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Time-dependent aspects of electron degradation: Subexcitation electrons in Q2-N2 mixtures
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The time evolution of subexcitation electron degradation spectra in N2-02 mixtures has been investi-
gated by using the time-dependent Spencer-Fano equation. The calculations were performed for low-
energy electrons whose energies fall below 6 eV. The present study showed that strong resonances in vi-
brational excitation channels in N2 and 02 greatly affect the spectrum at early times, and that the sta-
tionary spectrum (time ~~ ) is more readily achieved in energy regions with a large stopping power.
The evolution of the characteristic features of spectra of pure N, and 0, and their presence to various
degrees in mixtures are also discussed.

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

I. INTRODUCTION

Time-independent aspects of subexcitation electron de-
gradation in pure Nz and pure Oz have been studied pre-
viously by using the Spencer-Fano (SF) equation [1,2].
The results showed that strong resonance channels have a
dominant effect on the degradation process in both gases.
Low-lying electronic excitations in Oz and shape reso-
nance in both Nz and Oz are key elements that moderate
the electrons' motion. The presence of the Lewis
effect —discrete energy losses appearing prominently
near the source energy, where collisions are of only a few
kinds and become less conspicuous as the number of col-
lisions increases —is also evident in the degradation pro-
cess.

The present study now extends the previous research
to time-dependent aspects of electron degradation in Nz
and Oz and in Oz-N~ mixtures [3]. In general, we expect
that strong resonance channels will again play an impor-
tant role in the degradation of electrons, this time also
aff'ecting its progress. Their effects can be basically
separated into three energy regions. (i) Above 3.5 eV and
below the first electronic excitation threshold of Nz at 6.2
eV, where the electronic excitations of Oz are dominant
and the cross sections of Nz are small; (ii) between 1.9
and 3.5 eV, where the shape resonance boosts the vibra-
tional excitation cross sections of Nz, while the cross sec-
tions of the electronic excitations in Oz begin to decline;
and (iii) below 1.9 eV, where both of the mentioned pro-
cesses take place only slightly or not at all, and shape res-
onance occurs for the (0~1) vibrational excitation pro-
cess in Oz. In some regions, Oz evidently will contribute
more to the degradation process than Nz, and in others
the reverse will be true. Competition between all of these
processes becomes evident as the concentrations of the
gases are varied. Indeed, this study provides many in-

sights into the process of electron degradation and its
progress toward a stationary state.

II. THEORY

A full discussion on the SF equation in time-
independent and time-dependent cases has been presented

previously [4]; therefore, only a brief summary of the
theory will be given below.

A. Time-dependent SF equation
and its continuous-slowing-down-approximation

representation

The time-dependent representation of the SF theory
(TDSF) is achieved by introducing the incremental elec-
tron degradation spectrum z(T;t). It is defined so that
the quantity z( T; t )d Tdt represents the increment of path
length gained or lost collectively by electrons having en-
ergies between T and T+d T during the time interval be-
tween t and t+dt. Then, if the source spectrum is
u(T;t ) and the medium consists of a single species at
number density n, z( T; t) satisfies the equation

1 Bz(T;t) =nKrz(T;t)+u(T;t) .
BtVy.

In this equation, vz is the speed of an electron of kinetic
energy T. The symbol Ez represents a linear integral
operator that has the dimension of a cross section (cm )

and represents the net gain and loss of all electrons at en-

ergy T and at time t as described previously [4,5].
If we now define the cumulative degradation spectrum

Z(T;t) as

Z(T;t)= f dt'z(T;t') (2)

and similarly define the cumulative source spectrum
U( T; t ), then Z( T; t) obeys the equation

Uz-
(3)

and Z(T;t)~y(T) as tab oo, where y(T) is the time-
independent, or stationary, degradation spectrum.

Equation (3) can be transformed to an integral equa-
tion, as was done in Ref. [5]. This conversion is con-
venient for numerical calculations to obtain stable solu-
tion of Z( T; t).

