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transfer cross section cannot be excluded; however,
there is no reason to expect it on the basis of effective-
range scattering theory.

C. L. Chen, Phys. Rev. 131, 2550 {1963).
As in the case of neon, a fit to our cross section

cannot be obtained over an extended energy range by
adjusting only the scattering length. However, the
higher-order term is relatively unimportant at low energy,

A tabulation of the measured cross sections is available

on request.
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The production and removal of thermal electrons has been studied in 02 and airlike N2, 02
mixtures between 1 and 10 Torr during continuous and intermittent irradiation by 1.5-MeV
electrons. The use of a large reaction chamber and a spatially uniform electron beam flux
reduces diffusion losses two orders of magnitude below those in previous experiments, and

permits direct measurements of electron attachment at correspondingly lower total gas pres-
sures. The observed rate coefficients for three-body attachment of thermal electrons at 300'K
are ks(02) = (2.12 + 0.14) && 10 cm /sec and ks(4N&. Ot) = (1.10 s 0.07) && 10 cm /sec, both
during irradiation and in the afterglow. The effective cross sections for ionization by 1.5-
MeV electrons and all resulting secondaries are oe(O~) = (2,83 + 0.7) x 10 cm and ae(4N2. 02)
= {2.45 + 0.7) && 10 cm . These effective cross sections are larger than recently measured
cross sections for primary ionization by a factor of 3.0 + 0.8 in both gases.

I. INTRODUCTION

Charged particle production and loss mechanisms
in atmospheric gases are being investigated in this
laboratory under conditions relevant to the normal
and the mildly perturbed ionosphere. This paper
presents the results of measurements of ionization
and electron attachment in 0, and airlike N, :0,
mixtures irradiated by 1.5- MeV electrons.

Many ionospheric phenomena are initiated by the
impact of energetic particles on the upper atmo-
sphere. These include natural events such as auro-
ras, and man- made disturbances such as the black-
out of electromagnetic communications following a
high-altitude nuclear detonation. The fast parti-
cles produce excited atoms and molecules as well
as electrons and positive ions. The subsequent be-
havior of these newly formed species is controlled
by various reactions, many of them dependent on
the distribution of excitation in the reactants.

Previous laboratory investigations of thermal-
energy reactions of charged particles have utilized
low- energy electron- swarm techniques, '~ irradia-
tion by y rays, ' flowing afterglows and the after-
glows of microwave discharges, ' ' and of intense
pulses of relativistic electrons. ' Each of these
techniques produces a characteristic distribution
of charged particles, excited states, and new
chemical species. None, however, duplicates the

geophysically interesting situation of prolonged
weak ionization by relativistic electrons. In par-
ticular, it is desirable to study electron-induced
reactions both during irradiation and in the after-
glow to evaluate the role of short-lived species
created by the beam which may not persist into
the afterglow. The technique employed in the
present work is an attempt to reproduce the im-
portant features of the ionospheric situation in the
laboratory and thus permit the direct evaluation
of some of these effects.

II. EXPERIMENTAL TECHNIQUES

The experiment is shown schematically in Fig. 1.
Gas is contained in a stainless-steel chamber 1.2
m in diameter and 0. 6 m long, closed at one end
by a 0. 012-cm-thick aluminum foil. A diffuse
beam of 1.5-MeV electrons from the Van de Graaff
accelerator traverses the foil window and irradiates
the gas, producing secondary electrons, ions, and
excited species in collisions with the neutral mole-
cules. The resultant ionization is studied by means
of resonant cavity measurements of the free-elec-
tron density. Mass spectrometry, optical spec-
trometry, and low-frequency plasma-impedance
measurements are also available for diagnostics;
results obtained with these other techniques will
be described in future publications. A detailed
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ionized gas can be described by the general rate
equation
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FIG. 1. Schematic diagram of experimental system.
The optical and mass spectrometer (M. S.) systems were
not employed for the work described in this paper.

description of the experimental equipment can be
found elsewhere. '

At pressures below 10Torr, 1.5-MeV electrons
lose a negligible amount of their incident energy
while traversing the gas. The spatial distribution
of this monoenergetic flux is determined by mul-
tiple Coulomb scattering of the Van de Graaff elec-
trons in a beryllium foil located 10 m in front of
the cavity. The geometry is so chosen that the
nearly uniform central 30% of the scattered beam
fills the voluxne of the gas in the chamber; the
ionization px oduction term is thus constant ovex
the gas volume to within 20%. Faraday-cup mea-
surements of the beam flux in the chamber yi.eld
the calibration: 1 p.A from the accelerator corre-
sponds to 3. 1x 10 s pA/cmsat the center of the
chamber, and to an average flux over the entix'e
gas volume of 2. 88&&10 ' gA/cm', accurate to
within +20%%.

