN.,_ 9
i 7 ranN.N, (23a)
or
dn_dN.__ _, »
A & rsn2N, 23b)

depending on whether the effective third body is an atom
or an clcctron. In this casc r3 is the three-body recom-

" bination coefficient having units of cm®s 1.

The  values of the recombination coefficient -are
usually determined experimentally by measuring the
decay of concentration of electrons with time for condi-
tions in which recombination is the dominant loss
mechanism. There are, however, numerous difficulties in
the interpretation of the experimental data obtained. .

First, diffusion always provides a competing mecha-
nism for the decay of electron concentration and con-
siderable care is needed to establish that the dominant
loss mechanism is that of recombination [2169] (see also
E. P. Gray and D. E. Kerr; Ann. Phys. (New York) 17,
276, 1962) or to make corrections for the loss hv dif-
fusion [see, e.g., 3443].

Second, there is often'more than one ion species pres-
ent in the ionized gas, so that the measured decay rate
depends on a number of different recombination
processes proceeding at different rates. Thus, additional
measurements of the rate of decrease of concentration
of the ion species involved are most useful, but have only
been carried out in a few recent experiments. Additional
evidence from spectroscopic measurements can also
be helpful in determining the processes occurring.

Third, even in a plasma decayingin a field-free region
there are sometimes processes occurring which can
give rise to the production of electrons which compete
with the loss processes and must he taken inta aceannt:
In helium, for example, the production of electrons in
collisions between two 23S metastable atoms has an
appreciable rate coefficient which can significantly
affect the net rate of decay of electrons in an afterglow
(A. W. Johnson and J. B. Gerardo, Phys. Rev. A 7,925,
1973). :

Finally, at very low densities radiative recombination
becomes the only significant recombination process and
at very high densities collisional ‘recombination. is -
dominant; but for intermediate densities, both processes
occur. In these circumstances the recombination is not
simply the sum of the various processes because, as
shown by Bates, Kingston, and McWhirter [444], the
processes are coupled. Under these circumstances,
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three-body recombination  occurs to excited states,
together with transitions between the bound states both
by radiative and collisional processes and between the
bound states and the continuum by collision processes.
The term collisional radiative recombination is then used
to describe the processes occurring. Although the
processes themselves are complex, the experimental
results are usually expressed as an equivalent two-body
decay coefficient g.

The collisional radiative decay coefficient g, can be
expressed for optically thin plasmas in terms of a colli-
sional radiative recombination coefficient r. and a colli-
sional radiative ionization coefficient i. by the relation-

ship
Ee=rc—i.(NIN,), (24)

both r, and i, depending only on n and on the electron
temperature T,.

In general, the recombination coefficient depends on
the temperature and density of the electrons, of the ions,
and of the neutral gas particles, these temperatures and
densities often themselves being interrelated. Graphs
of r as a function of n and of r/n as a function of T can
be a useful way of presenting data for comparison pur-
poses if the other parameters of the experiments are
similar. Probably the most satisfactory way of presenting
the results, however, is in tablular form, when values of
all the relevant parameters (if known) can be included.

3.8.a. Recombination Coefficient— Helium

There have been more than 30 experimental investi-
gations of recombination in helium but most of them fall
conveniently into two groups, viz.—those carried out at
relatively high electron concentrations (> 10! cm—3)
mostly at low gas pressures (~m Torr), and those a:
lower electron concentrations (< 10'¢m-3) mostly at
high gas pressures (> 10 Torr).

(i) High electron concentrations. The results obtained
in a number of experimental investigations of the re-
combination coefficient at high electron concentrations
are shown in figure 8.1. These experimental results are

compared with values computed theoretically by Bates'

and Kingston [2168] for quasi-equilibrium plasmas on
the basis of the theory of collisional radiative recombina-
tion in which the three-body recombination process is

e+ He*+e— He+e.

The results over the full range for which these computa-
tions have been made are given in table 8.1, but the
theoretical values shown in figure 8.1 refer to a gas num-
ber density of 10’4 cm~2 which is about the middle of the
range used in the various experiments; the curves
labelled (a) and (b) in this figure correspond respectively
to plasmas which are optically thin and optically thick to
the resonance lines. In the conditions under considera-
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tion, the decay coefficient may be equated to the col-
lisional radiative recombination coefficient, except for a
correction for Penning ionization in the case of optically
thick plasmas and this has been shown to be small
[3381] except at low temperatures and high densities.

All the experimental results shown in figure 8.1 were
obtained for static afterglows but for a wide range of
conditions. Magnetic confinement was used in some
{1639, 2331, 2447] but not in others [883, 1870, 1961,
3658] and the gas number densities ranged from about
8.8 X102 to 2.5 % 10% cm 3. Other factors such as the
size of the containing vessel may also have an influence,
so that although there is considerable spread in the
values obtained, the general agreement between theory
and experiment supports the view that in this region
collisional radiative recombination is the dominant
decay process.

Numerical data corresponding to the experimental
results on static afterglows shown in figure 8.1 are given
in table 8.2, together with another set of data, obtained
by Born [3464], for a range of gas temperatures at each
value of n. These results were also shown to be con-
sistent with the theory of collisional radiative recombina-
tion when the elevated gas and electron temperatures
are taken into account. Values obtained from the study
of plasma jets [759], which are appreciably different,
are also included in this table.

Measurements on the early stages of afterglows have
also been made by Chen [5745] 10 give r as a function of
n and of T.. These results are included in figure 8.2
where they are compared (i) with the other experimental
results from table 8.2 for which T, is available, and (ii)
with the theoretically computed values of Bates and
Kingston [2168] and of Mansbach and Kech [5761}. The
latter were obtained using Monte Carlo trajectory
methods and may be represented by the equation

rin =2 X 10-21(k T,)-92,

with kT, in electron volis. It can be seen that this ex-
pression gives a curve lying below and with a slightly
smaller slope than a curve drawn through the majority
of the experimental points. Recombination rates deduced
from some spectroscopic observations {5327] of decaying
afterglows appear to be in better agreement with those
obtained from the theoretical computations of Mansbach
and Kech than from those of Bates and Kingston.

Calculations of the collisional radiative recombination
coeflicient r. as functions of n and T, as independent
variables have been made by Drawin and Emard [5732]
and by Chen [5745]. The former used a method which is
similar to that of Bates et al. but which did not assume
hydrogenic energy levels. The latter used a simplified
method based on the existence of 2 minimum in the total
rate of de-excitation of atoms as a function of the energy
level of the excited states. Results using this method
are compared in figure 8.3 with the data for an optically
thin plasma by Drawin and Emard.
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The complete range of Drawin and Emard’s data for
both optically thin and optically thick plasmas is given
in table 8.3. (Results for other assumed conditions are
-also givenin their paper.)

- The influence of the neutral particic ucucay wa the
collisional radiative recombination coefficient through
the reaction

He* + e + He — He +He,

has also been investigated [1259, 5130, 5773, 5774, 3653).
‘The results for conditions in which T.=T, and T, is
1250 and 300 K 1259, 5773, 5774] are shown in figure 8.4
“and tabulated in table 8.4(a), together with theoretical
wvalues [1259, 5130] for higher values of T,=T, As
.pointed out in [5130] the values at low electron densities
‘are much higher than those calculated in [1259] for
n—> 0, because even low- densities of electrons are efhi-
cient in transporting excited electrons through the
.system of energy levels. In tables 8.4(b), (c), and (d)
-values of r as a function of N obtained [5773] with
T.= 300 K but different values of T, > T are given.
Measurements were made by Chen [4586] of rate of
:decay of the density of electrons and of atomic and
“molecular ions in an afterglow as a function of electron
“and atom temperatures for initial electron densities in
‘the range 102 to 3 X 10" cm 3, Analysis of these results,
taking into account processes of formation of molecular
ions and the recombination of both atomic and molecular
species but not the production of electrons in metastable
:collisions (see section 3.8.a(ii)) lead to electron tempera-
“ture dependence of the dissociative recombination coef-
“ficient ry of the form

“rp=1.9X10-%(T,) "1 for N
' =6 X 10 em=-3and 7. =410K

-and .
ri=8.9X10-9(T,) -3 for N :
- =6X10% ¢m-3 and T, =1250 K.

(it) Low electron concentrations. Experimental in-
.2stigations of recombination' at low electron concen-
trations involve the use of high gas pressures (~ 15 Torr)
in order to reduce the influence of diffusion. The high
pressure favors the formation of He# ions by the re-
actions

He' +2He(11S) — He# + He(11S)
2Hc (238) +Hc(11S) — Hey + ¢ + He(118)

= that more than one recombination process is possible.
Moreover, in some of the experiments, the results were
‘found to depend on the way in which the plasma was
-produced initially, and in some the range of electron
‘densities over which n—? was found to be linearly de-
“pendent on 1 was not great enough (see E. P, Gray and
“D. E. Kerr, Ann. Phys. (New York) 17, 276, 1959),

to be an adequate test of the assumption that the decay
was recombination dominated, an assumption necessary
to obtain the values quoted. These difficulties account,
at'least in' part, for the fact that a wide range of values
from 6 X 1071 to 6.8 X 10-% cm?3 ~! have been obtained
for the effective recombination coefficient r.

The value of the effective recombination coefficient
(~ 10-%cm3-') obtained from early measurements
[249, 596, 802, 1642] was much higher than that for radia-

‘tive recombination which is about 4.8 X 10-*2cm3s-1 at

250 K, decreasing to 4.31 X 10-13and 2.69 X 10-3cm3s -1
at 10,000 and 20,000 K, respectively [715]. The relatively
high experimental values led to the suggestion that the
‘dominant recombination process was dissociative .
recombination of the Hef jon and experimental results
showing r, to be independent of electron density [2456]
and of gas pressure {249, 2456] lent support to this view.
A review of the available data on recombination coef-
ficients and spectroscopic measurements in the light of
theoretical considerations of dissociative and collisional
radiative recombination by E. E. Ferguson, F. C. Fehsen-
feld, and A. L. Schmeltekopf, (Phys. Rev. 138, A381,
1965), however, led to the conclusion that the experi-
metal results up to that time could be interpreted more
satisfactorily on the basis of collisional radiative recom-

_ bination. This seemed to be further confirmed by a

subsequent experimental investigation by Berlande et al.
[4374] which showed that the decay rate in carefully
purified helium depended on both the électron concen-
tration and the gas density. The results obtained over
the ranges 10° < n < 5 X 10"em=3 and 3.5 X 107 < N
< 3.5 X 10e¢m=3 could be represented by an effective
recombination coefficient r, given by )

re=rs+kn+K'N

with r2=5X 10"%m3s!, k= {2+ 0.7) X 10-2°cmbs?,
and K’ = (2+0.5) X 10-%7cm®s 2. , .

The . above value for k compares with a value of
10 X 107*¢ from the theoretical calculations of Bates et al.
[444] and of 4X10-%° from the theoretical treatment of
Deloche [3653]; the above value for K' compares with
theoretical values of 2.5 X 10-27 ¢m®s -1 obtained from
the work of Pitaevski [2165] and of 1 X 10-27 cm %~ from
the values for the collisional radiative recombination
coefficient for the process

Het+e+He— 2He

calculatcd by Batcs and Khare, which are given in table
8.4. ' . ,
The conclusion that the recombination processes
involved are collisional radiative recombination of He3
with both electrons and helium atoms acting as third
bodies is, however, invalidated by the recent work of
Johnson and Gerardo [5570, 5488, 5730}, They have
shown that the recombination coefficient determined in
all previous work is actually, as already indicated by
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the above nomenclature, an effective recombination
coefficient. The reason is that no previous analysis had
taken into account an intense source of free electrons
which their measurements on the effect of a heating
pulse on the electron and atomic metastable densities in
a decaying plasma clearly showed to be present. This
source is considered to be ionization in metastable-
metastable collisions, and when it is taken into account
an actual recombination coefficient is obtained which is
as much as five times larger than the effective recom-
bination coefficient. The actual recombination coeflicient
is given by

r=r2+KN

with 7: = 1.1 X 10-8 cm3s-! and K = 1.3 X 10-26 om6s !
in the range 4.8 X 1077 < N < 18 X 10" ¢m~3. This work
has also shown [5325] that under the conditions of the
experiments dissociative recombination accounts for a
large fraction of the total recombination.

The situation is, however, still not completely clari-
fied, because although the results of Johnson and Gerardo
[6570] for the ecffective recombination coefficient rg
range from about 3.4 X 10-° cm3s~?! at 15 Torr to about
6.5%10-? cm3s-! at 65 Torr, in good agreement with the
results of Berlande et al. [4374] for n = 10" cm3, they
indicate no dependence on electron density in the range
4X101%< n<5%10" em-3, being more in accord in this
respect with other recent work [5772] in which the effec-
tive recombination coefficient at N ~ 1.4 X 10" ¢m-3
showed only a weak dependence on electron density for
10 < n <102 cm~3, Moreover, using a theoretical
analysis which included a source term for the production
of electrons during the afterglow, but an experimental
tube of much smaller diameter than the above workers,
Boulmer et al. [5343] obtained values of the recom-
bination coefficient which showed no variation with
N for 7X 10" < N < 11 X 10?7 em~3. The values and their
variation with temperature agree with those calculated
by Mansbach and Kech [5761] on the basis of collisional
radiative recombination. ,

At low temperatures where the dominant ion is Hej
there have been two recent investigations [5203, 5134]
which show that the recombination coefficient is much
higher than that at room temperature, the values of the
effective recombination coefficient being (3.4 = 1.4)
X 10-% cm?3s-? for Ty=T.=80 K [5203] and (5=*=0.75)
X 10-6 for T;=4.2 K and T.=80 K [5134]. The depend-
ence on electron temperature in both cases was found to

be of the form T;Y with y somewhere within the range

0.8101.6.

3.8.b. Recombination Coefficient— Neon

Most of the published data for recombination in neon
have been obtained for relatively low electron densities
(<< 10" em~3) from measurements of plasma decay
using microwave techniques. It can be seen from the
results given in table 8.5 that when T, =T, =T,= 300K,
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there is good agreement between the values obtained by
a number of observers, especially if the appropriate
corrections [see Frommhold, Biondi, and Mehr 3443}
are made for diffusion and for the initial distribution of
electrons in the plasma.

A number of observers [673, 1363, 2988] have shown
that the recombination coefficient is independent of
pressure indicating that the dominant recombination
process is a two-body process. The suggestion [966] that,
because of the relatively high value of the coefficient,
this two-body process is dissociative recombination of
electrons with Ne; ions has been confirmed experi-
mentally by using a mass spectrometer to observe the
decay of the Ne} ions simultaneously with that of the
electrons {2988, 4044] and also by spectroscopic ob-
servations [1600].

The results of recent measurements [2988, 3443, 4044,
4585] on the temperature dependence of the recombina-
tion coefficient are shown in figure 8.5 and given in table
8.6. It can be seen that in contrast to the results of some
earlier measurements [1363] in which no temperature
dependence was apparent, the recombination coefficient
varics as I';” over the range 300 K < T, < 11,000 K.

When the electron temperature alone was increased-
by microwave heating the value of y was found by
Biondi et al. [3443, 4044] to be 0.43 over the whole range
and by Hess [584] to be 0.4 in the range 900 < T, < 2400
K, but 0.25 in the range 300 < T < 900 K.

When the electron, ion, and gas temperatures were

‘all varied together over the range 295 to 503 K by

heating the cavity, Kasner [2988] obtained a value of
0.42 for 7. Other experiments [4585] in which the gas
was heated by means of a shock wave led to a similar
value of y for temperatures below 700 K but to a value
of 1.5 for temperatures in the range from 700 to 3500 K.
This change in value of vy at high temperatures can be
satisfactorily accounted for theoretically (T. F. O’Malley,
Phys. Rev. 185, 101, 1969) if the recombination coeffi-
cient decreases rapidly for recombination to vibra-
tionally excited states of the molecular ion. The ex
perimental results of Chen [4586], at higher electron
densities in plasmas produced by a condenser discharge,
however, indicate no variation of the dissociative
recombination coeflicient with T, in the range 420 to
1500 K for constant values of 7, =300 K.

Experimental measurements of the decay of electron
density and of electron temperature in a decaying
condenser discharge in which the electron density was
about 5X 102 cm~-3 led [5745] to much lower values
of r than discussed above. These values are given in
figure 8.6, where, bearing in mind the measured values
of n and T,, they can be seen to be consistent with
the values calculated [5745] on the basis of collisional
radiative recombination theory using the approximate
method mentioned in section 3.8.a(i); these theoretical
values are estimated in the original paper to be accurate
within a factor of 4. A low value for r of 5.3 x10-14
cm3 s~ ! was also obtained [5775], at an even higher value
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or.n~3%X10" cm—? but unmeasured temperature,
from observations of the H, and Hg lines from a decay-
-ing plasma in a small admixture of hydrogen in neon.

3.8.c. Recombination Coefficient—Argon

“Measurements of the recombination coefficient for
argon have been carried out at both relatively high and
'Ibﬁv’" electron densities and it is convenient to consider
/them in two groups corresponding to values of n greater
-.aLnd less than about 101! cm~3.