The continuous-slowing-down approximation (CSDA)
version of the TDSF [Eq. (3)] can be written as
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and

[ (T)Z(T; )]+U(T; )
v dt dT

s(T)= +E,a, (T),

(4a)
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where E; and s(T) are the mean energy-loss and the stop-
ping cross section. For a monoenergetic, sharply pulsed
source, the approximation takes the compact form

Z(To, T;t)= 8(i —r)
ns T

where e is a time-dependent, energy-dependent function
that is given in detail in Ref. [4]. 8 has the apparent
feature that as t ) r, 8( t —r )~ 1.

The extension to mixtures can be made by defining a
cross-section operator for each of the species present.
Then, for a binary mixture containing species A and 8,
which do not interact and have densities n „and n~, re-
spectively, z( T; t) satisfies the equation

O
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FIG. 1. Cross sections of N2 ~ mom. trf. : momentum
transfer. vib(0 —1): (0 1) vibrational excitation. rot(0 —2):
(0 2) rotational excitation.

=nqKTz(T;t)+neKTz(T;t)+a(T;t), (6)
UT at A T

where ET" is the cross section operator referring to col-
lisions with species A and likewise for I( T.

B. Time-dependent yield

When the cumulative degradation spectrum Z(T;t) is
(A, )

known, the cumulative yield N(To,'t ) o, f a process i by
the molecules of species A, at time t and initial energy To
can be calculated as

N (To', t)=n". 'f dTZ(T;t)cr (T), (7)i '
T(t) I

(~)
where o . ( T) is the cross section for the process i of the

i
molecular species A, . The integrand of Eq. (7) is termed
the cumulative yield spectrum; it provides information
about the region of the dominant contribution to the
yield. The stationary yield is determined at the limit
taboo, or

Phelps [9] point out that the data of Ref. [6] lead to the
energy loss to vibrational excitation being too small to ac-
count for electron transport coelcients measured in
swarm experiments. To the extent that the 02 cross-
section data are uncertain (as fully discussed in Sec. II B
of Ishii, Kimura, and Inokuti [3]), the results of the
present work are in part tentative.

Our calculations were carried out for gases maintained
at a total pressure of 10 Torr (1.3 kPa) and a temperature
of O'C. The initial energy of the source electrons was
chosen to be 6.0 eV, which is just below the first electron-
ic excitation threshold of N2. To calculate the cumula-
tive degradation spectrum by solving the TDSF equation
we used a time-step size of 0.01 ns and an energy mesh
size of 0.01 eV above 1.8 eV and 0.0005 eV below 1.8 eV
for all concentrations.

10:=

N, (TD, i).:N '(To) . 10:-

III. NUMERICAL PROCEDURES 10:—

The cross sections used in the present study were com-
piled by Itikawa et al. [6,7]. They were used in the previ-
ous time-independent studies [1—3] of pure N2 and pure
02, as well as of mixtures of N2 and 02. Figures 1 and 2
display cross sections for N2 and 02, respectively. While
the cross-section data for Nz given by Itikawa et al. [7]
appear to be well established, the cross-section data for
02 given by Itikawa et al. [6] may have to be recon-
sidered. The 02 data [6], which are used in the earlier
electron degradation studies [1,3] as well as in the present
study, are largely based on beam measurements. Howev-
er, Gousset et al. [8] put greater weight on electron-
swarm measurements and recommend a considerably
different set of cross-section data. Further, Lawton and
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FIG. 2. Cross sections of Oz. Q: momentum transfer.
Q„;b(0—1): (~1)vibrational excitation. Q„,bg: sum of all vi-
brational excitations. Q,„,(a 'b, ): (a '6 ) electronic excitation.
Q,„,(b 'X~+): (b 'Xg+) electronic excitation. Q„„:rotational exci-
tation. 0: electron attachment. Note that Q„;bg becomes
Q,,b(0—1) below 1.5 ev.
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Stationary spectra can be obtained by solving the
time-independent representation of the SF. However, all
of the degradation spectra presented here were calculated
by using the TDSF method with energy mesh sizes men-
tioned above. The difference in mesh size above and
below 1.8 eV causes different characteristics in the cumu-
lative spectra in the two regions; the lower-energy region
is portrayed at an earlier time than its counterpart be-
cause a finer mesh size is used there. In spite of this com-
plication, we feel that the use of an especially fine energy
mesh size in the lower-energy region is necessary to in-
clude the fine resonance structures generated in this re-
gion.

