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The behavior of subexcitation electrons in gaseous mixtures of O, and N, is studied by using the
Spencer-Fano theory and its simplified continuous-slowing-down approximation. Because of its strong
resonance around 2 eV, N, is overwhelmingly dominant over O, in energy-loss processes. Addition of
N, to O,, even a few percent, causes significant changes in some yields of O,. In particular, yields for
electron attachment and rotational excitation for O, show a strong nonlinearity as a function of compo-
sition, while all yields of N, depend linearly on composition.

PACS number(s): 33.80.Eh, 51.10.+y, 34.50.Bw, 34.80.Gs

I. INTRODUCTION

The behavior of subexcitation electrons in pure gases
has been extensively studied, e.g., in molecular nitrogen
[1], carbon monoxide [2], molecular oxygen [3], and wa-
ter [4]. Major findings of these studies concern (i) the
effect of resonances in a cross section on the degradation
process, (ii) the role of electronic excitations having lower
thresholds that overlap with those of vibrational and ro-
tational excitations, (iii) the role of negative-ion forma-
tion processes that compete with the degradation, and
(iv) the validity of the continuous-slowing-down approxi-
mation (CSDA) compared with the Spencer-Fano (SF)
theory. In many respects, the understanding of these
points constitutes a significant basis for radiation physics
and chemistry.

A natural extension of these studies is the treatment of
mixtures. The study of a mixture is important, particu-
larly in the following respects: (i) a medium of interest in
most applications, most notably in radiation chemistry
and biology, is a complex of mixture of various mole-
cules, and (ii) our theoretical tools, the SF and the CSDA,
have not been exposed to systematic tests for mixtures. It
is essential to investigate the similarities and the
differences in the degradation spectra of a mixture and its
component gases and to find the principles that govern
the dependence upon the composition. Bearing this in
mind, we chose the mixture of molecular oxygen and
molecular nitrogen. This mixture is notable in two
respects. First, the vibrational excitation cross sections
in both O, and N, show strong resonances in different en-
ergy regions (around 1 eV for O, and around 2.5 eV for
N,), and the cross sections have magnitudes of 10~ and
10716 cm?, respectively. Second, nitrogen and oxygen are
the main constituents of the earth’s atmosphere and the
behavior of electrons is important to the understanding
of the chemistry, especially that of the upper atmosphere.
As in our previous series of papers [1-4], we treat the
moderation of subexcitation electrons until their energies
reach about 0.1 eV which is sufficiently above their
thermal energy at room temperature. We assume that
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our treatment concerns the early stage of electron irradia-
tion in the gaseous mixture and that secondary energy
and particle transfers (chemical reactions) take place
much later [5]. Calculations are carried out for the tem-
perature of 0°C and the pressure of 1 atm.

II. SUMMARY OF THEORY

A. Spencer-Fano equation
and its extension to mixtures

A detailed account of the Spencer-Fano equation and
its extension to mixtures has been given elsewhere [6].
Therefore only a brief review is presented here as a basis
for later discussion. Electron degradation can best be dis-
cussed in terms of the electron degradation spectrum (or
track length distribution), y(7T), which satisfies the SF
equation

nK y(T)+u(T)=0 . (1)

To be specific, y (T)dT is the total track length of elec-
trons having energies between T and T +d7, n is the
number density of molecules, u(T)dT represents the
number of source electrons of energies between T and
T +dT, and K, represents a cross-section operator
defined by

KTy (D)=[dT'y(T")q(T;T)—y(T) [ dT"q(T;T"),
@

where q(T';T)dT’ is the cross section for a collision in
which an electron’s energy changes from T'+dT’ to T.
Equation (2) represents the net gain or loss of electrons at
T in a gas of unit density.

Let us consider a mixture with a total number density
n, composed of n'!) particles per unit volume species 1,
n'? particles per unit volume of species 2, etc., such that

n=3n". (3)
A
Then, we may write
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nKp=S nMKH (4)
A
where K% is the cross-section operator of the species A

as defined in Eq. (2). Then, Eq. (1) applies to mixtures as
well.

Let us denote the solution of Eq. (1) with the unit
monoenergetic source u (T)=8(T—T,) as y(T,,T). The
yield N/M(T,) of a process i by the molecules of species A
that is due to complete degradation initiated by an elec-
tron of energy T, and terminated by threshold energy 7',
can be calculated as

T
NPT =n™ [ °dT y(To, T)o™(T) , ®
f

where o*(T) is the cross section for process i of the
species A for an electron of energy T.