“"-(i). Large values of n(>101 ¢m-2). Recombination
,coeﬂiclents at high electron concentrations have been
.measured for quasi-equilibrium plasmas in argon by a
variety of téchniques [1961, 3433, 3468, 5240, 5745, 5775,
f5776 5777, 5782] over a range of n up to about 107 ¢cm—3
‘and over a range of gas number densities from abant
17X 10% cm~2 to 102° cm~2. In some of the measure-
,rnients [1961, 3468, 5745] both n and T, were determined
“but in most, either T, or n was nieasured and equilibrium
.assumed The results are shown as a graph of r, nin
‘Iﬁgure 8.7. -

Also shown in this figure are the theoretical results
-obtained [1961, 5745] on the basis of collisional
“radiative recombination theory for the same values of n
:and T. as those measured experimentally [1961,
5745] The full range of the values calculated in [5201]
: ,' d [5745] are shown in figure 8.8; r is given as a func-
‘tion of n at various values of T,.

Some of the results obtained from'a study of the radia-
‘tion from -a plasma jet [57082] at atmospheric pressure
-are-also included in figure 8.7. For clarity of presentation,
‘the data shown were chosen from the large number of
‘values given so as to cover the range of parameters.
“investigated. All the experimental results were found to
it the empirical equation

r=1.28 108 X T~ 8 X J0~(@410/7) 5 064,

Theoretical values for the same range of parameters
‘vere also obtained in this study [5782] on the basis of
soth collisional radiative and dissociative recombination.
[he results are shown in figure 8.7, from which it can be
seen that better agreement is obtained between theo-
yrjjetical and experimental results of this particular study
‘oni‘the assumption of dissociative recombination rather

‘than collisional radiative recombination.

(1) Low values of n (< 101 em=3). Although there have
‘been ‘a number of investigations [673, 711, 758, 811,
1363, 1642, 4065] of the recombination coefficient
“at relatively low values of n for values of N > 3.5 X 1017
~em™3 for T,=T=T,=300 K, the value of r is not. as

well established as that for neon, values ranging from
“2%10-7 to 1.1X10-¢ cm? s having been obtained.
‘Bearing in mind difficulties with gas purity [1363] and
“with variation of 7 with the power of the exciting dis-
~charge [711, 1642, 2186] and the range of values of elec-
~tron density over which measurements were made in a

-given experiment, the most reliable values seem likely

-to be those in [673], [758], and [4065] which are given in

table 8.7.

There have been no ‘simultaneous observations of the
decay of electron and ion densities using a mass spec-
trometér in argon in this range. Nevertheless, the
observation [758] that the value of r for argon is at least
a factor of 10% greater than that in argon-helium mix-
tures, together with spectroscopic observations (L.
Frommhold and M. A. Biondi, Phys. Rev. 185, 244,
1969) and mass spectrometer studies (G. E. Veatch and
H. J. Oskam, Phys. Rev. A 1, 1498, 1970) of the ion
species formed in argon-helium mixtures, lead to the
conclusion that the values of rin table 8.7 refer definitely
to dissociative recombination of Ar ions with electrons.

Investigations of the temperature dependence of the
recombination coefficient in the range from room
temperature up to a few thousand degrees Kelvin show
similar results to those in neon, although the agreement
between the absolute values obtained by various ob-
servers at slightly elevated temperatures is not as good
as that in neon. As can be seen from figure 8.9 and
table 8.8, the values of r vary as T~ for the temperature
ranges covered, but the value of y depends on the
method of heating used. When microwave heating was
used [4065] to raise T, to values in the range 300 to
10,000 K, while T; and T'. remained at 300 K, v was
found to be 0.67. When, on the other hand, a shock wave
was used [1873, 3438, 4585] to give conditions in which
T.=T,=T,=T, a similar value of y was found for
T<670 K but ¥ became 1.5 fur 670 T < 3500 K.
(Probe measurements [5184] in the Faraday dark space

“of a glow discharge gave a value for r of 1.2X 10-% at

T.=14,000 K which lies between the extrapolation of
the two curves in figure 8.9.)

The above change in value of y can be explained (T.F.
O’Malley, Phys. Rev. 185, 101, 1969) if it is assumed
that the coefficient representing recombination to vibra-
tional states of the molecular ion decreases rapidly as
the vibrational level increases. Whether such a decrease
occurs depends on the detaile of the potential energy
curves of the particular molecular ivn and of the state
of the neutral molecule formed initially {4586, 4065]. No -
information on the change of r; with T alone and thus
on the change of r; with vibrational level is available in
the conditions of the above experiments. Observations
on- the decay of plasmas of higher electron density
(rie in the range 10" to 10% arc mentioned for He, bul
no details given for Ar) produced by a condenser -dis-
charge |4586] have, however, been interpreted-as show-
ing an increase, rather than a decrease of r. with in-
creasing T’ for constant T, in argon.

3.8.d. Recombination Coefficient—Krypton and Xenon:

The only investigation of recombination coefficients-
in relatively pure samples of krypton (impurity content
<2.5 parts "in 10%) at room temperature, was that
carried out by Oskam and Mittelstadt [673]; results are
given in table 8.9.
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Other investigations of afterglows in krypton contain-
ing xenon [254, 2445] at levels of 0.01 to 0.1 percent
and 0.5 .percent, respectively, gave electron-density-
decay curves which had different slopes in the early and
later afterglow. Spectroscopic observations [254]
showed that the Krl spectrum. predominated in the
early afierglow and the Xel spectrum in the late after-
glow. The different slopes of the electron-density-decay
curves were thus interpreted as being due to recombina-
tion with krypton ions in the early afterglow and with
xenon ions in the late afterglow. Analysis of the curves
on this basis led to values of rfor krypton of 610 12 X 10-7
cm?® s~1[254] and not greater than 11 X 10-7 cm?3 s-!
[2445], in fair agreement with the more accurate values
in table 8.9.

The low value of 3 X 10-7 cm?® s—! obtained for kryp-
ton from probe measurements of the decay of positive
ion concentration following a dc¢ discharge in krypton of
unspecified purity [3188] is probably accounted for by
complications arising from the interpretation of probe
measurements in the presence of striations and the low
pressure (1.5 Torr) used, at which diffusion is significant.

The variation of the recombination coefficient with
temperature was measured [5128] over the range 800 to
2500 K in experiments in which the krypton was heated
by means of shock waves so that T.=T,=T,. The
results are given in figure 8.10 and in table 8.10, and it
can be seen that r shows a T-*® dependence as in argon
over the same temperature range.

At a value of T, of about 14,000 K, probe measure-
ments in the Faraday dark space of a glow discharge
gave a value of 1.4 X 10-8 em? s-! forr.

The situation in xenon is complicated by the fact
that the cross section for momentum transfer is relatively
large. Thus, at the pressures (> 10 Torr) required to
make recombination the dominant loss mechanism,
the assumption which is usually made (viz., that the
collision frequency for momentum transfer is negligible
with respect to the frequency of the microwave probing
field) leads to measured values of the recombination
coeflicient, r,, say, which are related to the true values
by the expression

rm=[14 (apo)?]r.

In this expression a=vp/wo and vy, is the momentum
transfer collision frequency at a pressure of 1 Torr and
wy the resonant frequency of the cavity in the absence
of electrons.

The most reliable measurements in xenon are again
those of Oskam and Mittelstadt [673], who observed
the above predicted pressure dependence for samples
of xenon containing less than 1 part in 10° krypton and
obtained the value of r given in table 8.9 by extrapolating
their results to zero pressure. Measurements [860] in
samples containing not more than 1 percent krypton
gave a similar pressure dependence and led to a value
lying between 12 and 16X 10-7 cm3 s-! in good agree-
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ment with the value in table 8.9. The late afterglow
measurements in krypton containing 0.5 percent xenon,
mentioned above {254], also gave values of r for xenon
in the range 12 to 21X10-7 em® s~!. An apparent
pressure dependence was also found in other experi-
ments but in one case {2130] it is not clear whether the
values given are of r or of r,; and in the other [2445]
only values of r, are given.

There are no published measurements of the tempera-
ture dependence of r in Xe nor any mass spectrometer
observation of the ion species involved in the plasma
decay of Kr or Xe. From the spectroscopic observations
[254] and the relatively high value of r however, it is
assumed that dissociative recombination of Kr; and
Xe# is the dominant recombination mechanism.

3.8.e. R bi Coefficient — Hydrogen

Surprisingly few experimental investigations {239,
240, 2292, 1363, 5500] have been made of recombination
coefficients in hydrogen at low electron densities
(< 10" cm~3) and there are marked differences between
the results obtained. This probably arises from the fact
that there are known to be four stable ion species
H+, Hy, H}, and Hy and no measurements have been
made, to date, in which a mass spectrometer has been
used to identify the ions concerned.

At pressures of a few Torr where H} and Hy ions
might be expected to play a significant role, several
observers [240, 2292, 5500] have obtained values of r
which increase with pressure above 1 Torr. The absolute
values obtained for r were, however, very different,
ranging, for example, from about 0.12X 10-¢ t0 2 X 10-$¢
cm?® s~1 at about 3 Torr. Moreover, other measurements
[1363] gave a pressure-independent value for r of 2.5 X
10-% cm? s~! for 3< p < 12 Torr. In one set of experi-
ments [239], r was found to be too low to measure
(<3X10-8 cm® s—1!), the plasma decay being due en-
tirely to diffusion and markedly dependent on very small
amounts of impurities. In this case, the value of the
ambipolar diffusion coefficient obtained indicated that
the ion species being studied was probably H+. It
seems likely that differing experimental conditions,
including the purity of the gas samples, power of the
exciting discharge, dimensions of the apparatus, and
range of electron densities used give rise to different
concentrations of the various possible ion species in
different experiments, thus altering the plasma decay
rate and making ivn identification essential if significant
values for r are to be obtained.

Theoretical computations of r for H using Monte
Carlo methods [1665] and perturbation theory [3471] lead
to values of 3X10-% em® s-! and 2.5X10-% c¢m3 s-1,
respectively, at 300 K. The temperature dependence in
the latter case is given by r=4.2X10-8 T-12, with a
value which does not exceed 3X 1078 cm?® s-!. These
computed values of r for Hj are much lower than the
experimental values which again suggests that the
measured values refer to H} andfor H:.
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For H+ ions, theoretical calculations have been made
of the radiative recombination coefficient r, {601, 1602,
12259, 23901, and. of the collisional radiative recombina-
tion coefficient 7. (444, 731, 972, 994, 1639, 2147, 3381,
5781 over a wide range of ‘conditions.

The values of the radiative recombination coefhicient
in-table 8.11 are those given by Bates and Dalgarno
[4656] based on the results of Seaton [601]. In addition to
the total recombination cocfficient r;, the partial radia-
tive  recombination coefficients ry(p) to each level of
principal quantum number p are also given over a range
of temperatures from 250 to 64,000 K.

Among the first calculations of r, were those of

¥Angelo [731] who developed a method in which he

considered the reaction paths of individual electrons,
on the basis that the processes occurring were three-
body recombination of ‘electrons inte excited states,
followed either by their transition to lower levels with
‘the emission of radiation or by their ejection into the
continuum in collisions with another electron. Colli-
'si:onal transitions between bound states were, however,
neglected, so that at relatively low temperatures
A~ 1000 K) where such collisions play a significant role,
the values of r. obtained are considerably lower than
‘those calculated with the complete statistical theory of
Rates et al. [444]. At relatively high temperatures when

radiation processes dominate the two theones give

‘results in good agreement.

The statistical theory, in which the populations of the
states were obtained from the governing rate equations,
was first developed {444] to calculate values of r, for
optically thin plasmas for a range of values of the
electron temperature T, and density n. These are given
in table 8.12, together with the values of the collisional
radiative ionization coefficient i, which enable the colli-
sional radiative decay coefficient g, to be obtained using
‘eq (24). Also given in table 8.12(a) are values of the
“collisional radiative recombination coefficient calculated
‘using the general curves given by Bates and Kingston
[994] for tecmpcraturcs < 250 K.

_The calculations were later extended [146] to several-
different cases of optically thick plasmas. Values of -

rc for (a) a plasma optically thick towards the lines of
-the Lyman series, which is likely to correspond to most

laboratory plasma, are given in table 8.13(a). The other.

‘cases considered were plasmas optically thick (b) to
the Lyman continuum as well as 10 the Lyman series (c)

10 lines of all series and (d) to lines of all series and the
Lyman continuum. The values obtained are given in
table 8.13(h). (c) and (d), respectively.

* . Although these tables give r. as a function of n and
T, these are, in practice, not independent variables.
Their relation to the values for the collisional radiative
recombination coefficient were thus calculated by Bates
and Kingston [2147] for two different plasma models. In
the first, which corresponds to a magnetically confined
plasma, the only energy flow was assumed to be to the
boundary from the atom gas, the energy flow from the

electron and ‘ion gas being zero. In the second; the .
energy flow to the boundary from the electron gas was
assumed to be zero but that from the ion and atom gas

.was assumed to be such as to keep both 7; and T the

same as that of the walls. The results (which ‘are useful -
for comparison with experiment) are given in tables
8.14 to 8.17 for plasmas that are optically thin and opti-
cally thick to lines of the Lyman series.

‘Experimental results for recombination coemcients
obtained for magnetically confined high density
(n >10" cm~3) hydrogen plasmas [1389, 1639, 5778,
5779) are shown in figure 8.11, where they are compared
with the theoretical curves for r, for an optically thick
magnetically confined plasma at 250 K obtained from
table 8.14. _

Taking into account the values of the.initial atom
density the experimental values of [1639] are in fair
agreement with the theoretical curves. The experimental
values of [1389] fall below the theoretical values, but
the measured values of T, are also different from those
calculated for an optically thick plasma. Taking the
measured values of n and T, into account, the measured
values lie between those calculaied (using tables 8.12
and 8.13) for optically thin and optically thick plasmas.

The results obtained [5697] from the decay of spark
channels lie closer to the calculated values for optically
thin plasma as can be seen from figure 8.12.

In addition to the calculations of the collisional
radiative recombination coefficients on the basis of the
detailed statistical theory discussed above, a numbef of
calculations [595, 640, 972, 1639, 1647, 5327, 5745, 5761,
5781] of the collisional recombination coefficient r3 (to
which r. tends in the limit of high n) have been made.
These calculations were carried out using various
simplified models based, for example, on the simple
Thomson formula [1614] or on the existence of a critical
energy level in the atom, transitions across which
determine the net rate of recombination. Several of
these treatments [595, 640, 1614, 1639, 1647, 5761, 5781)
led to analytical cxpressions which show that r; varics.
with electron temperature as T;%2 The actual values
obtained for rs, which depend on the values used for the
collision cross sections, are compared in figure 8.13
with those calculated from the detailed statistical
theory [444] in which Gryzinski’s cross. sections (M:
Gryzinski, Phys. Rev. 115,374, 1959) were used.

-Comparison of some results of spectroscopic observa-

- tions in helium with the recombination rates predicted

by the two methods have led to the suggestion {5327}
that Gryzinski’s. cross sections are too large.

"~ Measured values of the recombination coefficient are -
also included in figure 8.13 for comparison.

3.8.f. Recombination Coefficient—Nitrogen

As noted above for hydrogen, the simultaneous
existence of a number of different ion species in molecu-
lar gases at pressures of a few Torr greatly complicates
the determination of recombination coefficients in these
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gases. In nitrogen it is well known that the species N*,
Nz, Ni and N are all stable and that ion conversion
reactions between species occur in collisions with N
molecules. Thus, as the pressure, temperature and
conditions of excitation in the discharge change, so
does the relative concentration of the various jon species.
This largely accounts for the very wide range of pressure
dependent values of r (from 0.1 to 2X 1076 cm3 s51)
obtained [703, 728, 807, 811, 1363, 2372, 2394]in nitrogen
at pressures ranging from 0.1 to 40 Torr.

The only extensive experiments in which the ions have
been identified and their decay monitored simultane-
ously with that of the electrons are those of Biondi
and his collaborators [1247, 1344, 1605, 2455, 2993]. In
these experiments, the ion species N7 was made the
predominant one by carrying out the afterglow experi-
ments in mixtures of neon and nitrogen in which the
partial pressure of the neon ranged from 15 to 30 Torr
and that of nitrogen from about 10-4 to 5X 10-3 Torr.
Two sets of measurements {1247 and 2993] for T.=T;
=T,=300 K, when the decay of Nj ions was shown
experimentally to follow closely the decay of electrons,
gave a value for r for N3 ions as (2.7+0.3)%<10-7 cm?
s~ !, when the appropriate corrections were made for
diffusion and the variation of the electron density
distribution in the microwave cavity with time.

Measurements by Mahdavi et al. [5124] in a flowing
afterglow, in a mixture of N, at pressures in the range
10-3 10 10-2 Torr with Ar at about 0.6 Torr, gave a value
of (2.2+0.4)X10-7 ¢m?® s~ ! for mass identified N ions
at 300 K, in good agreement with the above value
obtained from static afterglow measurements.

At partial pressures of nitrogen greater than 10-2
Torr, in the static afterglow experiments, it was shown
that the N# and N7 ion species became predominant
and that above about 0.1 Torr there were more N than
Ng ions present. The recombination coefficient de-
pended on the conditions, being between 1 and 2 X 10-¢
cm? -1, the value increasing as the ratio of N; to N}
ions hecame larger. These values are not inconsistent
with the pressure dependent value of 7~ 10-¢ cm3 5!
obtained at the higher pressures (> few Torr) in nitrogen
by many observers [703, 807, 2372, 2394, 3166], sug-
gesting that these values as would be expected, also
refer to a mixture of Nj and N} ions.