Because of the small surface-to-volume ratio of
the reaction chamber, particle-loss rates due to
diffusion are about two orders of magnitude smaller
at a given pressure than in apparatus of the size
used in previous laboratory measurements. '
This permits the study of intermolecular processes
at lower pressures than can usually be accom-
plished in the laboratory. The quenching of beam-
generated excited states by wall collisions is also
significantly reduced.

Ultrahigh- vacuum techniques, including system
bakeout at 200'C, and the use of high purity gases,
minimize the contamination of the observed re-
actions by impurity processes. The pressure
attained in the chamber prior to gas filling is in
the range 0. 5 to 1.5X10 ' Torr. %ith the system
closed to the pumps, the rate of rise of pressure
in the reaction chamber is on the order of 5X].0 '
Torr/h.

The reaction chamber is a uhf cavity resonant
in the TE,» mode at 390 MHz with a loaded Q of
about 16000. At low pressures, a uniform dis-
tribution of ne electrons/cm' throughout the gas
increases the x esonant frequency by an amount
0. 10ne Hz. ' Electron densities as small as 10'/

where v1.0 is the loss frequency during continuous
irradiation.

Alternatively, the beam can be pulsed on and off
periodically, and time- resolved measurements
made in the radiation afterglow. If free electrons
are produced only by the impact of beam electrons,
then i.n the afterglow I'=0, and

(en )

( St ) afterglow I, e
= —vn t.

III. EXPERIMENTAL RESULTS

(3)

Electron-density measurements mere made dur-
ing both continuous and pulsed irradiation of 0,
and airlike mixtures of oxygen andnitrogen(4N, :0,)
at 300'K and pressures between 0.7 and 10 Torr.
Figure 2 shows typical measurements of ne0 in
this pressure range as a function of the flux of
beam electrons from the Van de Graaff accelerator.
The measured densities lie on straight lines passing
through the origin. Figure 3 is a compilation of
the slopes of these straight-line plots as a function
of the gas pressure at which the measurements
were obtained. The slopes (ne0/i) vary as p ' at
pressures above 0.9 Torr in 0, and between 1.5
and 7.0 Torr in 4Ns: 0,. Absolute values of (ne0/i),
referred to the average current density in the cavity,
are given in this pressure range by

(n 0/i)o —(2. 7 a 0.8) x 10II/p (cm pA) ~,e0 0,
(n 0/i)4N 0 =(4.9+1.1)&&10'/p (cm GAIA)

' .e0 4N~: 02

Here I' is the instantaneous rate of production of
electrons, and vl is the effective electron removal
frequency. vL is in general a function of charged
particle densities and their gradients, the internal
and kinetic energies of the interacting species,
and the pressure, temperature, and chemical com-
position of the gas.

During continuous ixradiation by the electron
beam, a steady-state distribution of charged and
neutral excited species is established; this dis-
tribution is studied as a function of the beam flux,
and of the pressure, temperature, and chemical
composition of the gas. The density of beam
electrons is sufficiently low (& 100/cms) to avoid
interference with the measurement of the density
of the slower secondaries. The steady-state elec-
tron density n~0 is described by

(2)
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FIG. 2. Typical measurements of electron density
as a function of total beam current from Van de Graaff
accelerator.

These include a 20% uncertainty in the absolute
beam-flux calibration and a 3% uncertainty in gas-
density determination. The behavior of ne0/i at
lower pressures is affected by diffusion and will
be described in a future publication.