Extension of the CSDA to account for mixtures fol-
lows similarly. In general, the total stopping power be-
comes the weighted sum of the individual stopping
powers attributed to the respective species in the mixture.

B. Cross sections

The cross sections used in our calculations were com-
piled by Itikawa et al. [7,8] for oxygen and nitrogen.
Their effects on electron degradation for a single medium
have already been discussed in some detail [1,3]. There-
fore only key elements will be discussed here.

The primary moderating factor in electron degradation
is the pronounced resonance effect associated with the
temporary capture of an incident electron. This effect
manifests itself most strongly in vibrational excitation
cross sections in oxygen around 1 eV and nitrogen
around 2.5 eV. As noted earlier, the separation of each
molecule’s resonance region was one of the prime reasons
for the choice of these particular molecules to examine
which resonance in electron degradation is dominantly
governing the degradation and to what degree. It will be
shown that the resonance effects in nitrogen, particularly
those in vibrational (vib)(0— 1), vib(0—2), and rotation-
al (rot)(0—2) excitations, are the dominant factors in
electron moderation over most of the degradation spec-
trum. That is, the “signature” that is characteristic of ni-
trogen in the degradation will be seen clearly even at very
low concentrations of nitrogen in the mixture (see Sec.
IIT A).

Oxygen cross sections are relatively smooth, particu-
larly in the region where the nitrogen has a resonance at
2.5 eV. In the lower-energy region, where one finds the
sharp resonance cross sections of oxygen-vib(0— 1) exci-
tations and no strong competitors for the moderation are
present, we expect this process to have a strong influence
on the degradation, even though a large amount of N, is
introduced.

It is appropriate to state certain qualifications on the
cross-section data for oxygen that were given by Itikawa
et al. [8], which we have adopted for use in the present
work. The data of Ref. [8] are primarily based on beam
measurements. Another school of thought, represented
by Gousset et al. [9], puts greater weight on electron-
swarm measurements, and recommends an appreciably

different set of cross-section values. For example, accord-
ing to Ref. [9], an electronic excitation with an energy
loss of 4.5 eV has a cross section at 6.0 eV amounting to
about 60% of that for the vibrational-excitation cross
section given in Ref. [8]. The inclusion of this electronic
excitation would modify the electron-degradation kinet-
ics and its consequences such as the yield of O~ ions.
Another implication of the swarm data concerns lower
energies: there are indications that the cross sections of
Refs. [7] and [8] lead to an overestimation of the relative
role of N, in the energy loss. Indeed, the swarm data
seem to indicate [10] that the primary energy loss of elec-
trons below 1 eV in dry air is due to O,. Finally, accord-
ing to Lawton and Phelps [11], the energy loss to vibra-
tional excitation as given in Ref. [8] is too small, by about
a factor of 2, to account for the transport coefficients
measured in the swarm experiments. Because of these
qualifications on the cross-section data, our present work
remains somewhat provisional.

III. RESULTS

A. Degradation spectrum

Degradation spectra for pure oxygen [3] and pure ni-
trogen [1] have previously been reported along with ex-
tensive discussions. Hence, we will present these results
in Figs. 1 and 2, respectively, for comparison without
much detailed discussion. We should note, however, that
the nitrogen spectrum is slightly different from that pre-
viously presented [1] because we included in the present
calculation a second (0—2) vibrational excitation that
was omitted from the previous work. The general shapes
and structures are nearly the same as before, but we no-
tice that the region between 3.8 and 1.5 eV shows addi-
tional higher-frequency oscillations superimposed on the
simpler spectrum shown before [1]. This alteration is a
direct consequence of introducing the (0—2) vibrational
excitation to the calculation and is explained by the fact
that the (0—2) vibrational-excitation cross section is
slightly out of phase with the (0—1) vibrational-
excitation cross section. Naturally, we expect yields for
N, to be slightly redistributed because of the additional
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FIG. 1. Electron-degradation spectrum of a 6-eV electron in
100% O,.
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FIG. 2. Electron-degradation spectrum of a 6-eV electron in
100% N,.

process, but only to a minor extent. The real interest lies
in the mixtures presented for an initial energy of 6 eV in
Figs. 3-6 for changing O, concentration. We immediate-
ly notice that the characteristic signature of the reso-
nance in vibrational excitation in nitrogen at 2 eV ap-
pears even when a concentration of N, is only 10% of the
total. Another striking feature is the rapid damping of
the periodic oscillatory structure of O, that arises from
the Lewis effect near the source-energy regions as the O,
concentration decreases. This feature is a direct effect of
the increasing competition for electron degradation with
strong vibrational excitations of N,. The characteristic
feature that is due to the resonance in N, around 1.5-3.5
eV is pronounced in all the figures (at any N, concentra-
tion).