The concentration of different ion species also
depends on the temperature so that to obtain significant
results for the variation of recombination coefficient
with temperature, it is necessary to determine the ion
species involved by mass spectrometer. The results
obtained for this variation under these conditions [2993,
4045, 4605, 4681] are shown in figure 8.14, both for the
case in which the electron temperature T, and the gas
temperature T arc varied simultaneously and for the
case in which T, alone is varied.

It can be seen that when both 7, and T, were varied,
r was found to be independent of temperature, whereas
when T, alone was varied 7 varied as T-23, In the latter
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experiment [4045], however, although the predominant
ion species was N3 the decay of this species did not
follow the electron decay nearly as well as in the earlier
work [2993, 1247] and the value of r at room temperature
(1.8+84) X 10-7 cm?® s—! was considerably lower. The
experimental conditions were very similar in all experi-
ments and the discrepancy has not been explained. The
two other results {4605, 4681] were obtained using a
Langmuir probe, together with a mass spectrometer
and do not agree well with those obtained by microwave
methods.

Thus the variation of r, with temperature for N4
ions is not well established at present.

There have been calculations [750] of the radiative
and dielectronic recombination coefficient for atomic
nitrogen and of the collisional radiative recombination
coefficient for the reaction Z++e-+N,— Z+ N, for ions
of mass 28 amu [4604]. The results of these calculations
are given in tables 8.18 and 8.19, respectively.

The dissociative recombination coefhicient for N ions
has also been calculated [1675] using a semiclassical
method. The value of 2.0 X10-7 cm3 s~! so obtained is
in surprisingly close agreement with the experimental
value of 2.7 X 10-7 cm® s-1,

3.8.g. Recombination Coefficien'——Oxyggn

As in nitrogen and hydrogen, there are a number of
stable species of ions in oxygen. Difficulties in the
determination of the recombination coefficient arising
from this source are, however, not as acute as in the case
of nitrogen, because over a wide range of suitable experi-
mental conditions the Of ion is the dominant species.
The situation is, however, complicated by the occurrence
of the process of three-body electron attachment to
neutral gas molecules to form negative ions. As a result,
the electron decay rate at low pressures in oxygen alone
is pressure dependent, and measurements are thus
usually carried out using a small concentration of O, (at
a pressure of a few mTorr) in an inert buffer gas at a
pressure of a few Torr. This ensures that the decay
of electrons by recombination is much greater than that
by attachment or by diffusion. To avoid the effects of
negative ion accumulation, measurements are usually
made in afterglows following single discharge pulses
with relatively long delays (~ seconds) between pulses.

The four most recent results [3611, 3786, 4045, 5124]
obtained for r; for Q4 ions at room temperature are in
good agreement and are given in table 8.20. In two of
these determinations [4045, 3611], the electron decay
in a static afterglow was measured using the microwave
method. The decay of the O} ions was also monitored
simultaneously using a mass spectrometer and shown
to follow closely the electron decay. In another [5124] a -
floating double probe and ion sampling arrangement
were used to measure the decay of electrons and mass
identified ions in a flowing afterglow in a mixture of
oxygen and argon. Finally in [3786), the electron decay
in a static afterglow was measured by a Langmuir probe
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ia'_ryld"although the ion species was not identified, condi-
tions. were chosen so that, on the basis of previous ex-
periments in which a mass spectrometer was used, the

# jon was expected to be the dominant species. As
indicated in the table, the buffer gases used were also
different in the four experiments. In one of the micro-
‘wave experiments [4045], r, was found to vary with the
partial pressure of the oxygen in a:mixture of O and

‘Ne: In this mixture the OF ions were formed by Penning -

_ionization of O in collision with metastable neon atoms
and could thus have been in an electronically excited
“state. The effect of different mixtures was investigated
“and the dependence of r» on the oxygen partial pressure
found to be least in.the case of the O;—Ne—Kr
mixture. In this case the O ions were formed by the
:Penning ionization of Kr by Ne metastables followed by
.charge exchange between the Kr* and O3, so that the
t jons were formed in the ground electronic state and
-a-low vibrational state. -

‘The values given in table 8.20 are also in good agree-
ment with the earlier values of 2.1 X 10-7 and 1.9 X 10-7
cm? s~1.obtained by Mentzoni [3428] and by Asimov
[1601] respectively, in experiments in which no identi-
fication -was made of the species concerned. Both of
"these experiments were carried out in oxygen alone,
~Asimov et al. using low pressures (5X10-2 to 10-!
Torr) together with a confining magnetic field to reduce
diffusion losses and Mentzoni using higher pressures
from 0.15 to 4 Torr. In both cases the quoted value of
> was  obtained from consideration of the observed
variation of r with pressure. :

Warke  [1675] obtained theoretical values of the
‘dissociative . recombination coefficient for OF at room
temperature on the basis of a semiclassical calculation
and showed that with certain simplifying assumptions,
a quantum treatment would lead to.the same results.
‘More detailed quantum calculations on the basis of
Warke’s approach but using different potential curves,
. were made by Chan [4020]. The results of both sets of
calenlations are also shown in table 8.20.

The results of experimental measurements of the
temperature dependence of r; for O} are shown in
figure 8.15. In one of these investigations [4045] T, alone

"was varied, while in others {3611, 3428, and 3786] the
“temperature of the whole system was varied, thus keep-
-ing To="T;=T,. When T, alone was varied for a mixture
of ‘02 and Ne, r; was found to vary as T, %% up to
1200 X and as 7;°5 hetween 1200 K and 5000 K. It
‘can be seen from the figure that this variation at the
lower temperatures was similar to that obtained by
Kasner and Biondi [3611] when T, T;, and T, where all
varied together in an ‘O;—Ne mixture. On the other
hand, where T, T;, and T, were varied together in 0.~
He mixtures [3786] and in pure O, [3428], a less marked
variation of r with temperature was observed.

The single values at elevated electron temperatures
given by Sayers [4605, 4681] were obtained using a

Langmuir probe for Of ions identified using a mass
spectrometer. ]

At temperatures ~ 200 K, for both O;—Ne—Kr-
mixtures [3611] and O,—He mixtures [3786] relatively
high values of the effective recombination coefficient’
were obtained. Mass spectrometric studies in [3611]
showed the existence of substantial quantities of
O;+ ions under these conditions and the results were
analyzed to give a value for r; of about 2.3 X 10-¢ cm3s !
for Of ions and of (3%0.3) X107 cm?® s~! for O%.
Measurements of the decay of electron concentration
by cylindrical Langmuir probes in static afterglows in
krypton-oxygen mixtures at 180 K gave values for rs of
(1.8£0.6) X10-% cm? s~! for O and of (3.5x1.0) X
10-7 cm3 s-! for Of in agreement with the microwave
measurements.

The results of theoretical computations of the radia-
tive recombination coefficient [1180] and the dielectronic
recombination [750] for O+ are given in table 8.21 from
which it can be seen that the dielectronic coefficient is
negligible with respect to the radiative one and that both
are much smaller than the dissociative recombination
coeflicient for OF.

3.8.h. Recoﬁbinuﬁon Coefficient — Carbon Monoxide

The only published value of the recombination
coefficient for carbon monoxide at room temperatures
is (6.8+1.2) X10-7 cm?® s obtained by Mentzoni and
Donohoe [3601]. From an experimental investigation
of the decay of a static afterglow using a microwave
method, the value obtained was independent of pressure
for pressures of 0.55 and 0.92 Torr which, together with
the high value of r, suggests that a dissociative re-
combination process is involved. No ion identification
was made in the experiments but other experiments
(H. E. Evans and P. P. Jennings, Trans. Faraday Soc.
61, 2153, 1965) in this pressure range have shown that’
in active high frequency discharges CO# and CO* are
the most numerous ions formed. For p >1.5 Torr, the
electron removal rate was found to be pressure de-
pendent, possibly as a result of electron attachment. In
an extension of the work to high temperatures [5783] a
value of r=3.9X 10-7 cm?s~, independent of pressure
for 0.2 << p < 2 Torr, wae obtained for T—775K.

3.8.. Reeqmbino'ion Coefficient— Nitric Oxide

The three most recent investigations [1609, 3610,
5124] of recombination in nitric oxide, which are the
only ones to include ion identification by mass spec-
trometer, gave resulls at room temperature that are in
good agreement with each other. These results, together
with the range of electron and gas number densities
used, are given in table 8.22. '

The data in [1609] and [3610] were obtained using mix-
tures of neon and nitric oxide in which the NO* ions
were formed in the electronic ground state by photo-
ionization. A long delay between successive pulses was
also used to reduce complications resulting from the
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accumulation of negative ions. The -value of r, given by
Weller and Biondi [3610] was obtained for relatively
low partial pressure (5 to 41 mTorr) of NO when the
decay of the NO* ions, which was shown to be the only
species present, followed closely the electron decay.
At higher partial pressures, the dimer ion (NOY be-
came the dominant species and the measurement of
electron decay under these conditions gave r» for
(NOY = (1.720.4) X 10-% ¢cm® s~!. Gunton and Shaw’s
[1609] value of r, was also obtained at relatively low
partial pressures (< 1 mTorr) of NO, because at higher
partial pressures a pressure dependence of the coefh-
cient was observed. On the basis of a mass spectrometer
analysis at total pressures lower than that used in the
experiment, this dependence is ascribed to the presence
of significant amounts of NOs ions at partial pressures
of NO above 1 mTorr.

Mahdavi et al. [5124] used a flowing afterglow tech-
nique in which the electron decay in a mixture of NO
and Ar was measured by means of a double probe and
the ions identified by means of a quadrupole mass
spectrometer.

Earlier investigations using a variety of methods [840,
920, 3229] but in which there was no identification of the
ions involved gave less precise values of r» which are
not inconsistent with the values given in table 8.22.

In both [3610] and [1609] the measurements were
extended to temperatures within the range 180 < 7T <
450 K and gave the values of r; shown in figure 8.16.
The valne of rp at T=200 K given in [3610] was obtained
under conditions when the decay of the NO* ion
current to the walls followed the same form as that of
electron decay during the early stages of the afterglow.
Under most conditions, however, it was shown that the
(NO)# ion species was formed in considerable quantities
at this temperature and this may account for the rela-
tively high value for ry at T=186 K obtaincd in [1609].

Also given in figure 8.16 is the value of r at 2900 K
obtained from an investigation of the rate of decay of
ionization behind a shock wave in air using microwave
techniques [2491].

Analysis of the ionization occurring behind shock
waves led to the conclusion [4789] that a dependence
of recombination coefficient on temperature of the form

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975

r=3x10-3 T-32 would be consistent with the experi-
mental observations. Data points obtained from this
equation are also given in figure 8.16.

Bardsley [3462] has calculated the contribution of the
B 21l and B’ 2A states to the recombination coefficient
for ions in their ground electronic and vibrational state
and shown that this contribution varies as T; 12 as indi-
cated in figure 8.16. The other theoretical curve shown
in figure 8.16 is obtained from the expression r,=4.8 X
10-8 (kT)-12 (1 —e~0227kT) deduced by Hansen [3476]
on the assumption that excited species are present in
equilibrium concentrations.

3.8.j. Recombination Coefficient—~ Carbon Dioxide

There is good agreement between the only published
values of the recombination coefficient for CO; which
are those obtained experimentally using static [2986]
and flowing {5124] afterglow. In the experiments of
Weller and Biondi [2986] the ivns were produced in their
ground electronic state by Penning ionization of CO,
in a pulsed microwave discharge in a mixture of CO;
and Ne. The nature and decay of the ions was obtained
by a mass spectrometer, while the electron decay was
determined by a microwave method. The apparatus was
operated with long intervals between the pulses that
created the ions, in order to prevent the accumulation
of negative ions. Account was taken of the presence of

# ions which were observed significantly to affect the
decay in the late afterglow (at times >1 ms). At
T.=T.=T;=300 K the value obtained for r for CO#
was (3.8%0.5)%X10-7 cm® s-!, being constant for
mixtures in which the partial pressures of CO, ranged
from 2X10-4 to 2X 1073 Torr and that of Ne ranged
from 4 to 10 Torr.

Despite some difficulty in observing the ion current
decay at lower temperatures an approximate value of
r=4%10-7cm?s~! was given for T=210K.

In the experiments of Mahdavi et al. [5124] use of a
floating double probe to measure the decay of the elec-
tron concentration in a flowing afterglow in a CO,/Ar
mixture at 300 K, led to a value of (3.4:£1.2) X107
em® s~! under conditions when CO} ions should have
been the dominant species.
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{In [3462] r; is a partial recombination coefficient representing the contribution of only
the B?I1 and B’ *A states.)
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Table 8.1

Theoretically computed values for the collisional radiative recombination coefficient for
the reaction Het' + e + e » He + e for magnetically confined plasmas (A) optically thin and
(B) optically thick to resonance lines

T (°K) T (°K) T.(°X) T.(°K) r (107 %m3/sec) r (107}%cm3/sec)
N(em~=3) n(101lem™3) e € * * ¢ ¢

Case A Case B Case A Case B Case A Case B
.01 311 289 _ 1.82
.05 283 435 284 403 9.4 1.57
.10 318 526 319 492 10.6 1.25
.50 449 846 440 818 8.4 .64
1012 1.0 549 987 535 963 6.3 .51
5.0 919 1770 915 1750 2.63 .213
10. 1180 2200 1185 2200 1.70 .170
50. 2180 3680 2190 3670 .59 .066
100. 2850 2930 .35
.05 256 357 252 293 14.8 3.3
.10 274 408 266 329 20.3 3.3
.50 362 604 339 482 21.8 2.66
1.0 432 722 399 591 18.8 1.95
1013 5.0 682 1170 653 1020 10.1 1.10
10.0 895 1470 877 1320 6.6 .77
1 50.0 1450 2410 1430 2234 2.97 .34
100. 1850 3000 1820 2810 1.92 .226
500. 3230 4580 3190 4500 0.64 .089
1000. 5450 5323 .058
.01 273 , 245 3.0
.05 327 256 5.0
.10 257 361 231 262 25.6 5.6
.50 306 491 272 315 53. 5.9
1.0 344 577 299 363 58 5.5
5.0 496 873 429 577 45 3.7
101 { 10. 600 1060 531 737 35 2.86
50. 984 1690 924 1300 15.8 1.46
100. 1240 2070 1180 1660 10.5 1.06
500. 2170 3310 2100 3870 3.7 47
1000. 2780 4000 2700 3580 2.27 .32
5000. 4900 5880 4800 5630 .70 .123
10000. . 6140 6130 44
.05 303 230 5.8
.10 ' 342 238 6.7
.50 281 455 236 260 72. 8.0
1.0 321 519 252 272 85, 8.0
5.0 442 735 311 331 90. 7.1
1015 10. 517 865 342 385 81. 6.3
50. 774 1290 524 643 52. 4.3
100 940 1550 670 843 39, 3.4
500 1550 2410 1240 1560 16.0 1.81
1000 1940 2910 1610 2040 10.4 1.32
5000 3390 4390 2950 3640 3.3 .57
10000 5130 ’ 4440 .39
.01 166 224 3.7
.05 247 232 6.5
.10 276 235 7.4
.50 258 415 - 229 244 80, 9.1
1.0 298 501 236 248 97 9.4
5.0 416 712 253 257 117 8.9
1016 10.0 481 833 261 264 115 8.3
50.0 680 1210 311 323 92 6.6
100. 800 1420 357 375 78 5.8
500 1220 2090 586 630 47 3.9
1000 1490 2450 782 835 , 35 3.2
5000 2420 3580 1550 1690 15.5 1.95
10000 4250 2220 1.53

Theoretical:
All data taken from Bates, et al., Proc. Roy. Soc. (London), 27%4, 32 (1964).
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Table 8.2
Experimental values of the recombination coefficient for helium for n > 101lep-3

3 -10

n@oen™)  r0 Pen’/se) T 0%K) T (K N(em )

42 0.58 1.7
160 0.19 3.2
190 3.0 1.7
260 8.9 1.5 (a)
660 3.4 2.0
4400 2.5 3.4
1.00 6.8 I )
1.06 6.7
1.06 5.6
1.11 6.6
1.14 5.6
1.22 6.8
1.26 6.0
1.37 7.1
1.42 6.4
1.61 6.7
1.63 7.8
1.72 6.4
1.78 0.610
1.79 5.3 In range
;gé 22 - 300 from 2.5,¢ (®)
2.31 9.6 to 4210
2.73 11
3.2 11
3.7 12
3.8 0.750
4.0 12
4.2 12
4.5 12
5.2 12
5.9 12
6.6 12
7.0 12
7.5 13
7.9 0.730
8.1 14 ]
36 3.3 1.4
62 3.6 1.5
66 1.8 1.7
120 1.0 2.2 }
180 1.3 2.2 w | )
230 0.53 2.9 0.42x10 j
360 0.73 2.7 3.5x1014
560 0.40 3.1 1.35x1014
6.5 7.0 0.87 ?
15 5.6 1.0
16 14 0.77 ;
2.7 1.4 ‘
31 7.3 1.2 \ (@)
61 3.7 1.5 "
62 1.3 2.4 0.18x10
120 1.9 2.0 .
180 1.3 2.4 1.4x10t4
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Table 8.2 (continued)

Experimental values of the recombination coefficient for helium for n > 1031lem™3

751

n(lOllcm-3) r (10 lOcm?’/sec) Te(103°1() Eg("K) N(cm 3)
2.2 0.53) 2
2.3 13
2.90 0.56
3.1 13
3.9 0.59
4.0 12
5.9 0.69 In range
7.7 0.76 300 > from
7.9 7.5 7x1014 to > (@)
9.4 0.81 7x1015
9.8 7.3
28.1 1.2
32 3.8
53 1.4
78 2.1 | } )
2.2 0.733 ]
2.4 2.1
2.9 - 0.72
3.2 3.1
3.9 0.75
4.0 3.9 :
5.7 0.79 ;n range
.1 4. Tom
o6 : 0.83 >00 71012 to =)
7.9 5.1 7x10
9.5 0.87
10 4.9
27 1.20
32 2.9 J
51 1.45
79 1.7 J
490 5.1 1.6 7 I
660 3.4 2.1
710 3.6 2.1
820 3.1 2.2
1200 2.2 2.7
1.3 gz.s
1400 1.3 3.2 17
iz.a 2.8 r 2.5x10 r()
1700 1.6 3.2
2000 1.1 3.5
2200 1.3 3.7
2300 0.92 3.3
3300 0.70 4.4
3900 0.65 4.6 J
1.0 63 7 b
2.0 50
Z:g gg <3.54x10%7 )
6.0 76
8.0 96 J
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Table 8.2 (continued)
Experimental values of the recombination coefficient for helium for n > 101lem™3
n@0Men™)  r10%n’/see)  T_(10%°K) T, C°K) N(em o)
; n 750 ) b
25 6.3 1000
bao 1250 (h) TT,=T,
g'g 1338 for the lower electron
50 5'2 1250 In range ! densities and higher
2'9 1500 from 15 temperatures, but
- 6'4 750 8.8x%10 17 Te > T, for higher
‘ 5-6 1000 to 7.1x10 electron densities and
100 4.9 1250 lower temperatures
3.8 1500
2.3 1750 |
3.1 1750 . :
200 “\\ 1.4 2000 J
10 17 0.73
30 7.3 1.2
100 3.0 1.6
300 1.3 2.4 @
400 4,07 ’
1000 0.68 3.5
3000 0.25 5.07
10000 0.06 10 /

TI‘ICabuICd values of ;Te; all uvthier values of ’.[‘e glven In this section of the table are calculared.