IV. RESULTS AND DISCUSSIONS

We will examine the cumulative degradation spectra
and the cumulative yield spectra. First, we note the
time-dependent and structural features that are present
for pure N2 and pure 02. Then we treat degradation in
mixtures and note the modification of these features as
the mixture composition varies.

A. Cumulative degradation spectra for pure N2 and 02

Figure 3 shows the cumulative spectra for pure N2 at
various times. At t =0.2 ns, the spectrum exhibits regu-
lar oscillations and slopes downward as T decreases. The
oscillation becomes less evident as time passes; at t =0.5
ns it has diminished greatly, and by later times only slight
perturbations remain. As expected, the spectrum ap-
proaches a stationary state as time passes. The prom-
inent features in the stationary degradation spectrum are
(i) small steplike structures between 6 and 3.6 eV and (ii)
resonance structures in the region 1.9—3.5 eV. We now
examine the physical processes that give rise to these
features.

The oscillation that is present in the early degradation
spectrum can be attributed to the small number of col-
lisions occurring in the initial stages and the dominance
of the vibrational excitation channel. As a result of these
two factors, electrons degrade to specific energies upon

engaging in vibrational excitations, and prominent peaks
appear correspondingly at those energies in the spectrum.
The oscillatory structure in the early cumulative spec-
trum is evenly spaced at intervals of 0.29 eV [that is, the
energy loss associated with the (0~1) vibrational excita-
tion process]. The oscillation is a clear demonstration of
the Lewis effect during the initial stages of degradation.

The moderation of the oscillation as time passes is
caused by an increased number of collisions as the degra-
dation progresses. As more collisions take place, elec-
trons begin to reach a wider range of energies, and weak-
er channels begin to contribute more significantly to the
degradation spectrum. These changes tend to dampen
the Lewis effect, and consequently the cumulative spec-
trum exhibits less of its discrete quality. The Lewis-effect
structures were noted in the time-independent study [2]
of subexcitation electrons in N2.

The prominent resonance structures found in the re-
gion 1.9—3.5 eV reflect the shape resonance that occurs
for all excitation processes in N2 in this range. Unlike
the Lewis-effect oscillations, these structures are not
moderated in time, but are a characteristic feature of the
Nz degradation spectrum. For a full discussion of them
see Ref. [2]. As we shall see, the shape resonance in this
region has a significant effect on the degradation process
in the N2-02 mixture.

Figure 4 shows the cumulative spectra for pure 02.
Again, discrete peak structures are evident in the spec-
trum during the initial stages. At t =0.2 ns, large peaks
exist at intervals of 0.98 and 1.6 eV, corresponding to ex-
citations to the a '6 and b 'X~ electronic states, respec-
tively. Smaller peaks occur at 0.19-eV intervals because
of vibrational excitations, and weaker channels contrib-
ute to the jagged appearance of the peaks. Like those of
N2, these features are moderated as the degradation
progresses. By t =10.0 ns they are barely visible in the
degradation spectrum. Indeed, this property is also typi-
cal of the cumulative spectra for mixtures, as we wi11 see
below.

The dense oscillations superimposed on the regular
large oscillations below 1.8 eV arise because the energy
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FIG. 3. Cumulative degradation spectra for pure Nz at vari-
ous times.

FIG. 4. Cumulative degradation spectra for pure 02 at vari-
ous times.
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FIG. 5. Moderation time (the CSD time) in pure Nz and pure
02 and in mixtures of various compositions as a function of
electron energy.

mesh size is smaller in this region. As a result, the spec-
trum takes into account elastic processes and exhibits
closely spaced lines. The spikelike peaks arising from
shape resonance in this region are also made conspicuous
by the reduced mesh size. They are present from early
stages. The resonance structure in the low-energy region
is due to the temporary formation of Oz [1].