Until now, very little has been said about the charac-
teristic sharp maxima and minima that are due to reso-
nances in O, below 1.3 eV. The effect of these shape reso-
nances is weakened quite rapidly as the concentration of
N, increases, because of the stronger influence of the res-
onance in vibrational excitations in N, for electrons
moderating into this region. This effect greatly reduces
the contribution usually attributed to O, in this region.
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FIG. 3. Electron-degradation spectrum of a 6-eV electron in
90% O, and 10% N,.
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FIG. 4. Electron-degradation spectrum of a 6-eV electron in
75% O, and 25% N,.
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However, the importance of the vibrational excitations of
O, on electron degradation should not be overlooked, be-
cause it plays an important role in understanding and
predicting yields as will be seen in Sec. III B. Calcula-
tions at different incident energies (not shown) support
most of the above observations: for incident energies of 3
eV, the strong resonance in N, again overwhelms the de-
gradation as the source energies decrease. The results
(source energy of 3 eV) show that the addition of a small
amount of N, both completely erases the trace of a signa-
ture of O, seen around 2 eV and tremendously reduces
the signatures of O, resonances below 1 eV. The degra-
dation spectrum in the (75% O,+25% N,) mixture is
similar to that in the (25% O,+75% N,) mixture. Here
again, we notice the extreme nitrogenlike characteristics
of the degradation spectrum and the rapid decay of the
oxygenlike characteristics from the spectrum.

A few words about the CSDA are in order here. The
CSDA is transparent in its meaning and is a convenient
tool to guide our understanding of degradation. Our pre-
vious studies [1,3] have shown that the CSDA is qualita-
tively and quantitatively reasonable for N,, but not for
0,. We can expect the CSDA to become increasingly
valid as the concentration of N, increases above a non-
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FIG. 5. Electron-degradation spectrum of a 6-eV electron in
50% O, and 50% N,.



10

ELECTRON DEGRADATION AND YIELDS OF INITIAL ...

10

sl g

10

©

Ll

@

\\ A/‘/“L/«/‘U
1074

y(T,T) (cm/eV)

10 :

a
ISR

T T T

5.0 36 42 48 54

T (eV)
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trivial amount because of the rapid convergence of the
degradation spectrum to a smoother nitrogenlike spec-
trum. Both because of this finding and the reasonable
agreement of the total yield calculated by the CSDA and
the SF, we expect the time-dependent CSDA to be a use-
ful tool in studying the time-dependent degradation of
electrons.

B. Yields

Table I shows numerical values for the total yields as a
function of the composition of O,, calculated by the SF
method. Figures 7 and 8 show the same data in a graphic
format for O, processes and N, processes, respectively.
Total yields were calculated by integrating Eq. (5) from
the incident energy of 6 eV to the termination energy of
0.06 eV.

Oxygen-nitrogen mixtures are interesting in that the
redistribution of yields shows some clear patterns as the
concentrations are altered. This is typically demonstrat-
ed by O, processes when the concentration of N, is rela-
tively low. In general, total yield formations fall into
three distinctive classes. (i) One pattern is characterized
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FIG. 7. Yields of products from O, as a function of O, com-
position.
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FIG. 8. Yields of products from N, as a function of O, com-
position.

by a high yield of a particular process in a pure gas. The
yield falls somewhat as the second gas is introduced and
eventually approaches the expected nearly linear de-
crease. Alternatively, this first pattern may be character-
ized by a near linearity in concentration. A typical exam-
ple is the electronic excitation a IA; . (i) The second pat-
tern is characterized by a peak yield in a region other
than that in the pure gas and is exemplified by O~ forma-
tion. (iii) The third pattern is characterized by a rather
sharp change in the yield for a small change in composi-
tion or by a high nonlinearity of the concentration. This
pattern is seen in rotational excitation.