Theoretical:

(a)
(b)
()
(d)
(e)
(£)
(g)
(h)
(1)

Robben, et al., Phys. Rev. 132, 2363 (1963). Data obtained ueing a placma jot.
Mosburg, Phys. Rev. 152, 166 (1966).

Hinnov, et al., Phys. Rev. 125, 795 (1962).

Motley and Kuches as given in (c).

Anisimov, et al., Sov. Phys. Tech. Phys. (Eng. transl.) 10, 1554 (1964).
Gusinow, et al., Phys. Rev. 149, 91 (1966). -

Aleskovskii, et al., Soviet Phys. JETP (Eng. transi.) 16, 887 (1963).

Born, Phys. Rev. 169, 155 (1968). -

Newton, et al., J. Phys. (B) 1, 669 (1968).
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Table 8.3(a)

Theoretically computed values of the collisional-radiative recombination coefficient
for optically thin helium plasma

rC(IO‘locm3~sec‘1)

T(°K) 125 250 500 1000 2000 4000 8000 16000 32000 64000

n (1012cm~3)

e

0.000001 0.083 049 .035 .025 .016 .012 .0078 .0035 .0019 L0011
0.00001 0.11 .074 .043 .028 .016 .011 .0063 .0035 .0019 .0011
0.0001 0.40 .18 .089 .037 .018 .012 .0063 .0035 .0017 L0011
0.001 2.9 1.1 .30 .085 .027 .013 .0065 ,0031 .0017 L0011
0.01 30. 10, 1.4 .23 .047 .016 .0074 .0035 .0017 0011
0.1 300. 100. 9.1 .79 .093 .023 .0095 .0038 .0017 .0011
1.0 3300. 1100. 95. 3.7 .25 L0469 .012 L0041 .0019 .0011
10.0 35000. 12000. 1100. 25. 1.1 .12 .021 .0058 .0023 .0011
100.0 100000. 10000. 220. 6.2 .35 .036 .0079 .0024 L0011
1000.0 91000. 2000. 45, 1.1 .081 .013 .0028 .0012
10000.0 19000. 270. 4,1 .24 026 .0u3s L0013
100000.0 1900. 25. 1.3 .060 .0063 .0018
1000000.0 14000, 220. 8.9 .17 .017 .0030

Table 8.3(b)

Theoretically computed values of the collisional-radiative recombination coefficient
for helium plasma optically opaque to the resonance lines

rC(lO'locma—sec_l)

I T(°K) 250 500 1000 2000 4000 8000 16000 32000 64000
ne(10 cm )\L
.000001 .050 027 .022 .013 .0093 .0060 .0028 .0013 .00087
.00001 .068 .035 .025 .017 .0098 .0069 .0028 .0016 .00078
.0001 .17 .060 .035 .021 .010 .0066 .0031 .0015 .00087
.001 1.1 .23 .065 .030 .013 .0076 .0030 .0015 .00087
.01 11. 1.4 .19 . .055 .017 .0085 .0026 .0016 .00081
i 120. 1l. .71 .11 .025 .010 .0026 .0015 .00087
1.0 1300. 120. 3.5 .28 .047 .013 .0025 .0014 .00083
10.0 12000. 1100. 25, .98 .10 .017 .0024 .0013 .00093
100.0 87000. 9800. 210, 5.0 .27 .021 .0020 0012 00093
1000. 91000. 2100. 33. .78 .027 .0017 .0013 .00093
10000. 22000, 260, 3.4 .10 .0028 .0013 .00093
100000. 1800. 20. .81 011 .0018 .0011
1000000, 11000. 240, 9.5 .083 .0076 .0019
Theoretical:

All data taken from Drawin, et al., Z. Physik 243, 326 (1971).
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Table 8.4(a)

Theoretically computed values of the collisional-radiative

recombination coefficient for helium: T, = Tg =T
rc(lo_llcms—sec—l)
T(°K) 125 250 300 500 1000 2000 4000 8000 32000
010 2en™?) N(0*oen>)
10 147 20.8 3.1 0.70 0.22 0.088
100 1470 175. 20 2.70 0.50 0.14
n>0 1000 14200 1650, 144 - 10.6 1.38 0.238 (a)
10000 . 141000 16800. 980 42 2.14 0.44
100000 159000. 3900 113 4.3 0.58
.0001 1. 3.61
10, 14.0
100. 90.
1000. 770
001 1. 11.5
10. 21.4
100. 90.
1000. 760
.01 1. 61
10. 71
100. 149
1000. 820
L(b)
.1 1. 450
10. 450
100. 560
1000. 1290
1.0 1. 3600
10. 3700
100. 4300
1000. 4900
10. 1. 35000
10. 38000
100. 37000
1000. 45000 )
.001 .000001 .56 .33 .15 .065 .015
.00001 .63 .33 A7 .059 ,015
.0001 .87 W42 17 .060 .014
.001 1.6 .53 .20 .059 .014
.01 3.2 .89 .22 .059 .011
.1 7.6 2.0 .30 .059 .0093
1.0 31. 7.8 .54 .060 .0085
10. 220. 27.0 1.3 .060 ,0093
100, 2400. 130.0 4.0 .059 .011
1000. 29000. /710.0 16.0 058 .U1>
r(c)
1 .000001 6.9 .91
.00001 6.9 .79
0001 6.9 .87
.001 6.6 .96 .25
.01 12. 1.1 .31
.1 25. 2.1 45
1.0 71. 7.4 .91
10. 300. 28. 2.0
100. 2500. 120. 5.0
1000. 29000 710. 16.

J. Phys. Chem. Ref. Dataq, Vol. 4, No. 3, 1978




ELECTRON SWARM DATA 755
Table 8.4(a) continued
Theoretically computed values of the collisional-radiative
recombination coefficient for helium: T, = Tg =T
T, (107} 1<:11'13-sec'1)
T(°K) 125 250 300 500 1000 2000 4000 8000 32000
n(1012em™3)  N(1016cm™3)
1.0 .000001 35 2.3 - )
.00001 34 2.3 -
.0001 33 2.4 .28
.001 33 2.5 .33
.01 37 2.6 .49
.1 62 3.6 .78
1. 150 8.7 1.6
10. 420 30 3.2
100. 2450 135. 6.5
1000. 29000 710. 16.0
(c)
10.0 .000001 250 11.0 - - .012
.00001 250 10.0 - - 012
.0001 250 10.0 - .15 .012
-001 250 10.0 - .15 011
.01 250 11.0 .87 .15 .0093
-1 260 12.0 -1.0 .15 .0083
1.0 360 19.0 1.7 .13 .0083
10. 760 45.0 3.2 .10 .0093
100. 2500 150. 6.5 .074 .011
1000. 29000 710. 16.0 .065 .015
.001 0.1 5.6 0.66 0.1
1.0 23, 1.9 .27
10.0 150. 7.7 .43
100.0 1800. 49 .88
1060.0 20000. 340 2.6
0.1 0.1 19. 1.3 0.27
1.0 60. 2.9 0.38
10.0 190. 9.1 0.54
100.0 1800. 52. 0.9¢
1000.0 20000. 340 2.6
(d)
1.0 0.1 43, 3.2 0.43
1.0 120. 4.3 0.52
10.0 330 10.0 0.68
100.0 1900 54. 1.0
1000.0 20000 340. 2.6
10.0 0.1 190 4.3 .95
1.0 280 5.4 1.1
10.0 510 12. 1.2
100.0 2000 55. 1.3
1000.0 20000 340 2.6
.00000001 4.0 5.8
10.0 11.8
20.0 16.6
40.0 29.9
80.0 51. (e)
100.0 71.
200.0 110
400.0 214
1000.0 610
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Table 8.4 (a) continued

Theoretically computed values of the collisional-radiative
recombination coefficient for helium: Tg = Tg =T

rc(lO‘llcm3-sec“1)

T(°K) 125 250 300 500 1000 2000 4000 8000 32000

n(1012em™3) N(2016cm™3)
\

.001 1.0 11.4
4.0 14.2
20.0 25.1
40.0 38,
100.0 85.
200.0 130
400.0 243
1000. 660
.01 1.0 63.
4,0 63.
10.0 69.
40.0 85.
100. 127
200. 172
400. 284
1000. 660
0.1 1.0 470 (e)
4.0 470
10.0 480
20.0 480
40. 480
100. 540
200, 580
400. 680
1000. 1030
1.0 1.0 4200
4.0 4200
12.6 4200
20.0 4100
40.0 4200
100, 4300
200. 4400
400. ‘ 4500
100U, 4800

Theoretical:
(a) Bates, et al., Proc. Phys. Soc. (London) 85, 231 (1965).
(b) Collins, Phys. Rev. 177, 254 (1968). o
(c) Drawin, et al., Z. Physik 254, 202 (1972). (For plasma optically opaque to resonance lines).
(d) Drawin, et al., Z. Physik 254, 202 (1972). (For plasma optically opaque to resonance lines
and resonance continuum).
(e) Deloche, et al., J. Phys. (Paris) 29, €3-27-30 (1968).
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Table 8.4(b)

Theoretically computed values of the collisional-radiative
recombination coefficient for helium: T, = 300°K, T, = 500°K

n N r. n N T
(1012em™3) (1016em™3) (10" 1emdsec™ ) (1012¢m™3) (1016cm™3) (10" Hem3sec™?)
.0001 1. 1.59 0.1 1 54,
10 5.7 10 53.
100. 43, 100 73.
1000. 390 1000 299.
.001 1. 2.99 1.0 1 390
10 6.1 10 450
100. 38. 100 420
1000. 390. ) 1000 600
.01 1. 9,7 10.0 1 3600
10. 11.9 10 3600
100, 37. 100 3600
1000. 350.0 1000 4100
Theoretical:

All data taken from Collins, Phys. Rev. 177, 254 (1968).

' Table 8.4 (c)

Theoretically computed values of the collisional-radiative
recombination coefficient for helium: Tg = 300°K, Ty = 1000°K

n N r n N T

c c
(10}2em™3) (1016em™3) (10_11cm35ec'1) (1012em™3) @ao? 6em™3) (10_11cm3sec"1)
.0001 1. 0.55
10. 2.15 0.1 10 4.3
100. 14.1 100 5.5
1000, 132. 1000 49,
.001 10 1.67 1.0 10 20.8
100 12.8 100 19.6
1000 122. 1000 31.
.0001 10 1.69 10.0 1 113
100 6.9 10 880
1000 112, 100 111
1000 132
Theoretical:

All data taken from Collins, Phys. Rev. 177, 254 (1968).
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Table 8.4(d)

Theoretically computed values of the collisional-radiative
recombination coefficient for helium: Tg = 300°K, T, = 2000°K

‘n N Ta n ,N T
(10%2em™3) (1016cm™3) (107 1lem3sec™!) (1012em™3) (1018cm™3) (10" em3sec™?)

.0001 1 222 .1 1 71
10 74 10 T4
100 5.0 100 .89

1000 46. 1000 8.0
.001 1 .262 1.0 1 1.78
10 .55 10 1.86
100 4.2 100 1.81
1000 42, 1000 2.96

.01 1 400 10 1 7.1

10 : .52 10 7.3

100 1.81 100 7.0

1000 34, 1000 7.4

Theoretical:

All data taken from Collins, Phys. Rev. 177, 254 (1968).

Table 8.5

Experimental values of the dissociative recombination coefficient of
electrons and Nej; ions for T, = T+ = Tg = 300°K

*

T T, n N
2 2 corr
(10‘7cm3/sec) (10_/cm3/sec) (lOlocm_B) (1017cm_3)

(a) 2.0 1.7 0.11 to 1.2 6.4
(b) 2.2 1.8 0.028 to 2.0 5.5 to 11
(c) 3.4 1.9 0.05 to 0.22 8.3
@ 2.1 1.7 0.066 to 0.59 4.8 to 9.7
(e) 2.0 2.0 1 to 10 23
) 2.4 1.8 0.18 to 1.2 5.8 to 6.4
(g) 1.8 1.8 0.023 to 0.44 2.6 to 9.7
(h) 1.7 0.012 to 0.29 6.4
(i) 1.75 1.7% 0.058 to 0.96 1.9

ar2 corr @re the values by Frommhold, Biondi and Mehr (3443) when the original values (rp) were
corrected by them for diffusion and for the initiazl distribution of ions and electrons in the
plasma.

Experimental:
(a) Hess, Z. Naturforsch 204, 451 (1965).
(b) Oskam, et al., Phys. Rev. 132, 1445 (1963).
(c) Biondi, Phys. Rev. 129, 1181 (1963).
(d) Biondi, et al., Phys. Rev. 76, 1697 (1949).
(e) Connor, et al., Phys. Rev. 140, A778 (1965).
(f) Oskam, Philips Res. Rept. 13, 401 (1958).
(g) Kasner, Scientific Paper 67-1E2-GASES-P3, Westinghouse Research Laboratories (1967).
(h) Frommhold, et al., Phys. Rev. 165, 44 (1968).
(i) Philbrick, et al., Phys. Rev. 181, 271 (1969).
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Table 8.6(a)

Experimental values for the temperature variation of the dissociative recombination coefficient of

" electrons and Nej ioms: T, = Ty = T,
T b T r T r
e : e e
(°K) (10-8cm3/sec) {°K) (10 8{:m:ﬂlsec) (°K) (10—8cm3se0)
290 18 (a) 880 11 (b) 1900 3.5 (b)
390 16 (a) 910 11 (b) 2000 2.9 (b)
500 15 (a) 950 9.9 (b) 2100 3.4 (b)
580 14 (b) 1000 9.0 (b) 2200 3.0 {b)
640 12 (b) 1100 8.0 (b) 2300 2.7 (b)
1200 7.5 (b) 2400 2.4 (b)
660 12 (b)
690 12 (b) 1300 7.1 (b) 2700 2.2 (b)
720 12 (b) 5.9 (b) 2800 2.2 (b)
740 11 (b) 1400 5.7 (b) 3000 1.9 (b)
770 11 (b) 1500 5.3 (b) 3200 1.8 (b)
830 12 ) 1700 4.4 (b) 3600 1.4 (b)
1800 4.1 (b) 4600 3.5 ®)
Experimental:
(a) Kasner, Scientific Paper 67-1E2-GASES-P3, Westinghouse Research Laboratories
* (1967).

(b) Cunningham, et_al., Phys. Rev. 185, 98 (1969).

Table 8.6(b)

Experimental values for the temperature variation of the dissociative recombination coefficient of

electrons and Neg ions: Tg = T+ = 300°K
Te r Te r Te r
(°K) (10-80m3/sec) (°K) (10_8cm3/sec) (°K) (10—8cm3/sec)
20 (a) 650 11 (b) 2800 5.8 (b)
19 (a) 820 10 (b) 2900 6.0 (a)
300 17 (a) 900 11 (a) 3300 5.9 (a)
16 (a) 1000 9.4 (b) 3500 5.5 (b)
16 ) 1100 - 8.3 (a) 4300 4.4 (a)
410 14 ) 1300 {9'.1 (a) 4600 4.8 (b)
530 12 (b) 8.1 (a) 5800 4.4 (b)
14 (a) 1400 8.1 (b) 8100 3.7 (b)
600 13 (a) 2100 6.8 (b) 11000 3.1 (b)
12 (a) 2300 7.0 (a)

Experimental: :
(a) Philbrick, et al., Phys. Rev. 181, 271 (1969).
- (b) Frommhold, et al., Phys. Rev. 165, 44 (1968).