Previous discussions have shown that strong resonance
channels have a positive effect on the degradation pro-
cess. In general, excitation processes involving large en-

ergy losses and occurring with high probabilities —and
hence contributing to a large stopping power —tend to
quicken the rate of degradation. This is clearly seen in
Eq. (5), expressed in the inversely proportional relation-
ship between the stopping power and the degradation
spectrum in the CSDA. A clear illustration of this rever-
sal in roles can be found by comparing the two pure-case
spectra in their initial stages. At t =0.2 ns, the cumula-
tive spectrum of Nz (Fig. 3) is much smaller in magnitude
than that of Oz (Fig. 4), because most of the collisions
happening at this time involve electrons with energies up
to 4 eV, and the corresponding stopping power of Nz is
weak near the source energy but is increasingly stronger
as the energy decreases to 4 eV. Consequently, degrada-
tion in Nz proceeds considerably more slowly than in Oz
at the start, as can be seen in Fig. 5, which represents
moderation time as a function of electron energy. How-
ever, when electrons degrade to energies in the region
1.9—4.5 eV, where the stopping power of Nz is about
twice as large as that of Oz and the cross-sectional magni-
tude of the Nz (0~1) vibrational excitation is 40 times
larger than that of the a 'Ag electronic excitation (the
dominant channel in Oz), degradation takes place quickly
in Nz (Fig. 5), and the cumulative spectrum soon reaches
equilibrium. In fact, equilibrium is achieved by t =5.0 ns
for Nz at energies above 1.8 eV, much earlier than is the
case for Oz. In the lower-energy region, however, the cu-
mulative degradation spectrum does not achieve a sta-
tionary state so quickly because more collisions are need-
ed for electrons to degrade to those energies, and hence a

longer time is needed. This is true for both pure Nz and
pure Oz and for the mixtures as we11.

8. Cumulative degradation spectra for N2-G~ mixtures

The cumulative degradation spectra for mixtures of
various concentrations of Nz and Oz are presented in
Figs. 6—8 in the order of decreasing Oz concentration.
The general features of the spectra can be understood
with the help of previous discussion.

The cumulative degradation spectra for the mixture of
75% Oz and 25% Nz are shown in Fig. 6. The spectra
still look like that for pure Oz,' peaks in the early stage are
evident, but they are less distinct because more strong
channels are present in the mixture, and the resonance
structure is evident in the low-energy region. However,
in the middle energy region the sharp resonances in vi-
brational excitation in Nz already influence the degrada-
tion in this predominantly Oz mixture. Indeed, the calcu-
lation showed that Nz concentrations as low as 10% still
have evident influence in this region, because vibrational
excitations in Nz overwhelmingly dominate any channel
in the mixture. In the mixture, the resonance structure
of Nz in the middle energy region is fully conspicuous, al-
though the minima are not as deep as those of the pure
Nz spectrum.

In the 50% Oz+50% Nz mixture (Fig. 7), and also in
the 25% Oz+75% Nz in Fig. 8, the dense oscillations
below 1.8 eV have become much more subdued. This ob-
servation is attributed to the sharp drop of the vibration-
al cross sections of Nz after electrons pass the resonance
region. Hence, the strong vibrational-excitation channels
of Oz have a greater impact on the degradation process.
Nevertheless, the overall structure still strongly resem-
bles that for pure Nz.

The degradation spectra for the mixture with 50% Oz
(Fig. 7) and 25% Oz (Fig. 8) at early times are much more
elevated than that for pure Nz (Fig. 3). This can easily be
explained by using the CSDA argument because the pres-
ence of Oz contributes to a large stopping power above
the resonance region of Nz. The evolution of the modera-
tion time (the CSD time) [4] as the mixture composition
is changed can well be seen from Fig. 5. In the high-
energy region, the presence of Oz in Nz quickens the de-
gradation process, while in the middle energy region
(1.9—3.5 eV) the degradation process is completely
defined by the strong nitrogen resonances, even when
only small Nz concentrations are presented in the mix-
ture.

An obvious trend in the spectra is that the resonance
structures of Nz become more prominent as the concen-
tration of Nz increases, but the sharp resonance peaks of
Oz become less conspicuous. Another progression is that
the spectrum reaches equilibrium more quickly as the
medium becomes predominantly Nz. Moreover, we may
note that the initial Lewis-effect oscillations become in-
creasingly regular. This observation is consistent with
our discussions above because fewer energy-loss channels
are available to degradation as the Oz concentration de-
creases.
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FIG. 6. Cumulative degradation spectra for 75% 02+25%
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FIG. 9. Cumulative yield spectra for (0~1) vibrational exci-
tation in pure N2 as a function of time and energy.