The first pattern is seen in the relation of the N, vibra-
tional excitation with the yields of the electronic excita-
tion to the a'A; and b'3; states of O,. The dominance
of the N, vibrational excitations in the 2-4-eV range,
where these channels evolve many of their excitations, ex-
plains the linear decay of yields once a nontrivial amount
of nitrogen is present. When these vibrational channels
are-established, very little energy is left for channels that
are competing individually for O,. This fact prevents any
major redistribution in or perturbation of the degradation
mechanism; i.e., one channel is unlikely to suddenly exert
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FIG. 9. Time-dependent yields of O, vib(0— 1) excitation as
a function of O, composition.
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FIG. 10. Time-dependent yields of N, vib(0— 1) excitation
as a function of O, composition.

itself, causing thereby, a redistribution of yield. This
dominance of the vibrational excitations of N,
overwhelmingly controls other yields so that changes of
concentration have little effect beyond 10% N,. Hence
linear behavior is recovered over a large range of concen-
trations up to 100% N,. The behavior of these channels
at high O, concentrations is a direct consequence of the
presence of other large-energy-loss processes. As we in-
troduce the degradation of N, channels (which, as noted
earlier, tend to establish themselves as major energy-loss
mechanisms), less energy is available for the O, channels,
even for small amounts of N,. As would be expected,
low-threshold excitation channels such as a 'A;’ are more

susceptible to this effect. This is illustrated by comparing
a'A] to '] excitations at high oxygen concentrations.

The second pattern, composed of O~ formation and, to
a lesser extent, vib(0— 1) excitation processes, may seem
somewhat unnatural at first because the yields for a pro-
cess increase while the number of species necessary to eli-
cit that excitation process decrease. Yet this pattern has
a simple explanation that is based on the competition be-
tween two processes. The first process is the introduction
by N, of numerous energy-loss channels that are out of
phase with the vibrational and electronic excitations of
O,. This introduction diverts the energy-loss processes
and changes the effectiveness of each distribution. This
effect, which manifests itself as a damping of oscillatory
structures in the degradation spectra of pure O,, as in
Fig. 1 (see Sec. III A), causes increased yields. The addi-
tion of competing processes that help to reduce the yields
of other processes in effect pillages the energy available
for these processes in O,. Vib(0— 1) excitations behave
slightly differently from O~ formation because of their
reintroduction at low-energy levels, i.e., the nine sharp
resonance peaks. Here the ability of N, to compete with
these processes offsets some of the gain in excitations at
small N, concentrations.

The third pattern, rotational excitation, falls at a faster
rate than the electronic excitations since rotational exci-
tation suffers from competition in another region, <1.4
eV, as well. In pure O,, this is a less efficient region in
terms of energy loss and is dominated by two low-
excitation processes, rotational excitation and momen-
tum transfer, with a few intermittent vibrational excita-
tions accounting for most of the energy loss. With the
addition of N, and its numerous rotational excitations, in

TABLE 1. Relative yields for various processes in O, and N, as a function of the O, composition.

(%) Composition of O,

Molecule Process 100 75 50 25 0
0, Rotational excitation
1-3 55.26 6.232 3.454 1.854 0.878
Electronic excitations
a 'Ag 3.470 2.675 1.957 1.327 0.768
b ‘2;' 0.536 0.422 0.324 0.236 0.143
Vibrational excitations
0—1 2.612 2.734 2.597 2.141 1.309
0—2 1.279 0.416 0.335 0.274 0.181
0—3 0.140 0.208 0.167 0.13 0.090
0—4 0.070 0.104 0.084 0.069 0.045
O~ formation
0.026 0.051 0.040 0.033 0.022
N, Rotational excitations
0—2 43.13 72.48 121.9 184.6 304.3
0—4 19.41 32.44 53.05 79.04 130.6
0—6 4.383 5.838 7.925 10.15 12.96
0—8 3.215 4.168 5.532 7.011 8.876
Vibrational excitations
0—1 2.333 3.517 4.848 6.208 8.489
0—2 1.166 1.663 2.219 2.767 3.605




45 ELECTRON DEGRADATION AND YIELDS OF INITIAL ... 195

this region, appears this weak energy-loss pattern. This
increased competition aids the rather dramatic fall in the
yields that accompanies small additions of N,. (However,
this conclusion is subject to the qualifications on the
cross-section data we used, and is therefore tentative.
Swarm experiments generally indicate more efficient ener-
gy losses due to oxygen at energies below 1 eV.)