Table 8.7

Experimental values of the dissociative recombination coefficient of
electrons and Arﬁ ions for T, = T+ = Ts = 300°K

r2 n N
Author (10_7cm3/sec) (108cm-3) (1017cm_3)
(a) 6.7 1.1 to 710 2.9 to 11
(b) 6 2.1 to 53 4.5
(c) 8.5 0.64 to 26 6.4

Experimental:
(a) Oskam, et al., Phys. Rev. 132, 1445 (1963).
(b) Biondi, Phys. Rev. 129, 1181 (1963).
(c) Mehr, et al., Phys. Rev. 176, 322 (1968).
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Table 8.8(a)

Temperature dependence of the dissociative recombination coefficient
for Ar;: Ty = Ty = 300°K

T r T T T r
e e e
- - ° _8

Cr a0 %emd/se)  CR) (10 %ndsec)  (°K) (10 Sem/sec)

310 85 1500 28 4000 15
5000 13

510 56 2000 22
6000 12

960 37

1000 36 3000 17 7800 10
8000 11
8200 10
9600 9.1
10000 9.1

Experimental:

All data taken from Mehr, et al., Phys. Rev. 176, 322, (1968).

Table 8.8 (b)

Temperature dependence of the dissociative recombination coefficient
+. = =
for Ar,: Te = T+ =T

, g
T r T T T r
e e e
CK) (10 8cm>/sec) CK) 10 8cm3/sec) K 10 8cn>/sec)
550 44 790 31 1500 1
570 43 830 26 1600 9.4
580 41 850 25 1700 9.3
600 41 890 2% 1800 7.5
610 41 960 20 7.6
1900 {7.7
640 39 990 20
670 41 1000 19 2100 6.7
690 40 1100 19 2200 5.8
700 35 2500 5.5
730 34 1300 13 2800 4.1
750 30 3000 4.1
Experimental:

All data taken from Cunningham, et al., Phys. Rev. 185, 98 (1969).

Table 8.9

Experimental value for the dissociative recombination coefficient

for Krg and Xeg for T = T, = Tg = 300°K
r n N
Gas (10"7cm3/sec) (108¢cm™3) (1017¢em3)
Kr 12 0.88 to 120 1.93 to 14.5
Xe 14 0.82 to 31 1.7 to 11.1

Experimental:
All data taken from Oskam, et al., Phys. Rev. 132, 1445 (1963).
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Table 8.10

Temperature dependence of the dissociative
recombination coefficient for Krz for Te = Ty = Ty

761

T, T T r ' T, T
(°K) (10 %cm?/sec) (°K) (10_6cm3/sec) (°K) (10~ 6em3/sec)
930 A 1450 .24 1970 A5
970 b 1520 .22 . 2070 14
1070 .34 1560 .23 2110 .13
1130 .35 1620 .20 2250 .12
1180 .33 1770 17 2400 A1
1260 .27 : 1800 A7 2610 .10
1350 W27 1870 i 17 ) 2800 .10
1400 .25 1900 17
Experimental:

All data taken from Cunningham, et al., J. Phys. B 3, 1773 (1972).

Table 8.11(a)

. + .
Theoretical radiative recombination coefficients for electrons with H ions.
Partial radiative recombination coefficients r,(p) to individual
levels of principal quantum number p of the hydrogen atom.

Te(°K) 250 500 1000 2000 1000 8000 16000 32000 64000
Principal rz(p)(lomlécm3/sec)
quantum No.
1 102 71.7 50.7 35.6 25.0 17.4 12.0 8.02 5.19
2 56.6 39.8 27.9 19.4 13.2 8.80 5.63 3.42 1.95
3 39.0 27.2 18.8 12.8 8.44 5.33 3.19 1.80 0.946
4 29.5 20.4 14.0 9.23 5.86 3.53 2.00 1.06 0.533
5 23.6 16.2 10.8 6.99 4.29 2.48 1.35 0.687 0.332
6 19.6 13.3 8.70 5.48 3.26 1.82 0.953 0.471 0.222
7 16.6 11.1 7.16 4.39 2.54 1.38 0.702 0.339 0.156
8 14.3 9.46 5.99 3.59 2.02 1.07 0.534  0.253 0.114
9 12.5 8.17 5.08 2.98 1.64 0.851 .0.416 0.193 0.0866
10 11.1 7.13 4.36 2.51 1.35 0.688 0.331 0.152 0.0672
11 9.88 6.27 3.77 2.13 1.13 0.565 0.268  0.122 0.0533
12 8.87 5.56 3.29 1.83 0.953 0.471 0.221 0.0989 0.0430
Theoretical:

All data taken from Bates, et al., in Atomic and Molecular Processes (Academic Press, New

York, (1962), p. 245.

Table 8.11(b)

Theoretical radiative recombination coefficients for electrons with H' ions.
Total radiative recombination coefficient r, for electrons with K’ ions.

Temperature

°K 250 500 1000 2000 4000 8000 16000 32000 64000
r2(10‘13cm3/sec) 48.4 31.2 19.9 12.6 7.85 4.83 2.93 1.73 1.00
Theoretical:

All data taken from Bates, et al., in Atomic and Molecular Processes (Academic Press, New

York, (1962), p. 245.
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Table 8.12(a)

Theoretical collisional-radiative decay coefficient g [see eq. (24)] for ' ions in optically thin plasmas.
Theoretical collisional-radiative recombination coefficient r.

SZ6L ‘E "ON ‘¥ '|OA ‘pynqg 33y wa) cshiyy op

r, o 0@ 1000 150 2000 2502 500 100012 200012 4000' 8000 16000 3200043

n(em ) r (o *llch/se’c)

limit no0 0.48 0.3 0.20  0.13  0.079  0.048  0.029  0.017
10° 2.3 1.1° 0.80  0.65
103 3.4 1.4 0.90  0.70
10* 6.8 1.9 1.1 0.82
10° 21 3.5 1.7 1.1
10° 95 9.5 3.4 1.
10/ 700. 39 10 4.5
10® 6600 250 47 17 8.8 1.4 0.41 (.18  0.092  0.051  0.030  0.018
107 65000 2300 350 96 40 3.8 0.75  €.25  0.10 0.053  0.030  0.018
1010 23000 3300 840 280 16 1.9 0.41  0.14 0.061  0.032  0.018
10!t 32000 8000 2700 100 6.9 0.91  0.22  0.081  0.03%  0.018
1012 26000 900 39 2.9 0.44 0.12  0.043  0.020
1013 260000 8900 310 1 1.2 0.21  0.062  0.024
10t 2600000 88000 2900 98 5.1 0.51 0.10  0.031
10t? ' 880000 29000 870 27 1.7 0.23  0.049
10' : 290000 8500 230 8.4 0.50 0.073
10t7 84000 2100 34 1.4 0.18
limit —y 2.67% 8.8710  2.971, 54713, 1.0y 24716, 91718, 11718

* . - - . . ~11 .3
In this row 2.678n etc = 2.6 x 1078n etc and gives the value of 1. in units of (1071lem?/sec).
Theoretical:
(1) Bates, et _al., Proc. Phys. Soc. (London) 83, 43 (1964).
(2) Bates, et al., Proc. Roy. Soc. London) Ser A 257, 297 (1962).
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Table 8.12(b)

Theoretical collisional-radiative decay coefficient g, [see eq. (24)] for H' ions in
optically thin plasmas. Collisional-radiative ionization coefficient i .

T (K) 4000 8000 16000 32000
-3 i (cm3/sec)
nlcm ™) c

limit n>0 “1.4x107%8 9.7x10 18 3.4x10723 8.2x10” 1!
108 1.6x10726 1.1x107%7 3.6x10713 8.4x10” 1%
10° 1.8x10728 1.2x10717 3.8x10713 g.8x10" 11
10%0 2.7x10726 1.4x107%7 4.2x107 13 9.2x107 1
0%t 4.5%10726 1.9x107Y7 4.9x10713 1.0x10710
10%2 1.0x1072° 3.0x10" % 6.5x107 13 1.2x10710
1043 3.6x1072° 6.8x10" 1.1x10712 1.7x10710
10t 2.2x10” %4 2.3x107 10 2.5%10 12 2.9x10710
107 1.8x10" 23 1.3x107%° 8.6x10712 6.9x10 0
10%6 1.5x10" 22 5.9x107 % 1.9x107 1 1.0x107°
107 5.8x107 %2 1.0x107 1% 2.3x107H 1.1x107°

limit neo 8.3x10" 22 1.1x10 14 2.3x10” 1 1.1x107°

Theoretical:
All data taken from Bates, et _al., Proc. Roy. Soc. (London) Ser A 267, 297 (1962).

Table 8.13(a)

Theoretical collisional-radiative recombination coefficients for it ions in optically thick plasmas.
Recombination coefficient r. for plasma optically thick to the lines of the Lyman series.

Te(°K) 250 500 1000 3000 4000 8000 16000 32000 64000

n(cmﬁa) T, (lOwlzcm‘a/sec)

limit o0 4.8 3.1 2.0 1.3 0.79 0.46 0.19  0.093  0.055
108 79 12 3.7 1.7 0.89 0.48 0.1  0.093  0.055
10° 380 34 6.4 2.2 1.0 0.50 0.18 0.092 0.055
1010 2900 150 16 3.5 1.2 0.54 0.18  0.091  0.055
10tt 27000 1000 61 7.5 1.8 0.60 0.18  0.089  0.054
10*2 260000 8900 360 25 3.4 0.68 0.16 0.086 0.053
10t3 88000 3000 130 9.2 0.66  0.14  0.083  0.053
10t 29000 940 35 0.81 0.14  0.083  0.053
10%? 8500 210 3.0 0.23 °  0.093 0.055
10t® 1900 25 1.1 0.20 0.079

9. 6-7 -9 -10 2

n 8.87°n 2.9710, g.;712, BT N ML U BE et

* -
limit n-oo 1.9 2.7 lSn

* - -
In this row 2.6 7n etc = 2.6 x 10 7n etc and gives the value of r, in units of (10_12cm3/sec)‘

Theoretical:
All date teken from DBates, et al., Proc. Roy. Boc. (London) Ser A 270, 155 (1962).
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Table 8.13 (b)

Theoretical collisional-~radiative recombination coefficients for it ions in optically thick plasmas.
Recombination coefficient r, for plasma optically thick to
the lines of the Lyman series and the Lyman continuum.

T (°K) 250 500 1000 2000 - 4000 8000 16000 32000 64000
e -12 3

n(cm-B) rc(lO em” /sec)

limit 20 3.8 2.4 1.5 0.94 0.54 0.29  0.07 0.013 0.003
108 78 1 3.2 1.3 0.64 0.31  0.07 0.013 0.003
10° 380 33 5.9 1.8 0.75 0.33  0.06 0.012 0.003
1010 2900 150 15 3.1 1.0 0.37  0.06 ©0.011 0.003
101t 27000 1000 60 7.1 1.6  0.43  0.06 0.009 0.002
1012 260000 8900 360 25 3.2 0.51 0.04 0.006 0.001
1083 88000 3000 130 9.0 0.49  0.02 0.003 0.001
10t 29000 940 35 0.64  0.02 0.003 0.001
1012 8500 210 2.8 0.11 ©0.013 0.003
10%6 1900 2.5 1.0 0.12  0.027

Theoretical:

All data calculated from Bates, et al., Proc. Roy. Soc. (London) Ser. A 270, 155 (1962).

Table 8.13 (c)

Theoretical collisional-radiative recombination coefficiente for HY ions in optically thick plasmas.

Recombination coefficient r. for plasma optically thick to lines of all series.

T (°K) 250 500 1000 2000 4000 8000 16000 32000 64000

n(cm_3) L (10_12cm3/sec)

limit n>0 3.4 2.1 1.3 0.75 0.40 0.19 0.12 0.081 0.052
10 29 3.0 1.3 0.75 0.40 0.19  0.12 0.081 0.052
10° 260 1 1.6 0.76 0.40 0.19  0.12 0.081 0.052
1010 2600 90 4.2 0.83 0.40 0.19  0.12 0.081 0.052
10t 26000° 880 30 1. 0.42 0.19  0.12 0.081 0.052
10%2 260000 8800 290 9. 0.60 0.19  0.12 0.081 0.052
1013 88000 2900 85 2.3 0.21  0.12 0.081 0.052
10t 25000 840 19 0.43  0.13 0.082 0.053
107 8400 190 2.6 0.21 0.092 0.055
0% ' 1900 240 1.0 0.19  0.079

Theoretical:

All data calculated from Bates, et _al., Proc. Roy. Soc. (London) Ser. A 270, 155 (1962).
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Theoretical collisional-radiative recombination coefficients for HT ions in optically thick
for plasma optically thick to

Recombination coefficient r

ELECTRON SWARM DATA

Table 8.13(d)

lines of all series and the Lyman continuum.

765

plasmas.

T (°K) 250 500 1000 2000 4000 8000 16000 32000 64000
n(cm_3) rc(lo-lzcmB/sec)
limit 00 2.4 1.4 0.77  0.40 0.15  0.017 0.0024 0.00063 0.00024
108 28 2.3 0.80  0.40 0.15  0.017 0.0024 0.00063 0.00024
10° 260 10 1.1 0.41 0.15  0.017 0.0024 0.00063 0.00024
10%0 2600 89 3.7 0.48 0.15  0.017 0.0024 0.00063 0.00024
101! 26000 880 30 1.2 0.17  0.017 0.0024 0.00063 0.00024
1012 260000 8800 290 8.8 0.34  0.019 0.0025 0.00064 0.00024
1042 88000 2900 84 2.0 0.041 0.0033 0.00074 0.00027
104 29000 840 19 0.26 0.012 0.0017 0.00051
1013 8400 190 2.4 0.093 0.012  0.0029
10t 1900 2.4 0.91 0.1 0.027
Theoretical:

All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 270, 155 (1962).
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Collisioral-radiative recombination coefficient r_  for a magnetically confined hydrogen plasma

J. DUTTON

Table 8.14 (a)

optically thick to the lines of tﬁe Lyman series at Tg = 250°K

1 2

Nn 107t 100 10 10 10° 10*
-3
n(em 7)
Te* 1.2 0.64 0.39 0.29 0.26 0.25
10° ¢ 1.2 0.64 0.39 0.29 0.26 0.25
fc* 0.49 1.7 7.9 22 32 35
. L 0.83 0.51 0.36 0.3 0.27
100 X 1.5 0.83 0.51 0.35 0.28 0.25
r 0.63 2.7 13 55 140 220
T, 1. 1.1 0.71 0.5 0.40 0.35
10%! T, .9 1.1 0.69 0.47 0.32 0.26
rC 0.93 4.5 24 98 270 520
T, 2. 1.5 1.0 0.74 0.59 0.50.
10%2 T, 2.4 1.5 0.96 0.61 0.35 0.26
T 1.4 7.8 38 150 410 890
. 3.2 2.1 1.4 1.1 0.52 0.77
103 ) 3.2 2.0 1.3 0.76 0.36 0.26
. 2. 1 56 180 450 1000
T 4.1 2.9 2.1 1.7 1.4 1.2
14 € :
10 T, 4.1 2.8 1. 0.79 0.35 0.26
+
. 3.0 16 70 220 460 1300
T 5.4 4.0 3.1 2.6 2.22 1.7
15 €
10 T, 5.3 3.7 2.0 - 0.76 0.33 0.26
r 3.5 21 88 220 470 1700

' . -11 3
*Te in (103"1(); T, in a0*x); r. in (10 "“cm”/sec) throughout this table.

Theorcticals

All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 279, 10 (1964).
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Collisional-radiative recombination coefficient r. for a magnetically confined hydrogen plasma
optically thick to the lines of the Lyman series at Tg = 1000°K

N/a 10t 10° 10t 10 10° 10*
alen )
Rl Ot 1.1 1.0 1.0 1.0 1.0
10° PR Y 1.1 1.0 1.0 1.0 1.0
r ¥ 0.32 0.56 0.65 0.65 0.65 0.65
1.8 1.0 1.0 1.0 1.0
10 €
10 . 1.8 .2 1.0 1.0 1.0 1.0
r, 0.46 1 1.5 1.6 1.6 1.6
2.1 1.4 1.1 1. 1.0 1.0
11 €
10 T, 2.1 1.4 1.1 1. 1.0 1.0
r.  0.69 2.3 4.8 . 6.0 6.0
2.6 1.7 1.3 1.1 1.0 1.0
12 €
10 ;2.6 1.7 1.3 1.0 1.0 1.0
R S 4.6 13 28 32 35
3.4 2.3 1.6 1.2 1.1
13 €
10 ;34 2.3 1.5 1 1.0 1.0
r, 1.8 8.1 32 76 120 170
4.3 3.1 2.2 1.9 1.7 1.4
14 €
10 T, 4.3 3.0 1.9 1.2 1.0 1.0
r. 2.5 12 55 130 230 510
5.6 4.1 3.2 2.8 2.4 1.9
15 €
10 T, 5.6 3.8 2.3 1.3 1.0 1.0
r 3.2 18 76 160 320 1100

* . . ° -11
T, in (103°K), Ti in (103 K); T, in (10 Cm3/sec) throughout this table.