C. Cumulative yield spectra
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Figure 9 displays the cumulative yield spectra for
(O~ l) vibrational excitation of N2. The yield spectra for
5 and 10 ns are nearly identical to that of the stationary
state (taboo), except the region below 1.5 eV. As dis-
cussed above, the electron reaches the stationary state re-
markably quickly. This is a direct consequence of strong
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FIG. 10. Cumulative yield spectra for (0~1) vibrational ex-

citation of N2 in 02-N2 mixtures at (a) 1 ns and (b) 10 ns as a
function of N2 concentration.
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resonances in the cross sections and hence a large
energy-loss process.

The composition dependence of the cumulative yield
spectra for (0~ 1) vibrational excitation is shown in Figs.
10(a) and 10(b) for 1 and 10 ns, respectively. Somewhat
surprisingly, the yield spectrum of pure Nz at 1 ns has
smaller values below 4.5 eV than that of 75% Nz (and the
50% N2) mixture. This is because the speed of the degra-
dation process in the mixture increases when a small
amount of Oz is introduced, so that the electrons from
the high-energy region reach the mid-energy region in a
short period of time, causing the reverse of the yield spec-
trum at early times. However, the area under the curves
(corresponding to the yield) appears to be in the normal
order (i.e., largest for 100%%uo N2, second for 75% N2, and
so on}.

As was apparent in Fig. 9, 1 ns is quite an early stage
of the degradation. When the time reaches 10 ns as in
Fig. 10(b), characteristic structures due to the (0~1)
vibrational-excitation cross section emerge in the energy
region 1.9-3.5 eV, and the order of magnitude of the
spectrum is natural relative to the composition.

The cumulative yield spectra for (0~1) vibrational ex-
citation in pure Oz are displayed in Fig. 11 for various
times. Because the degradation process in pure Oz is
slower than that in pure Nz (as seen in Figs. 4 and 5),
even at 10 ns, the yield spectrum has not quite reached
the stationary state. This phenomenon is a consequence
of weaker energy-loss processes in pure Oz. For clarity, a
larger mesh size was used to plot the curves in Fig. 11.
Hence, some finer spikelike structures on each larger
structure are absent. The cumulative yield spectra as a
function of Oz composition are shown in Figs. 12(a) and
12(b) for 1 and 10 ns, respectively. Below 1.4 eV, the
(0~1) vibrational excitation of 02 is the main contribu-
tor to energy loss. Therefore, at any time the order of
magnitude of the spectrum is always in the natural order
of Oz composition. At the early time of 1 ns, the spike-
like structures in the spectra are obvious. As the time
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FIG. 12. Cumulative yield spectra for (0~1) vibrational ex-
citation of 0& in 02-N2 mixtures at (a) 1 ns and (b) 10 ns as a
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progresses to 10 ns, these structures become large peaks
with finer structures on top of each peak. Details of the
study of yields for production of each species have been
already reported in Ref. [3], and will not be repeated
here.
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FIG. 11. Cumulative yield spectra for (0~1) vibrational ex-
citation in pure 02 as a function of time and energy.

We examined the time-dependent aspects of electron
degradation in pure Nz and pure Oz and in Nz-Oz mix-
tures as well. The results showed that degradation
proceeds quickly in energy regions where the stopping
power is large and less quickly in regions having only
weak energy-loss channels. The generation of Lewis-
effect structures during the initial stages of degradation is
attributed to strong degradation processes, in contrast to
the suppressive effect on the spectrum of strong degrada-
tion processes in time-independent cases. Strong degra-
dation processes are also attributed to the generation of
Lewis-effect structures during the initial stages of degra-
dation, in contrast to the suppressive effect on the spec-
trum in time-independent cases. Moreover, the progres-
sion of prominent structural features, such as resonance
oscillations of Nz in the range 1.9—3.5 eV and sharp reso-
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nance peaks of 02 in the range 0.2 —1.3 eV, is also noted
in the progression from pure cases to mixtures. We
found that the degradation process in mixtures of N2 and
02 in the high-energy region and at early times is
governed by the 02, while degradation in the middle en-
ergy region is governed by strong resonances in N2 and
degradation in the low-energy region is again governed
by Oz.
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