Time-resolved measurements of electron density
were made in the afterglow following the termina-
tion of a periodically repeated pulse of beam elec-
trons. Figure 4 shows typical afterglow decays
in 4N, :0,mixtures for a repetitive beam cycle of
5- msec irradiation and 95- msec afterglow. The
decays are exponential over at least one decade of
density variation. Similar results were obtained
for 0,. In all cases observed, the exponential de-
cay begins directly at the start of the afterglow;
that is, extrapolation of the observed exponentially
decaying electron density to the beginning of the
afterglow yields the measured ~e0. This differs
from the behavior observed in the early afterglow
of a microwave discharge, in which the occurrence
of processes other than the ultimate afterglow de-
cay mode (such as electron cooling, recombination
with positive ions, and high-mode diffusion) pre-
vents extrapolation of the late afterglow behavior
back into the discharge period. As seen in Fig. 5,
the measured exponential decay frequency varies
as P' in oxygen above 0. 9 Torr, and in 4N, :0, be-
tween 1.5 and 7. 0 Torr, that is, over the same
pressure ranges for which ne0/i varies as p-'.
At 300'K, the least-squares fits to a p' dependence
over this pressure range yield the solid lines shown
in Fig. 5, which correspond to the electron after-
glow removal frequencies

v&(O, ) = (2. 12+0.14)x10 "[0,]' sec ',
vi (4N, :0,) = (1.10+0.07) x 10 "

x([N,]+[0,])' sec '.
)O7.',
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FIG. 5, Electron decay frequency, measured in after-
glow, as function of total gas pressure in 02 () and

4N, : O, {~).

These results include a 3%%ug uncertainty in the de-
termination of gas density and an empirical 6%
scatter in the measured decay frequencies. De-
partures from the p' dependence at low pressures
result from space-charge limited diffusion of elec-
trons in the presence of both positive and negative
ions, to be described in a forthcoming paper. The
departure from the p' dependence at high pressures
in the 4N, :0, mixture is not yet fully understood.
It may be due to electron detachment from negative
ions by collisions with 0 atoms or excited species;
its detailed solution mill certainly require study
of the complex radiation chemistry occurring in
Rir ~

If the beam remains on the gas for 50 msec with
a 50-msec afterglow, 6f varies in the afterglow
as shovm by the dashed line in Fig. 6. This differs
from the exponential decay observed after the
shorter irradiation times by an additive constant
frequency shift (10 kHz for the case illustrated),
as shown by the solid line in that figure. This
apparently constant contribution to b,f arises
partly from an ionic component of the plasma con-
ductivity and partly from detachment of electrons
from negative ions by beam-generated species.
The increased irradiation time in this mode of
operation permits the buildup of densities of posi-
tive and negative ions on the order of 10' cm ',
which decRy by ionic 1ecombinatlon on R time scRle

much longer than that of the electron decay. In
addition, free atoms and excited species also pro-
duced by irradiation can detach electrons from the
negative ions to produce a quasi-equilibriumdensity
of free electrons. The ions themselves, together
with the detached electrons, can account for the
apparently constant contribution to Af during the
electron afterglow. '0

IV. DISCUSSION OF RESULTS

A. Afterglow Measurements

At sufficiently high pressures that diffusion may
be neglected, and at lour ionization so that electron-
positive ion recombination is unimportant, the
dominant electron removal process for thermal
electrons in oxygen and air is expected to be at-
tachment to 0,.'y' This process begins vrith the
formation of an excited negative ion:

e+o, -(o;)& .
The ion can subsequently be stabilized by one of
four possible mechanisms: (a) the electron may
autodetach, simply reversing the arrow in Eq. (4);
(b) the negative ion may radiate the excess energy
as a photon; (c) the ion may dissociate, if this is
energetically possible, imparting the excess ener-
gy to the kinetic energy of the dissociation frag-
ment in the reaction

(0,-)+-o- o+KE;

or (d) either the excess energy or the excess elec-
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tron may be imparted to a third body M during a
collision with the excited ion:

—dE (E0)/dx = 2wX~x0'(mc'/P')

(O,-)*+ivf -O,-+M+ KE

-02+M +KE .
The observation of negative ions in the plasma,

as described in the preceding section, makes the
occurrence of an attachment process plausible.
Also, the observed electron decay frequencies in
the afterglow show a quadratic pressure dependence,
suggesting the three-body mechanism (4) and (6).
Three-body attachment has been observed in elec-
tron swarm experiments at low E/P, ' and in the late
afterglow of intense pulses of relativistic electron
irradiation. In Table I, the rate coefficient k, for
three-body attachment measured in those studies
at 300 K are compared with the results of the
present measurement (k, is defined by

(7)

where [M] is the neutral molecule density). From
the observed numerical agreement of the rate co-
efficients, the dominant electron removal process
in the afterglow is identified as three-body attach-
ment of electrons in thermal equilibrium with the
gas to neutral 0, molecules. Any two-body attach-
ment processes which might be present must con-
tribute less than 10% to the lowest observed three-
body attachment frequency, giving as upper limits
for the two-body rate coefficients

k, (O, ) ~5x10 "cm'/sec,

k, (4N2:0,) =8x10-" cm'/sec.