Theoretical:

All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 279, 10 (1964).

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975



768 J. DUTTON

Table 8.14(c)

Collisional-radiative recombination coefficient r, for a magnetically confined hydrogen plasma
optically thick to the lines of the Lyman series at T, = 4000°K

g
N/n 10t 10° 10t 102 10° 10*
n(cm_3)
e* 4.1 4.0 4.0 4.0 4.0 4.0
10° Ti* 4.1 4.0 4.0 4.0 4.0 4.0
r*  0.098 0.10 0.10 0.10 0.10 0.10
T, 4.l 4.0 4.0 4.0 4.0 4.0
1010 T, 4l 4. 4.0 4.0 4.0
r,  0.12 0.12 0.12 0.12 0.12 0.12
T, 4l 4.0 4.0 4.0 4.0 4.0
101t T, 4 4.0 4.0 4.0 4.0 .
r, 0.17 0.18 0.18 0.18 0.18 0.18
T, 4.3 4.0 4.0 4.0 4.0
1012 T, 4.3 4.0 4.0 4.0 4.0 4.0
. 0.2 0.34 0.35 0.35 0.35 0.35
T, 4.5 4.1 4.0 4.0 4.0 4.0
1043 T, 45 4.1 4.0 4.0 4.0 )
r, 0.58 0.85 0.93 0.39 0.93 0.93
T, 4.9 4.3 4.1 4.0 4.0 4.0
10t T, 49 4.2 4.0 4.0 4.0 4.
T, 2 2.5 2 3.4 3.5 3.
T 5.9 4.8 4.3 4.2 4.1 4.0
10%° T, 5.9 4.7 4.1 4.0 4.0 4.0
roo2.1 7.6 13 15 18 21

* 3 . 3. . -11
T, in (107°K); T, in (107°K); 1 in (10 cm3/sec) throughout this table.
Theoretical:
All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 279, 10 (1964).
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Table 8.15(a)

Collisional-radiative recombination coefficient r. for a magnetically confined

optically thin hydrogen plasma at Tg = 250°K
N/n 1077 10° 10t 102 103 10*
n(cm—3)
0.3 27 0.25 0.25 0.25 0.25
108 T,* 0.3 0.27 0.25 0.25 0.25 0.25
r * 3 8 8.5 7 7 7
C
. 0.5 0.36 0.26 0.25 0.25 0.25
10° T, 0.5 0.36 0.26 0.25 0.25 0.25
r_ 5 10 32 38 40 40
T, 0.72 0.48 0.35 0.28 0.26 0.25
1010 T, 0.72 0.48 0.35 0.28 0.26 0.25
rc 9 18 71 180 260 280
. 0.98 0.67 0.48 0.37 0.31 0.29
1011 T, 0.98 0.67 0.48 0.36 0.28 0.26
r 7.4 29 120 430 930 1400
T, 1 0.96 0.68 0.52 0.42 0.38
10%2 T, 1.4 0.95 0.67 0.47 0.32 0.26
r. 9.3 47 210 760 2100 3400
T, 2.2 1.4 1.0 0.77 0.63 0.57
1013 Cor, 2.2 1.4  0.95 0.60 0.3  0.26
. 10 59 310 1100 2800 4900
T, 3.3 2.2 1.6 1.2 1.1 0.88
1014 T, 3.3 2.1 1.4 0.7 0.34 0.26
11 69 320 1200 2100 5600
4. 4 2.4 2.0 1.8 1.4
10t 4 .1 1.8 0.72 0.32 0.26
1 72 330 850 1700 6300

q -
*Te in (107°K); Ti iu (103“K): r in (10 llum3/seu) throughout this Lable.

¢
Theoretical:

All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 279, 10 (1964).
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Table 8.15(b)

J. DUTTON

Collisional-radiative recombination coefficient r. for a magnetically confined
optically thin hydrogen plasma at Tg = 1000°K

Na 107t 10 10t 102 103 10%
n(cm-3)
Te* 1.0 1.0 1.0 1.0 1.0 1.0
108 Ti* 1.0 1.0 1.0 1.0 1.0 1.0
rc* 0.42 0.42 0.42 0.42 0.42 0.42
. L0 1.0 1.0 1.0 1.0 1.0
10° . 10 1.0 1.0 1.0 1.0 1.0
r, 0.72 0.76 0.76 0.76 0.76 0.76
R B5 1.0 1.0 1.0 1.0 1.0
1010 T, 11 1.0 1.0 1.0 1.0 1.0
r, 1.6 1.9 1.9 1.9 1.9 1.9
. 1.2 1.0 1.0 1.0 1. 1.0
10t . 1.2 1.0 1.0 1.0 1.0
r, 3.5 6.0 6.9 6.9 6.9 6.9
1.6 1.2 1.0 1.0 1.0 1.0
12 €
10 ;1.6 1.2 1.0 1.0 1. 1.0
r, 6.3 17 32 38 38 38
. 2.3 1.6 1.2 1.1 1.0 1.0
1043 . 23 1.6 1.2 1.0 1.0 1.0
r, 7.9 35 100 190 250 270
. 3.4 2.3 1.7 1.4 1.3 1.2
10t S W 2.3 1.6 1.1 1.0 1.0
r, 9.5 52 220 550 830 1200
. 49 3.4 2.6 2.2 2.0 1.6
1015 i 4.9 3.3 2.0 1.2 1.0 1.0
r 11 69 260 580 1000 3000

[

*Te in (103°K); Ti in (103”1(); T, in (lo—llcmB/aec) throughout this table.

Theoretical:
All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 279, 10 (1964).
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Table 8.15(c)

Collisional-radiative recombination coefficient r, for a magnetically confined
optically thin hydrogen plasma at Tg = 4000°K

g

N/n 1077 100 10t 10% 103 10%
n(cm—B)
Te* 4.0 4.0 4.0 4.0 4.0 4.0
108 I* 4.0 4.0 4.0 4.0 4.0 4.0
r* 0.09  0.09  0.09%  0.096 0.096  0.096
4.0 4.0 4.0 4.0
9 e
10 T, 4.0 4.0 4.0 4.0
r. o0l 0.11 0.11 0.1 0.11 0.11
T, 4.0 .0 4.0 4.
1010 . 40 4.0 4.0 4.0
I'c 0.14 0.14 0.14 0.14 0.14 0.14
. 40 4.0 4.0 4.
1011 i 4.0 4.0 4.
r 0.2 0.22 0.22  0.22 0.22 0.22
T, 4.0 5. 4.0
1012 L 40 4.0
r. 0.4 0.45 0.45  0.45 0.45 0.45
.4 4.0 4.0 .0
13
10 4. 4.0 4.
r 1.2 1.2 1.2 .2
. 46 4.1 4. 4.0 4.0
10t . 46 4. 4. 4.0
£ 3 4. 5.1 5.1 5.1
. 5.8 4.7 4.1 .0
10%° T, 5.8 4.6 1 4.0 4.0
r, 5.8 13 23 26 26 26
* 1

T, in a0%xy; I, in (10%°x);; r_in (07

Theoretical:

3
cm”/sec) throughout this table.

All data taken from Bates, et al., Proc. Roy. Soc. {(London) Ser. A _3_;7_9_‘, 10 (1964).
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Table 8.16(a)

Upper limit of the collisional-radiative recombination coefficient r. for a hydrogen plasma
optically thick to the Lyman series and not confined by a magnetic field: T, = T; = 250°K

g
No 100 10t 102 103 10*
n(cm_a)
T * 2.5 2.5 2.5 2.5 2.5
109 e
'rc* 1.6 1.6 2.6 2.6 3.6
Lo10 T, 2.8 2.8 2.8 2.8 2.7
T, 18 18 18 18 22
Lol T, ’3.8 3.8 3.8 3.7 3.5
T, 36 36 36 38 52
Lol2 T, 5.7 5.7 5.6 5.5 5.0
T, 49 49 50 58 90
Lol T, 9.2 9.2 9.1 8.9 7.7
T, 44 44 46 51 100
Lot T, 16 15 15 14 12
T, 32 33 34 50 130
Lol T, 26 25 25 22 17
T 24 25 28 50 180

0

* -
Te in (102°K); T, in (10 1 cm3/sec) throughout this table.

Theoretical:
All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 279, 10 (1964).
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Table 8.16(b)

Upper limit of the collisional-radiative recombination coefficient r. for a hydrogen plasma
optically thick to the Lyman series and not confined by a magnetic field:

ELECTRON SWARM DATA

g

N/n 10° 10t 102 103 10%
n(cm-3)
9 Te* 10 10 10 10 10
10 r * 0.065 0.065 0.065 0.065  0.065
410 T, 10 10 10 10 10
. 0.16 0.16 0.16 0.16 0.16
. T 10 10 10 10 10
10 e
_ r 0.60 0.60 0.60 0.60 0.60
T 10 10 10 10 10
1012 e .
T, 3.2 3.2 3.2 3.2 3.5
T 12 12 12 12 11
1013 e
r_ 10 10 10 12 17
ey T, 18 18 18 16 14
r_ 16 16 17 24 51
eE T, 27 27 27 24 19
r 16 16 18 32 110

c

*Te in (102°K); T, in (10-10cm3/sec) throughout this table.

Theoretical:

All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 279, 10 (1964).

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975
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Table 8.17(a)

Upper limit of collisional-radiative recombination coefficient for an optically thin
hydrogen plasma not confined by a magnetic field: Tg - Ty = 250°K

N/n 10° 10t 102 103 104
n(cmda)
T* 5 2.5 2.5 2.5 5
108 e.n.
rc 0.89 0.89 0.89 0.89 0.89
T 2.5 2.5 2.5 2.5 2.5
lo9 e
Lc 4.1 4.1 4.1 4.1 4.1
110 T, 2.5 2.5 2.5 2.5 2.5
T, 28 28 28 28 28
Lol T, 2.9 2.9 2.9 2.9 2.8
. r, 140 140 140 140 150
Lol T, 3.9 3.9 3.9 3.9 3.7
r, 29 290 290 300 370
e T, 6.2 6.2 6.2 6.1 5.7
r, 320 320 320 330 490
Lol T, 1 11 11 10 8.8
r, 200 . 200 200 250 560
Lol T, 20 20 19 18 14
r, 100 100 110 180 630

* o —
Te in (10°°K); T, in (10 locm3/sec) throughout this table.

Theoretical:
All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 279, 10 (1964).

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975



ELECTRON SWARM DATA

Table 8.17 (®b)

Upper limit of collisional-radiative recombination coefficient for an optically thin

775

hydrogen plasma not confined by a magnetic field: Tg =T; = 1000°K
§a 100 10t 102 103 104
n(cm_a)
8 T* 10 10 10 10 10
10 €
rc* 0.043 0.043 0.043 0.043 0.043
9 T 10 10 10 10 10
10 €
T, 0.078 0.078 0.078 0.078 . 0,078
1ot T, 10 10 ‘ 10 10 10
T, 0.19 0.19 0.19 0.19 0.19
1 T 10 10 10 10 10
10 °
. 0.69 0.69 0.69 0.69 0.69
12 T 10 10 10 10 10
10 €
. 3.9 3.9 3.9 3.9 3.9
E T, 11 11 11 10 10
T, 24 24 24 25 28
Lol T, 13 13 13 13 12
T, 69 69 69 85 130
Lol5 T, 22 22 22 20 16
65 65 65 100 320

*l‘e in (102"1(); T, in (10-10cm3/sec) throughout this table.

Theoretical:
All data taken from Bates, et al., Proc. Roy. Soc. (London) Ser. A 279, 10 (1964).
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Table 8,18 N
Theoretical values for dielectronic and radiative recombination coefficients for N (3p)
- -13 3

T (°K) r(10 13cm3/sec) r(10 ““cm /sec)

€ dielectronic radiative

1000 1.0 13

2000 1.6 7.8

3000 1.5 5.6

Theoretical:
All data taken from Bates, Planetary Space Sci. 9, 77 (1962).

Table 8.19

Theoretical values of the collisional-radiative recombination coefficient for the reaction
7t e+ N, - Z + N; when the mass of the ion zt is taken as 28 e.m.u. T =T, = Ty = T,

e 1 g

T(°K) 125 250 500 1000 2000

N(cm"3) rc' (Cm3/sec)

1.0x10%7 2.8x10710 7.7x107 % 2.7x10” 11 1.2x107Ht 5.5%10712
1.0x10%8 2.7x107° 7.5%x10710 2.6x10710 1.1x0710 5.3x107 12

- -0 - - -
1.0x10%° 2.8x1078 7.6x107° 2.6%107° 1.1x107° 5.3x107 10
1.0x10%° 2.8x107/ 7.3x10"% 2.6x1078 1.1x1078 5.3x1077
1.0x10%% ' 7.5%x1077 2.6x1077 1.1x1077 5.1x1078

N is the number density of nitrogen molecules

rc' is the collisional radiative recombination coefficient less the radiative recom-

bination coefficient.

Theoretical:
All data taken from Bates, et al., Proc. Roy. Soc. (Londen) Ser A 320, 437 (1971).
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Table 8.20

The dissociative recombination coefficient for O; ions for T, = T; = Tg = 295°K

r, (107 cn’sec ™) 1.95 (a) 2.2 (b) 2.1 (o) 1.9%0.5 (d) 1.1 (1) 2.8 (2)
n(10%%n %) 0.05 to 1 0.02 to 1 0.04 to LU 0.1 to 1

N©,) (10" %n™) 0.16 to 3.0x10%  0.98 to 2.6x10% 6.55x10° 0.17 to 3.5x10"

N(Ne)(cm—g) b.bbxlU17 3,9X1017 5.9"1017 33.28"1017

N (em ) e 3.28x10%° R

N(He) (em™ ) 3.28x10%8  _________ 6.55x10°8 .

N(ar) (en™?) - 3.18x10%°

Experimental:

(2) Mehr, et al., Phys. Rev., 181, 264 (1969).

(b) Kasner, et al., Phys. Rev. 174, 139 (1968).

(c) Smith, et al., Planetary Space Sci. 16, 1177 (1968).

(d) Mahdavi, et al., J. Phys. B &4, 1726 (1971).
Theoretical:

(1) Warke, Phvs. Rev. 144, 120 (1966).

(2) Chan, J. Chem. Phys. 49, 2533 (1968).

Table 8.21

Theoretical valuee of the radiative and dielectronic recomhination cnefficient for electons and O+

Te(°K) r(lO_lzcmBSec*l) r(lO»lzcm3sec—l)
dielectronic (2) radiative (1)
250 3.69
500 2.39
1000 0.0043 1.48
2000 0.025 0.89
3000 0.034
4000 0.53
8000 0.33

Theoretical:
(1) Massey, et al., Rept. Progr. Fhys. S, 62 (1943),
(2) Bates, Planetary Spacec Sci. 9, 77 (1962).

Table 8.22

Experimental values of the dissociative recombination coefficient rp for NO ions at room temperature

7 3 - +0.5 +0.3
r2(10 cm sec ) 4.6_1.3 (a) 4.1_0.2 (b) 3.4 0.6 (c)
T, =Ty = TR 298 300 300
-3
n(108cm ) ‘ ~35 ~2 to 20 ~10 to 100
NENO) (em™2) 1.9 to 3.9 x 1022 1.9 to 16 x 10%% 0.28 to 2.8 x 10%%
N(Ne) (em™>) 4.5 to 5.1 x 10%8 7.8 to 27 x 100° oo
N(Ar)(cm-3) ——————————————— 3.5 x 1016
ExXperimental:

(a) Gunton, et 2l., Phys. Rev, 140, A756 (1965).
(b) Weller, et al.,, Phys. Rev. 172, 198 (1968).
(c) Mahdavi, et al., J. Phys. B 4, 1726 (1971).
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4. Scope and Arrangement of Biblography

The intention is to include, in the Bibliography,
references to published papers which contain original
experimental or theoretical data on the eight properties
of electron swarms listed in the first  paragraph of the
Introduction. By our definition of an electron swarm as a
low number density electron gas in a neutral gas of
considerably greater number density, papers concerned
with very highly ionized gases are excluded. The scope
has, however, been widened somewhat to include papers
concerned with conductivity and energy distributions
not only for swarms but also for the region lying between
that of swarms and very highly ionized gases, in which
interactions of electrons both with neutral and with
charged particles are of importance; references to
papers concerned with collisional radiative recombina-
tion are also included.

The Bibliography is arranged in two parts, sections
5.1 and 5.2; the first lists abbreviated references
arranged by type of data, and the second lists full
references in order of arbitrary file numbers.

In section 5.1, the abbreviated references consist of
the arbitrary file number, the first author and the last
two digits of the year of publication. In the case of
references to experimental papers an indication of the
principle of the method used to obtain the data is also
given after the reference, where more than one well-
recognized method is available. If only one method has
been used, as for example in the case of Di/u where
the Townsend method is the only one available to
date, no method is indicated. Occasionally methods
fall outside the broad categories allocated and in these
cases also method is omitted. These abbreviated refer-
ences are ordered as follows:

A. Coefhicient (e.g., drift velocity, diffusion coefficient,
etc.)

B. Expcrimental or theoretical

C. Gas

Most of the listings under this third heading are of
neutral gases in the following order:

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975

(1) monatomic gases in order of atomic number;

(2) diatomic gases with molecules composed of twe
identical atoms in order of atomic number;

(3) other molecular gases, except hydrocarbons,

grouped in order of the atomic number of the first

atom, and ordered within the group in order of
the multiplicity of the first atom;

hydrocarbons grouped under the multiplicity of

the carbon atom and ordered within groups in

order of multiplicity of the hydrogen atom;

(5) organic compounds of hydrogen and carbon plus
one or more other atoms, the symbols for which
do not extend to more than nine characters, which
was the field width available;

(6) organic compounds not containing hydrogen, the
symbols for which do not extend to more than
nine characters;

(7) organic; organic compounds, the symbols for
which exceed nine characters; in these cases the
symbols of the compounds used are given after
the titles in section 5.2;

(8) air; and

(9) mixture; in this case the mixtures used are
indicated after the titles in section 5.2.