The yield behavior of N, (Fig. 8) is far smoother and
nearly linear. This feature can generally be explained by
the effect of the dominant resonance in vibrational excita-
tions for N,. However, a few key issues should be point-
ed out. Again, the center regions at 25-90% O, are
highly linear because of the strong dominance exhibited
by strong resonances in vibrational excitations of N,.
The sharp drop in yields at O, concentrations approach-
ing 100% is the exact opposite of what is due to O, pro-
cesses; i.e., N, excitations decrease because O, processes
are dominant. In the O, composition region of 25-90 %,
we note a negligible contribution from low-energy excita-
tion processes (such as rotational excitation) that is simi-
lar to the pattern in O,. However, the overall trend of all
yields for N, is quite similar and shows more linearity
than does the trend for O,. This observation, again, indi-
cates the strong dominance of N, in the degradation pro-
cess.

C. Time-dependent yields

Figures 9 and 10 show time-dependent yields for the
(0—1) vibrational excitation of the O, and N,, respec-
tively, as calculated by the time-dependent CSDA. As
mentioned in Sec. IIT A, we expect the CSDA to be a
reasonable approximation for the time-dependent case
because of the rapid convergence to a nitrogenlike degra-
dation spectrum. However, a more rigorous and detailed
study of time-dependent aspects of the subexcitation elec-
tron based on the rigorous time-dependent SF theory is
planned to be reported in a forthcoming paper [12].
These figures elucidate many of the ideas mentioned ear-
lier in the text.

Electron energies were not plotted in Figs. 9 and 10 be-
cause they are a function of composition as well and
therefore change for each curve. However, the usual
clues presented in Fig. 9 reveal the approximate energy
ranges. For example, the sharp, steplike structures that
follow the initial burst (within 1.0X 107!° sec in Fig. 9)
correspond to the nine sharp resonance peaks of the O,
(0—1) vibrational excitation below 1.3 eV. This obser-
vation places the majority of the time-dependent yield
spectrum below the 1.4-eV range, with the 6-1.4-eV
range occurring in the first 3 X 107" sec.

These figures, especially Fig. 9, show the actual phase
shifts that occur in yield production, especially below
4.0X107° sec, as concentrations are altered. Figure 9
also illustrates that optimum concentrations exist for the
most efficient energy losses over a particular energy band.

This efficiency is not necessarily a linear function of con-
centration (Fig. 8). In our example of the 50% O, mix-
ture, the yield of vib(0— 1) excitation becomes saturated
first and is most efficient at energy losses that cover a siz-
able portion of the mid-energy band. A fine steplike
structure can be seen, at 90% O, concentration, below
3X 10710 sec. This structure is a direct consequence of
the oscillations induced in the vibrational cross section of
N, by resonances. The large steplike structures in the
yields are quite noticeable, even at 50% O, concentra-
tion. This is because the dominant contribution to
vib(0— 1) excitation comes from the resonances below
1.3 eV.

The N, yields shown in Fig. 10 have somewhat less
dramatic shapes, as expected. However, one important
aspect is the early behavior of N, vib(0—1) excitation.
Although the asymptotic yields curve is nearly linear as a
function of O, composition, this is not necessarily true at
intermediate (early) times. As the O, concentration de-
creases, the N, vib(0—1) yield more sharply increases
below 0.5X 1070 sec. However, the trend of the N,
vib(0—1) yield reverses, particularly between 25% O,
and 50% O, at 0.5X107°<time<1.0X107'0 sec,
reflecting the effective roles of certain O, concentrations
in the early stage of degradation.

IV. CONCLUSIONS

Oxygen-nitrogen mixtures offer some unique insights
into the subject of subexcitation electrons, on which very
little theoretical work is available. Our major finding is
that components do not necessarily contribute equally to
electron-degradation mechanisms. The case studied here
shows predominance by a single gas, N,. The rapid con-
vergence to nitrogenlike degradation brought about by
the dominance of N, is primarily due to resonances in the
vibrational-excitation cross sections near 2 eV. To gain
further understanding of subexcitation electron behavior,
it is important to study temporal aspects of the degrada-
tion spectrum. Such a study, based on the time-
dependent SF, is now underway [12]. Furthermore, it
may be worthwhile to repeat the same calculation, but us-
ing the different cross-section data, that was determined
by the electron-swarm measurements [9], to examine the
electron degradation and its consequences. The study
along this line is being planned.
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