B. Continuous Irradiation Measurements

From Eq. (2), the steady-state electron density
during continuous irradiation is equal to P/vt 0.
There is no a priori reason to expect the electron
removal process during irradiation, while ener-
getic secondary electrons and various excited spe-
cies are continually created, to be the same as
that in the afterglow, after the electrons have had
sufficient time to cool to gas temperature. Never-
theless, in this section it is shown that if the inci-
dent electrons satisfy the well-established Bethe
formula for energy loss, the steady-state data
imply an electron removal process identical with
that observed in the afterglow.

An expression has been developed by Bethe" for
the average rate of energy loss of an electron of
initial energy E, in traversing a medium of atomic
number Z, atomic mass A:

x I B —2 lnZ+ 2 in(I/10Z)] (8)

Here Ng is Avogadro's number, xo the classical
radius of the electron, m the electron dynamic
mass, c the velocity of light, and Pc the electron
velocity; Bo is a. function of v—= (1 —p2) '~2 —1

given by

B,= 21. 683+ in[a'(&+ 2)]

1+ ln2+ 2 8

o (E) = 3. 72 x 10 'OS .e
(10)

For convenience in the laboratory, the ionization
rate is written

P =Kpi =—[2.21x 10"(273/T)o (E)]pi, (11)

where P is gas pressure in Torr, i is the elec-
tron bea. m flux in pA/cm', and T is the absolute
temperature. Predicted values of oe(E) and K
are included in Table II.

By using the tabulated values for E in 0, and

I, the mean ionization energy of the medium, is
related to the optical oscillator strengths of the
target atoms. In general, I must be evaluated
empirically; for accuracy, I is usually deduced
from proton stopping- power experiments. NelmÃ
has computed the electron energy loss predicted
by (8) for various materials; the results for l. 5-
MeV electrons, in eV/cm of path in O„N„and
4N, :0, at STP, are shown in Table II. The cal-
culations are in good agreement with the avail-
able data on electron stopping. '3

If all the secondary electrons produced in the
primary ionization process are stopped complete-
ly in the gas, it has been shown"~" that one elec-
tron-ion pair is produced for each W' electron
volts of energy deposited by the primary electron
in the gas. W' is independent of the energy of the
primary above several keV, and is a function only
of the identity of the target atom. Experimentally
determined values'~ for 8' are included in Table
II for the gases of interest.

From —(dE/dx) and W one can evaluate S, the
total number of ion pairs produced per cm of
path at STP; from this an effective cross section
oe(E) for ionization by the primaries and all re-
sulting secondaries (the condition under which W
has been measured) can be defined formally by
the relation

TABLE I. Comparison of rate coefficients for three-body attachment in 0& and 4N&. 02 at 300'K
(k3 in units of cm /sec).

a, (o,)
u, (4N, : 0,)

Present work

(2.12 +0.14) x 10
(1.10~0.07) x 10 "

Drift tube

(2.0 +0.2) x 10
(1.0+0.1) x 10-"

Intense radiation afterglow

(2.1+0.1) x 10 '0

(1.0 +0.1) x 10
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TABLE II. Computed energy loss and ionization rates for 1.5-MeV electrons in atmospheric gases.

Gas
—(dE/dx) ~TP

(eV/cm)
W

(eV/ion pair)
(Te(&)

(1P "cm)
E

(10' cmsec Torr pA)

N2

02
4N). Po

2140
2350
2180

35.0
30.9
33.9

2.35
2.83
2.45

4.75
5.70
4.93

4N, :0„the measured values of ne0/i, and Eqs.
(2) and (11), one can now determine vg0, the
electron-loss frequency effective during con-
tinuous ionization. The results are shown in
Table III, where vt 0 is compared with vg de-
termined from the afterglow decays. The agree-
ment between the rates for the two electron re-
moval processes, which is well within the ex-
perimental uncertainties, implies that three-
body attachment of thermal electrons at 300'K
is the dominant electron-loss process both during
continuous irradiation and in the afterglow. This
observation is also consistent with the smooth
transition from in-beam to afterglow behavior of
the electron density which has been described above.