(¢

~—~"

In the case of recombination coefficient, however,
the nature of the ion involved is indicated in the following
cases:

(a) theoretical papers in which computations are made
for a specific ion species, and (b) experimental
papers if, and only if, a positive identification of
the species. is made mass spectrometrically. The
ions are listed in order of increasing atomic num-
ber immediately following the parent gas (e.g.,
H#, Hi, Hi follow H,, in that order). Ionization
is represented by a superscript which follows the
symbol and indicatcs the degrec of ionization
(e.g., H*, HY, and H}+ are indicated by H*!,
H3! and by H} 2, respectively).

D. File number.
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5.1. Abbreviated References, Arranged by Type of Data

201

530

701

888
1237
1387
1434
1489
1489
1623
1714
1730
2133
2135
2164
2266
2343
2433
2433
3313
4023
4055
4058
4355
4913
5960

530
1387
1623
2164
2399
4023
4862
5780

197
199
530
732
1133
1333
1387
1565
1623
1752
1811

Drift Velocity (Experimental)

Townsend, 23
Pack, 61
Stern, 63
Phelps, 60
Hornbeck, 51
Nielsen, 36
Lowke, 62
Crompton, 65
Crompton, 65
Bowe, 60
Levine, 62
Levine, 65
Wahlin, 26
Loeb, 24
Anderson, 64
Levine, 67
Meisel, 65
Crompton, 67
Crompton, 67
Wagner, 67
Takayama, 62
Grunberg, 69
Grunberg, 68
Crompton, 70
Crompton, 71
Errett, 51

Pack, 61
Nielsen, 36
Bowe, 60
Anderson, 64
English, 53
Takayama, 62
Robertson, 72
Sugawara, 70

Townsend, 22
Townsend, 22
Pack, 61
Bortner, 57
Caren, 63
Colli, 52
Nielsen, 36
Christophorou, 65
Bowe, 60
Wahlin, 31
Zelby, 66

Magnetic Deflection

Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Magnetic Deflection

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight

Time of Flight

Magnetic Deflection

Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight

Magnetic Deflection
Magnetic Deflection

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
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Kr

Xe

Cs

Hg

J. DUTTON

Drift Velocity {Experimental)— Continued

2042
2055
2153
2164
2261
2262
2264
2343
2357
2399
2542
2821
2920
3313
3480
3896
4058
4944
4971
5188
5295
5960

439
1623
2399

439
1623
2399
4971

764
1154

2401
2481

42
188
195
199
530
627

1155
1314
1381
1625
1964
1971
2133

- 2135
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2137
2153
2154

Kirshner, 52
Klema, 50
Jager, 62
Anderson, 64
Nagy, 60
Herreng, 42
Herreng, 43
Meisel, 65
Vorobev, 60
English, 53
Hudson, 46
Colli, 51
Levine, 64
Wagner, 67
Kounjevic, 08
Hearne, 68
Grunberg, 63
Brambring, 64
Wagner, 64
Allen, 70
Carmichael, 72
Errett, 51

Pack, 62
Bowe, 60
English, 53

Pack, 62
Bowe, 60

‘English, 53

Wagner, 64

Boeckner, 33
Chanin, 64

Kerzar, 65
Killian, 30

Bennett, 42
Bernstein, 62
Townsend, 21
Townsend, 22
Pack, 61

Breare, 63
Lowke, 63
Schlumbohm, 65
Bradbury, 36
Schlumbohm, 65
Hurst, 66
Haines, 15
‘Wabhlin, 26
Loeb, 24

Loeb, 22

Jager, 62
Frommhold, 60

Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight

Magnetic Deflection
Magnetic Deflection

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight



p-H,

ELECTRON SWARM DATA

Drift Velocity (Experimental)—Continued

2239
2278
2279
2285
2289
2399
2489
2514
2594
2952
2992
3264
3313
3382
3384
3459
3788

4017
4058

4484
4913
4916
5103
5960

2267
3659
4913
4916

42
188
439

1428
2039
2992
3384
4913

195

530

725

732
1155
1314
1333
1387
1429
1434
1565
1623
1625
1716
1763
1833
1971

Bennett, 40
Bailey, 30
Bailey, 30
Prasad, 67
Hall, 55
English, 53
Crompton, 57
Bennett, 42
Harris, 34
Bradbury, 32
Crompton, 68
Craig, 53
Wagner, 67
Grunberg, 67
Creaser, 67
Blevin, 67
Breare, 64
Gill, 49
Grunberg, 68
Crompton, 70
Crompton, 71
Robertson, 71
Bartels, 72
Errett, 51

Crompton, 67
Crompton, 68
Crompton, 71
Robertson, 71

Bennett, 42
Bernstein, 62
Pack, 62
Hall, 55
Melntosh, 66
Crompton, 68
Creaser, 67
Crompton, 71

Townsend, 21
Pack, 61
Christophorou, 66
Bortner, 57
Lowke, 63
Schlumbohm, 65
Colli, 52

Nielsen, 36

Jory, 65

Lowke, 62
Christophorou, 65
Bowe, 60
Schlumbohm, 65
Tholl, 64
Fischer—Treuenfeld, 65
Fink, 65

Haines, 15

Time of Flight

Magnetic Deflection

Time of Flight
Time of Flight

Time of Flight

Time of Flight
Time of Flight

Magnetic Deflection

Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Magnetic Deflection

Time of Flight

Magnetic Deflection

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Magnetic Deflection

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
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HCI

Cco

NO
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J. DUTTON

Drift Velocity (Experimental)— Continved

2046
2049

2055

2090
2135
2136
2154
2164
2261
2285
2343
2504
2514
2529
2559
2920
2952
3313
3382
3460
3662
4017
4058
4971
5188
5960

195

727
1314
1317
1336
1412
1625
2089
2154
2370
5135

682

683

677

2088

200
439
1725
3313

200
2385
4943

Phelps, 59
Wahlin, 24
Klema, 50
Loeb, 22
Loeb, 24
Wagner, 62
Frommbheld, 60
Anderson, 64
Nagy, 60
Prasad, 67
Meisel, 65
Loeb, 21
Bennett, 42
Wagner, 63
Christophorou, 65
Levine, 64
Bradbury, 32
Wagner, 67
Grunberg, 67
Blevin, 67
Hendrick, 68
Gill, 49
Grunberg, 68
Wagner, 64
Allen, 70
Errett, 51

Townsend, 21
Doehring, 51
Schlumbohm, 65
Bradbury, 33
Herreng, 52
Nielsen, 37
Schlumbohm, 65
Brose, 25
Frommbhold, 60
Frommbhold, 64
Nelson, 72

Bailey, 35

Bailey, 37
Healey, 38
Bailey, 30

Skinker, 23
Pack, 62

Wabhlin, 25
Wagner, 67

Skinker, 23
Bailey, 34
Parkes, 72

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight

Time of Flight

Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight

Magnetic Deflection
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Magnetic Deflection
Time of Flight
Time of Flight
Time of Flight

Magnetic Deflection
Magnetic Deflection
Magnetic Deflection

Magnetic Deflection
Time of Flight
Time of Flight
Time of Fhght

Magnetic Deflection
Magnetic Deflection
Time of Flight



H,O 439 Pack, 62 Time of Flight
1150 Lowke, 63 Time of Flight
1964 Hurst, 66 Time of Flight
2088 Bailey, 30 Magnetic Deflection
2305 Ryzko, 65 Time of Flight
5960 Errett, 51
BF, 3187 Bistline, 48 Time of Flight
Cco, 198 Skinker, 22 Magnetic Deflection
439 Pack, 62 Time of Flight
725 Christophorou, 66 Time of Flight
732 Bortner, 57. Time of Flight
1184 Hurst, 63 Time of Flight
1314 Schlumbohm, 65 Time of Flight
1625 Schlumbohm, 65 Time of Flight
1833 Fink, 65 Time of Flight
2041 Elord, 66 Time of Flight
2154 Frommbhold, 60 Time of Flight
2399 English, 53 Time of Flight
2559 Christophorou, 65 Time of Flight
2920 Levine, 64 Time of Flight
3313 Wagner, 67 Time of Flight
4203 Lehning, 68 Time of Flight
5188 Allen, 70 Time of Flight
5206 Hurst, 63 Time of Flight
5960 Errett, 51
NH, 439 Pack, 62 Time of Flight
1412 Nielsen, 37 Time of Flight
2088 Bailey, 30 Magnetic Deflection
N,O 159 Bailey, 32 Magnetic Deflection
200 Skinker, 23 Magnetic Deflection
439 Pack. 62 Time of Flight
1412 Nielsen, 37 Time of Flight
SiH, 1917 Cottrell, 65 Time of Flight
5638 Pollock, 68
SiD, 1917 Cottrell, 65 Time of Flight
5638 Pollock, 68
PH, 5200 Cottrell, 68 Time of Flight
SF, 5119 Naidu, 72 Time of Flight
5244 Dutton, 71
AsH, 1917 Cottrell, 65 Time of Flight
CH, 725 Christophorou, 66 Time of Flight
732 Bortner, 57 Time of Flight
973 Frommhold, 59 Time of Flight
1314 Schinmbohm, 65 Time of Flight
1716 Tholl, 64 ’

ELECTRON SWARM DATA

Drift Velocity (Experimental)— Continued
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C,H,

J. DUTTON

Drift Velocity (Experimental) — Continved

1833
1917
1949
2156
2269
2399
2574
3313
5638

1917

- 2269

C.H,

C,H,

C3H,

C4Hy

C.Hy

CsHy,

CeH,

4 Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975

5200

203

488

725

732
1184
1917
1964
2061
2269
2559
3313
3662
5200
5206

1917
2269
3475
4022
5200

732
2269

725
1917
2559
4022
5200

2269

725
2559

725
2284
2559

725
1314
2559

Fink, 65
Cottrell, 65
Cookson, 66
Franke, 60
Bowman, 67
English, 53
Frommbhold, 60
Wagner, 67
Pollock, 68

Cottrell, 65
Bowman, 67
Cottrell, 68

Bannon, 28
Christophorou, 66
Christophorou, 66
Bortner, 57
Hurst, 63
Cottrell, 65
Hurst, 66
Hamilton. 66
Bowman, 67
Christophorou, 65
Wagner, 67
Hendrick, 68
Cottrell, 68
Hurst, 63

Cottrell, 65
Bowman, 67
Huber, 68
Huber, 69
Cottrell, 68

Bortner, 57
Bowman, 67

Christophorou, 66
Cottrell, 65
Christophorou, 65
Huber, 69
Cottrcll, 68

Bowman, 67

Christophorou, 66
Christophorou, 65

Christophorou, 66
McGee, 28
Christophorou, 65

Christophorou, 66
Schlumbohm, 65
Christophorou, 65

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight

Magnetic Deflection
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight

Time of Flight

Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight

Time of Flight

Time of Flight

Time of Flight
Time of Flight

Time of Flight
Magnetic Deflection
Time of Flight

Time of Flight
Time of Flight
Time of Flight



cD,

CH,CI

CH,OH
C,D,
C,H,0
C,H,Cl
C,H,0H

(C,Hy),0

0 ~C4H,Cl,
m —C.H,Cl,
p —C, H«;Clz

C.HCl
CeH,Br
C,D;Br
CF,
CCLF,
C,F,

C,F,

CeFyo

Organic

Air

ELECTRON SWARM DATA

Drift Velocity (Experimental) — Continved

1917
5638

1017
5200

5200
1917
1917

487

1917

1314
2154

487
487
487

487

487

487
5051
5183

5051

5051
5123

5051

487
1314
1565
1917
5052

1317
1412
2054
2104
2263
2305

Cottrell, 65
Pollock, 68

Cottrell, 65
Cottrell, 68

Cottrell, 68
Cottrell, 65
Cottrell, 65
Christophorou, 66

Cottrell, 65

Schlumbohm, 65
Frommbhold, 60

Christophorou, 66
Christophorou, 66
Christophorou, 66

Christophorou, 66

Christophorou, 66

Christophorou, 66
Naidu, 72
Naidu, 69
Naidu, 72

Naidu, 72
Prasad, 70

Naidu, 72

Chiistophorou, 66
Schlumbohm, 65
Christophorou, 65
Cottrell, 65
Naidu, 72

Bradbury, 33
Nielsen, 37
Huxley, 49
Townsend, 13
Loeb, 23
Ryzko, 65

Time of Flight

Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight

Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight

Time of Flight

Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight

Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight

Magnetic Deflection
Magnetic Deflection

Time of Flight
Time of Flight
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Mixture

2187
2198
2201
2256
2338
2339
2765
2806
2877

J. Phys. Chem. Ref. Data, Vol. 4, No.

J. DUTTON

Drift Velocity (Experimental) —Continued

2370
2594
2820
3165

42
199
488
682
725
732

1016
1150
1155
1333
1379
1467
1716
2042
2055
2061
2141
2151
2155
2261
2280
2305
2399
2459
2514
2532
2559
2581
2582
2821
2883
2920
2987
3165
3550
3551
4018
an22
4901
5960

Frommbhold, 64
Harris, 34 -
Deb, 56
Hessenauer, 67

Bennett, 42
Townsend, 22
Christophorou, 66
Bailey, 35
Christophorou, 66
Bortner, 57
Hurst, 61
Lowke, 63
Lowke, 63
Colli, 52
Hurst, 63
Nolan, 65
Tholl, 64
Kirshner, 52
Klema, 50
Hamilton, 66
Bortner, 58
Stevenson, 52
Dibbern, 61
Nagy, 60
Bailey, 24

‘Ryzko, 65

English, 53
Fischer, 66
Bennett, 42
Compton, 66
Christophorou, 65
Blair, 62
Dibbern, 62
Colli, 51
Townsend, 22
Levine, 64
Colli, 53
Hessenauer, 67
Den Hartog, 49
Den Hartog, 47
Riemann, 44
Huher, 69
Fleming, 72
Errett, 51

Time of Flight

Time of Flight

Magnetic Deflection
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight
Time of Flight

- Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight
Magnetic Deflection
Time of Flight
Time of Flight

Time of Flight
Time of Flight
Time of Flight
Time of Flight

Magnetic Deflection
Time of Flight
Time of Flight
Time of Flight
Time of Flight
Time of Flight

Time of Flight

Drift Velocity (Theoretical)

Huxley, 51

Sodha, 59

Compton, 23

Huxley, 60

Huxley, 37

Gvosdover, 37

Bailey, 37

Pearson, 63 He
Ritchie, 67

3, 1975

3275
3467
3592
3655
3711
3720

273
397

Dallenbach, 66
Cavalieri, 68
Lucas, 67
Hassan, 68
Wilhelm, 67
Hertz, 24

Allen, 37
Barbiere, 51



Ne

1062
1440
2202
2812
3463
3714
3897
4053
4057
4909
5490

273
1440
1745
2351
4053
4909

273
292
397
881
1062
1440
2202
2397
4053
5126

1062
4053

1062
4053

3305

181

260
1043
1636
1638
1783
1950
2202
2352

201
1036
1489
2433

ELECTRON SWARM DATA

Drift Velocity (Theoretical) — Continued

Frost, 64
Heylen, 63
Compton, 23

Llewellyn—Jones, 44

Bell, 68
Elkomoss, 68
Itoh, 60
Pfau, 60
Bortnik, 65
Hughes, 70
Englert, 71

Allen, 37
Heylen, 63
Salmon, 63
Druyvesteyn, 37
Pfau, 69
Hughes, 70

Allen, 37
Engelhardt, 64
Barbiere, 51
Golant, 59
Frost, 64
Heylen, 63
Compton, 23
Uman, 60
Pfau, 69
Sakai, 72

Frost, 64
Pfau, 69

Frost, 64
Pfau, 69

Postma, 68

Frost, 62
Engelhardt, 63
Frost, 62
Heylen, 60
Heylen, 60
Heylen, 65
Heylen, 66
Compton, 23
Kihara, 52

Co

o,

SiH,
SiD,
CH,
C,H,
C,H,

C.H,

CD,

Air

Mixture

4450

260
4450

181

218
1043
1447
1950
2202
3463

1447
1950
2202
2553

1446
2553

2202
2553

5638

5638
5638
2142
2142

1950
2142

5638

1447
1950

292
2397
2921
4909

(Diffusion Coefficient)/Mobility (Experimental)

Townsend, 23
Warren, 62

Crompton, 65
Crompton, 67

Ar

197
199

1036

Gibson, 70
Bell, 68

Engelhardt, 63
Gibson, 70

Frost, 62
Engelhardt, 64
Frost, 62
Heylen, 62
Heylen, 66
Compton, 23
Bell, 68

Heylen, 62
Heylen, 66
Compton, 23
Hake, 67

Wabhlin, 30
Hake, 67

Compton, 23
Hake, 67

Pollock, 68
Pollock, 68
Pollock, 68
Heylen, 62
Heylen, 62

Heylen, 66
Heylen, 62

Pollock, 68

Heylen, 62
Heylen, 66

Engelhardt, 64
Uman, 60
Uman, 61
Hughes, 70

Townsend, 22
Townsend, 22

Warren, 62
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H,

HCI

Co

195
199
352
689
736
841
1036
1264
1437
1438
1622
1625
1778
2110
2992
3303
5050
5230
5234

2267
3659

1036
1428
2039
2992

195
352
689
736
1036
1429
1625
3303
5230

195
649
1269
1625
2089
5226
682

683

677

2088
2567

200

J. DUTTON

(Diffusion Coefficient)/Mobility (Experimental) — Continued

Townsend, 21
Townsend, 22
Crompton, 52
Crompton, 63
Cochran, 62
Varnerin, 50
Warren, 62
Lawson, 65
Crompton, 66
Crompton, 62
Crompton, 65
Schlumbohm, 65
Lawson, 65
Huxley, 55
Crompton, 68
Naidu, 68
Virr, 72

Virr, 70
Kontoleon, 71

Crompton, 67
Crompton, 68

Warren, 62
Hall, 55
Meclntosh, 66
Crompton, 68

Townsend, 21
Crompton, 52
Crompton, 63
Cochran, 62
Warren, 62
Jory, 65
Schlumbohm, 65
Naidu, 68

Virr, 70

Townsend, 21
Huxley, 59
Rees, 65
Schlumbohm, 65
Brose, 25
Naidu, 70
Bailey, 35

Bailey, 37

Healey, 38

Bailey, 30
Bailey, 29

Skinker, 23

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975

NO

H,0

o,

NH,

N,0

SiH,

SiD,

SF,

CH,

C.H,

C,H,

CsHe
C;H,

C5H12

CeH,

1036

200
2385

1618
2088
2463

198
736
1036
1625
2140
5230

2088
2567

159
200

1917
2990
5638

1917
2990
5638

5119

736
1326
1917
2990
3715
5638

1917

203
736

1917
2990

736

2990

2284

1625

Warren, 62

Skinker, 23
Bailey, 34

Crompton, 65
Bailey, 30
Crompton, 66

Skinker, 22
Cochran, 62
Warren, 62
Schlumbohm, 65
Rees, 64

Virr, 70

Bailey, 30
Bailey, 20

Bailey, 32
Skinker. 23

Cottrell, 65
Coutrell, 67
Pollock, 68

Cottrell, 65
Cottrell, 67
Pollock, 68

Naidu, 72

Cochran, 62
Schlumbohm, 65
Cottrell, 65
Cottrell, 67
Brose, 35
Pollock, 68

Cottrell, 65

Bannon, 28
Cochran, 62

Cottrell, 65
Cottrell, 67

Cochran, 62
Cottrell, 67

McGee, 28

Schlumbohm, 65



ELECTRON SWARM DATA 789

(Diffusion Coefficient)/Mobility (Experimental)—Continued

CD, - 2990 Cottrell, 67 Organic 1625 Schlumbohm, 65
5638 Pollock, 68 1917 Cottrell, 65
) 5052 Naidu, 72
C,D, 1917 Cottrell, 65
C,H,O 1625 Schlumbohm, 65 Air 1332 Bailey, 25
1917 Cottrell, 65 2054 Huxley, 49
2990 Cottrell, 67 2097 Crompton, 53
2104 Townsend, 13
CF, 5051 Naidu, 72 2813 Rees, 64
5247 Rao, 71
CCLF, 5183 Naidu, 69
C,F, 5051 Naidu, 72 Mixture 199 Townsend, 22
677 Healey, 38
C,F, 5051 Naidu, 72 682 Bailey, 35
5123 Prasad, 70 683 Bailey, 37
2280 Bailey, 24
CFy 5051 Naidu, 72 4901 Fleming, 72

(Diffusion Coefficient)/Mobility (Theoretical)

2766 Townsend, 37 ¢ 4450 Gibson, 70
3484 Liley, 67 '
: b, 260 Engelhardt, 63
He 273  Allen, 37 4052 Lowke, 69
1062 Frost, 64 4450 Gibson, 70
2250 Orient, 66
4052 Lowke, 69 N, 181 Frost, 62
4053 Pfau, 69 218 Engelhardt, 64
4909 Hughes, 70 1043 Frost, 62
4052 Lowke, 69
Ne 273 Allen, 37 5233 Kline, 71
2250 Orient, 66 ’
4053 Pfau, 69 0, 2553 Hake, 67

4909 Hughes, 70 4052 Lowke, 69

Ar 273  Allen, 37
) 292 Engelhardt, 64

1062 Frost, 64

4052 Lowke, 69
4323 p?;l e6.9 H,0 4052 Lowke, 69

CcO 2553 Hake, 67
4052 Lowke, 69

Cco, 2553 Hake, 67

Kr 1062 Frost, 64 1052 Lowke, 69

4052 Lowke, 6Y
4053 Pfau, 69

SiH, 5638 Pollock, 68
Xe 1062 Frost, 64 .
4052 Lowke, 69 SiD, 5638 Pollock, 68
69
4053  Pfau, CH, 5638 Pollock, 68
H, 181 Frost, 62 CD, 5638 Pollock, 68
260 Engelhardt, 63 _
1043 Frost, 62 Mixture 292 Engelhardt, 64
4052 Lowke, 69 4909 Hughes, 70

J.-Phys. Chem. Ref. Data, Vol. 4, Ne. 3, 1975
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Ne

D,

CO

H,0

co,

CH,

C,H,

J. Phys. Chem. Ref. Data, Vol. 4, No. 3, 1975

Diffusion Coefficient (Experimental)

3313
4048
4049

1126
4048
4050

3313
4048

188
1964
2295
3313
3788
4048

188

1833
3313
4048

5135

3313
4048

1964

1184
1833
3313
4048
5206

973
1833
2574
3313
4048

1184
1964
3313
40438
5206

J. DUTTON

Wagner, 67
Nelson, 69
Cavalleri, 69

Cavalleri, 64
Nelson, 69
Cavalleri, 65

Wagner, 67
Nelson, 69

Bernstein, 62
Hurst, 66
Madan, 57
Wagner, 67
Breare, 64
Nelson, 69

Berustein, 62

Fink, 65
Wagner, 67
Nelson, 69

Nelson, 72

Wagner, 67
Nelson, 69

Hurst, 66

Hurst, 63
Fink, 65
Wagner, 67
Nelson, 69
Hurst, 63

Frommbhold, 59
Fink, 65
Frommhold, 60
Wagner, 67
Nelson, 69

Hurst, 63
Hurst, 66
Wagner, 67
Nelson, 69
Hurst, 63

Longitudinal

Longitudinal

Longitudinal

Longitudinal
Longitudinal

Longitudinal
Longitudinal

Longitudinal

Longitudinal

Longitudinal
Longitudinal
Longitudinal

Longitudinal

Longitudinal
Longitudinal
Longitudinal
Longitudinal

Longitudinal
Longitudinal
Longitudinal

Longitudinal



He

Br

H,

0O,

2198
2256
2437
2877
3592
3711
3719
3785
3796
3800
4194

1440
3463
4053

5490

1440
4053

ELECTRON SWARM DATA

Diffusion Coefficient (Theoretical)

791

Sodha, 59 4063 Llovd, 60
Huxley, 60
Shkarofsky, 61 Ar 1440 Heylen, 63
Ritchie, 67 2438 Tan, 65
Lucas, 67 3798 Devoto, 67
Wilhelm, 67 4053 Pfau, 69
Townsend, 38
Van Leeuwen, 67 Kr 4053 Pfau, 69
Devoto, 66
Golant, 61 Xe 4053 Pfau, 69
Weijland, 68
H, 3463 Bell, 68
Heylen, 63
Bell, 68 N, 3463 Bell, 68
Pfau, 69
Englert, 71 C;H, 2142 Heylen, 62
C,H, 2142 Heylen, 62
Heylen, 63
Pfau, 69 C;H, 2142 Heylen, 62

4086

1240
5500

131
573
649
711
727
762
791
861
961
1006
1269
1315
1317
1322
1336
1383
1433
1444
1445
1565
1601
1633
1662
1724
2093
2370
2387

Attachment Coefficient (Experimental}

Razzak, 69

Whitmer, 56
Cronin, 70

Chanin, 59
Dutton, 63
Huxley, 59
Sexton, 60
Doehring, 51
Brodskii, 66
Harrison, 53
Prasad, 61
Freely, 64
Chatterton, 61
Rees, 65
Geballe, 52
Bradbury, 33
Burch, 57
Herreng, 52
Chanin, 62
Kuffel, 59
Frommhold, 64
Schlumbohm, 59
Christophorou, 65
Anisimov, 64
Hackam, 65
Pack, 66
Schlumbohm. 62
Cravath, 29
Frommbhold, 64
Schiumbohm, 60

Drift Tube, Spatial

Plasma Decay
Plasma Decay

Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Spatial
Plasma Decay

Drift Tube, Temporal
Plasma Decay

Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Plasma Decay
Plasma Decay

Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Temporal
Drift Tube, Temporal
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cl,

HCl

HBr

HI

DCl

DEBr
DI

CO

NO

J. DUTTON

Attachment Coefficient (Experimental) — Continued

2461
2462
2492
2555
2572
3154
3495
3647
4043
4095
4096
4919
5047
5125
5131
5226
5227
5770

682
2099
2158
2224

683

541
677
4108

2088
2099
2567
3007

3007

3007

3007

3007

3007

1254
2099
2158
2408
4016
5243

658
1181
1608
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Taylor, 66
Prasad, 66
De Bitetto, 58
Sukhum, 67
Dubs, 60
Phelps, 61
Margenau, 46
Stein, 68
Thomas—Betts, 69
Biondi, 51
Holt, 59
Grunberg, 69
Spence, 72
Warman, 71
Truby, 72
Naidu, 70
Kinsman, 70
Hirsh, 69

Bailey, 35
Bradbury, 34
Wahlin, 22
Bozin, 67

Bailey, 37

Biondi, 58
Healey, 38
Truby, 69

Bailey, 30
Bradbury, 34
Bailey, 29
Christophorou, 68

Christophorou, 68
Christophorou, 68
Christophorou, 68
Christophorou, 68
Christophorou, 68

Bhalla, 61
Bradbury, 34
Wahlin, 22
Chatterton, 65
Davies, 69
Parr, 71

Gunton, 63
Gunton, 61
Gunton, 65

Plasma Decay

Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial

Drift Tube, Temporal
Plasma Decay
Plasma Decay |
Drift Tube, Spatial
Plasma Decay
Plasma Decay

Drift Tube, Temporal

Plasma Decay
Plasma Decay

Plasma Decay

Drift Tube, Spatial
Drift Tube, Spatial

Drift Tube, Spatial
Drift Tube, Spatial
Plasma Decay

Drift Tube, Spatial
Plasma Decay

Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Temporal

Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal

Drift Tube, Spatial
Drift Tube, Spatial

Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial

Plasma Decay
Plasma Decay
Plasma Decay



H,0

H,S

NH,

NO,

N,O

S0,

SF,

C.H,

ELECTRON SWARM DATA

Attachment Coefficient (Experimental) — Continued

-2099
2455
3229
3610

1433
1618
1911
2088
2093
2100
2294
2463
5248

2100

948
1724
2408
3435
4843
5290

2088
2099
2158

2273
2567
5248

1649

159
2100
3680

1724
2100
5290

788
1198
1260
1274
1649
1724

1923

2544
3662
4195
5053

2158

Bradbury, 34
Biondi, 66
Mentzoni, 67
Weller, 68

Kuffel, 59
Crompton, 65
Ryzko, 66
Bailey, 30
Cravath, 29
Bradbury, 34
Prasad, 60
Crompton, 66
Parr, 72

Bradbury, 34

Bhalla, 60
Schlumbohm, 62
Chatterton, 65
Conti, 67

Baker, 70
Bouby, 71

Bailey, 30
Bradbury, 34
Wabhlin, 22

Bailey, 28
Bailey, 29
Parr, 72

Hasted, 65

Bailey, 32
Bradbury, 34
Phelps, 68

Schlumbohm, 62
Bradbury, 34.
Bouby, 71

McAfee, 63
Compton, 66
Bhalla, 62
McAfee, 55
Hasted, 65
Schlumbohm, 62
Mahan, 66
Edelson, 64
Hendrick, 68
Chen, 68
Boyd, 71

Wabhlin, 22

Drift Tube, Spatial
Plasma Decay
Plasma Decay
Plasma Decay

Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Tecmporal
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Temporal

Drift Tube, Spatial

_Drift Tube, Spatial

Drift- Tube, Temporal
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial

Drift Tube, Spatial
Drift Tube, Spatial

Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Temporal

Plasma Decay

Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Temporal

Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Spatial

Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Temporal
Plasma Decay

Drift Tube, Temporal
Plasma Decay

Drift Tube, Temporal
Drift Tube, Temporal

Drift Tube, Spatial
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C.H,

C,H,
C,H,,
CoHg
CHCI,
CH,Cl,
CH,Br

C,H,Cl

C,HCl,
C,H,Cl,

0 —C4H,Cl,
‘'m —-C,H,Cl,
p ~C.H,Cl,
CeH;Cl1
CH,Br
CeDBr

C¢HNO,

CF,

ccl,

CCL,F,

CF,SF,

C.Fs

CsFs

J. DUTTON

Attachment Coefficient (Experimental) — Continued

2158
5290

2158
2284
4099
4190
4190
3600

2158
487

4190
4190

487

487
487
487

487

1198

3465
5051

4190

791
1724
2345
2449
5229

791

3465
5051

2302
5051
5123

J. Phys. Chem. Ref. Datg, Vol. 4, No. 3, 1975

Wahlin, 22
Bouby, 71

Wahlin, 22
McGee, 28
Chaney, 70
Blaunstein, 68
Blaunstein, 68
Razzak, 68

Wahlin, 22
Christophorou, 66

Blaunstein, 68
Blaunstein, 68

Christophorou, 66

Christophorou, 66
Christophorou, 66
Christophorou, 66
Christophorou, 66
Christophorou, 66
Compton, 66

Bozin, 68
Naidu, 72

Blaunstein, 68

Harrison, 53
Schlumbohm, 62
Moruzzi, 63
Moruzzi, 63
Boyd, 70

Harrison, 53

Bozin, 68
Naidu, 72

Moruzzi, 63
Naidu, 72
Prasad, 70

Drift Tube, Spatial

Drift Tube, Spatial

Drift Tube, Temporal
Drift Tuhe,‘ Temporal
Drift Tube, Temporal

Drift Tube, Spatial

Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal

Drift Tube, Temporal

Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Dritt Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal

Drift Tube, Spatial

Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Temporal
Drift Tube, Spatial
Urift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial

Drift Tube, Spatial

Drift Tube, Spatial



CeFy

C:Fy

Organic

Air

Mixture

ELECTRON SWARM DATA

Attachment Coefficient (Experimental)— Continued

3604

5051 -

1923
4195

487
1565
3712
4185
4187
5052

762
791
1317
1332
1433

1444 .

1911
2047
2149
2235
2370

2388

2407
2408

2488

2528
2953
3165

682
738
956
961
1016
1267
1317
1379
1433
1633
1649
1923
2093

2099

2100
2141
2294
2407
2408
2467
2532
2995
3165
3229

Razzak, 68
Naidu, 72

Mahan, 66
Chen, 68

Christophorou, 66
Christophorou, 65
Blaunstein, 68
Christophorou, 69
Wentworth, 66
Naidu, 72

Brodskii, 66
Harrison, 53
Bradbury, 33
Bailey. 25
Kuffel, 59
Frommbhold, 64
Ryzko, 66
Prasad, 59
Kuffel, 58
Ryzko, 67
Frommhold, 64
Dutton, 60
Dutton, 63
Chatterton, 65
Dutton, 63
Dutton, 63
Bailey, 32
Hessenauer, 67

Bailey, 35
Pack, 66
Stockdale, 64
Freely, 64
Hurst, 61
Hurst, 59
Bradbury, 33
Hurst, 63
Kuffel, 59
Hackam, 65
Hasted, 65
Mahan, 66
Cravath, 29
Bradbury, 34
Bradbury, 34
Bortner, 58
Prasad, 60
Dutton, 63
Chatterton, 65
Ryzko, 66
Compton, 66
Stockdale, 67
Hessenauer, 67
Mentzoni, 67

Plasma Decay

Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal

Plasma Decay

Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial

‘Drift Tube, Spatial

Drift Tube, Temporal

Drift Tube, Spatial
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Spatial

Drift Tube, Temporal
Plasma Decay
Plasma Decay
Plasma Decay

Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Temporal
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Spatial
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Drift Tube, Temporal
Plasma Decay
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0O,

SF,
Organic

Air

Mixture
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Attachment Coefficient (Experimental) — Continued .

3495
3595
3607
3901
4054
4097
4192
4311
5046
5236
5237
5238
5770

Margenau, 46
Mahan, 67

Truby, 68

Lee, 63
Christophorou, 70
Lennon, 61
Bouby, 65

Ghosh, 67
McCorkle, 72
Davis, 69

Davis, 70
Christophorou, 69
Hirsh, 69

Attachment Coefficient (Theoretical)

1603

4047

1180

Dalgarno, 63
Shipsey, 70

Massey, 43

337 Tozer, 58

12