For vt 0 to be equal to v~, it is necessary that
the energetic secondaries produced by the beam
cool to gas temperatures in a time significantly
shorter than vt 0 '. Thus in 0, at 1 Torr, the
cooling time must be much less than 5X10 ~ sec.
This is in general agreement with recent calcula-
tions for air, "which give times of the order of
25 p, sec for electrons with initial energies of tens
of eV to cool to gas temperature at 1 Torr.

The above treatment also provides an additional
experimental verification of the validity of the
Bethe energy-loss formalism. The effective cross-
sections for ionization by primaries and all re-
sulting secondaries are therefore taken to be equal
to the computed oe(E) tabulated in Table II, to
within the 25% accuracy of the in-beam measure-
ments.

The ratio of the cross section for total ioniza-
tion oe(E) to that for ionization by the primaries
alone, oe(E), is of interest to the ionospheric
physicis$. In principle, this ratio could be mea-
sured in the present experiment by reducing the
gas pressure in the chamber until the gas is a
thin target for the secondaries. At the required
low pressures, however, the dominant electron
removal process is space-charge limited diffusion,
which changes its characteristics as the ionic
composition of the plasma changes with pressure.
The results of low-pressure experiments, which

will be presented in a future publication, are
therefore difficult to interpret unequivocally at
this time in terms of a production coefficient. A
direct measurement of primary-ionization cross
sections for electrons in the MeV range has re-
cently been made, however, using a technique
first developed by Mcclure, "in which the absolute
efficiency of a Geiger-Mueller counter is deter-
mined as a function of electron energy. Rieke and
Prepejchal" have obtained primary electron- ioniza-
tion cross sections which agree with the energy
dependence predicted by the Bethe-Born theory of
primary ionization. " Their results are presented
in Table IV for 1.5-MeV electrons; from thetable
the ratio oe(E)/o~(E) is 8. 0+ 0. 8 in agreement
with the original prediction of Bethe' for air. '
This is twice the assumed ratio of 1.5, based on
a calculation for atomic hydrogen, which is in
current usage by ionospheric physicists. " The
assumption of a ratio oe/a~ = 1.5 leads to a 50/o
error in the estimate of the flux of primary elec-
trons during an ionospheric event, if that esti-
mate is based on a total electron effect such as
ionization.

V. SUMMARY

Measurements of electron production and loss
rates have been made in oxygen and airlike mix-
tures of 4N, : 0, for continuous and intermittent
irradiation by 1.5- MeV electrons. At pressures
between 1 and 10 Torr, the dominant electron re-
moval process is three-body attachment of thermal
electrons to 0, molecules, with rate coefficients
characteristic of 300'K both during irradiation and
in the afterglow. Ionization rates are consistent
with the Bethe theory of electron energy loss in
gases, and with measured values of 8", the re-
quired energy expenditure by a primary electron
to produce an electron-ion pair when all secon-
daries are stopped in the gas. The ratio of total
ionization to that produced by the primaries alone
is 3.0+0. 8.

TABLE III. Electron-loss frequency during steady-state irradiation and in the afterglow.

Gas

02
4N2. 02

V (sec-')
Lp(steady state)

(2.11~0.5) x 1p "[p,]'
(1.00 +0.25) x 10 ([N2] + [Op])

L (afterglow)
(sec ')

(2.12+0.14) x 10 [02]
(1.10 +0.07) x 10 ([N, ] + [O2])
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TABLE IV. Primary and total ionization cross sections for l. 5-MeV electrons.

Ng

Og

4N, :O,

op(1.5 MeV) (10 ~ cm )
G-M efficiency
measurement

8.35 ~ 0.32
9.05 +0.21
8.49+0.30

Oe(1.5 MeV) (10 cm )

Computed and verified
in present work

2.35+0 ~ 6
2.83+0.7
2.45 +0.7

2.8 +0.7
3.1 +0.8
2.9+0.7
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