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The average lifetime of metastable CO molecules in the a II state excited by electron im-
pact at 7. 5 eV at room temperature was found to be about 1 msec. Lifetimes of metastable
N2 molecules in the a'0~ and E Z~ states were found to be 115+20 and 190+30 @sec, respec-
tively. There was evidence for at least one higher-lying metastable state of CO at about 10eV
having a lifetime of about 0. 1 msec. The lifetimes were obtained in a time-of-flight experi-
ment and deduced from the measurements without resorting to analytic expressions of the
time-of-flight distribution. The observed time-of-Qight distributions were essentially Max-
wellian. A diffuse-gas source operated at pressures in the 10 4-Torr range was used. Effects
due to metastable recoil, uv photons from metastable decay, and metastable wall collisions
were carefully examined and found to be negligible under most conditions. Metastable excita-
tion functions were obtained using a low-energy high-resolution electron gun.

I. INTRODUCTION

Metastable carbon monoxide and nitrogen mol-
ecules' are of considerable interest in the atmo-
spheres of Mars and Earth where they play an im-
portant role in atmospheric emission and collision
processes. Their lifetimes enter into the evalua-
tion of laboratory measurements of reactions in-
volving these excited molecules, in particular
cross- section measurements for electron- impact
excitation. In the latter measurements, metastable
lifetimes need to be known since the excited mol-
ecules may collide with other molecules or the
chamber walls before they radiate. We have there-
fore attempted to measure metastable lifetimes of
some important molecular states of N, and CO.
Besides being of interest in themselves, the N,
measurements served as a means of comparison in
the determination of CO metastable lifetimes and
as a check of our experimental method. We have
used a time-of-flight technique to measure meta-
stable lifetimes. This, together with the use of a
high-resolution electron gun which we operated
near the excitation thresholds, enabled us to sep-
arate different metastable states from each other.
Care had to be exercised in order to determine the
proper shape of the time-of-flight distributions.
In doing this it was necessary to consider meta-
stable-recoil problems, uv photons from metastable
decay, and wall collisions of metastables. It was
found that with the use of diffuse-gas sources and
relatively large detector solid angles, the measured
time-of-flight distributions were Maxwellian to a
high degree of accuracy (except of course for fac-
tors accounting for the metastable decay). The
primary lifetime values were obtained by comparing

the time-of-flight distribution for the metastable
state in question with that for the A'Z„' state of N2

which, for the purposes of our experiment, showed
no significant decay. As a result of this work, we
feel that the technique described in this paper can
yield lifetime values in the range from below 10 '
sec to larger than 10 ~ sec. It appears further that
the technique employed in this work has distinct
advantages over other methods where the distance
between metastable detector and excitation region
is varied. In the present time-of-flight experiment,
the detector position is fixed. Thus, it is simpler
to determine the detector-excitation chamber ge-
ometry and momentum-recoil problems. The use
of a diffuse-gas source further simplified the data
analysis. The metastable molecules were obtained
by monitoring Auger secondary electrons from a
surface detector. Obviously, the individual vibra-
tional and rotational levels of a given metastable
state could not be distinguished. We therefore ob-
tained an average lifetime for the a'll state of CO
for which the individual vibrational-rotational tran-
sitions may involve different lifetimes. Nonethe-
less, this average lifetime for CO metastables is
judged to represent useful information because it is
this effective lifetime which enters in the analysis
of laboratory cross-section measurements and
co11ision processes in the Martian atmosphere
involving electrons.

II. EXPERIMENTAL

A schematic diagram of the apparatus used in
these experiments is shown in Fig. 1. The basic
elements included a periodically pulsed system for
metastable production, a metastable detector, and
a digital processing system. Details of these sys-
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tems are described below.
The metastable production and detection systems

were housed in an ultrahigh-vacuum chamber. Gas
was admitted into the collision chamber by means
of a gas-handling system incorporating automatic
pressure control. The gas pressure was about
10 ~ Torr and approximately uniform within the col-
lision chamber. (The background pressure was
about 1 && 10 Torr. } Under these conditions the
collision chamber closely approximated a diffuse-
gas source. This was an advantage in the present
measurements when compared with the use of a
directed gas beam since momentum-recoil prob-
lems were minimized.

A. Metastable Production

Metastable CO and N~ molecules were produced
by electron impact in the energy range from thresh-
old to about 50 eV. The electron gun used in these
experiments was similar to a gun described previous-
ly. ' Because of the required relatively high beam
current (10@A) and good energy resolution [0.3
eV full width at half-maximum (FWHM) j, the
gun was not operated in the retarding-potential-

difference (RPD) mode. A magnetic field of about
150 G collimated the electron beam. The elec-
tron gun was pulsed at the retarding plate to
inject bursts of electrons into the collision cham-
ber. This enabled one to measure the arrival time
of the metastable molecules at the detector, and
thus we obtained time-of-flight distributions from
which the metastable lifetimes could be extracted
(see Sec. III). Beam pulses were typically 1-10
p, sec wide with repetition rates of about 10' pulses/
sec. The duty cycle of the gun was thus varied
from 0. 1 to 1%. The equipment for pulsing the gun
consisted of a time-mark generator, discriminator,
gate generator, and beam pulser; these are shown
in Fig. 1.

Thermal metastable molecules produced during
the on time of the electron beam traveled isotrop-
ically in all directions because of the diffuse nature
of the gas souce (collision chamber}; this assumes
negligible momentum recoil (see below). A small
fraction of these metastables was collimated and
entered the metastable detector. The arrival times
of these metastables at the detector, after the beam
pulse and the time-of-flight spectra, were thus ob-
tained (see Figs. 2 and 3).
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FIG. 1. Schematic diagram of experimental system.
The boxes drawn with heavy lines (e. g. , multichannel
sealer) were used almost exclusively for measuring
time-of-flight distributions. The boxes drawn with thin
lines (e.g. , coincidence) represent a single-channel
analyzer of variable channel width and position which
was used to check the multiscaling method and to obtain
metastable excitation functions (see text).

B. Metastable Detection

After collimation and charged-particle removal,
metastable particles impinged upon the dynode of
a nude Cu-Be electron multiplier, from which they
could liberate secondary electrons via the Auger
process. ' All metastable states of N, and CO have
excitation energies greater than the work function
of Cu-Be (Q =4 eV) and therefore contributed to the
signal; the secondary yield of course was different
for each state. Metastable detection by means of
secondary electron emission from metal surfaces
is a very convenient technique and has been used
previously with good results. "

The solid angle subtended by the multiplier en-
trance aperture was about 0. 05 sr. The effective
scattering length in the collision chamber was about
0. 5 cm. The distance between the center of the
collision chamber and the detector was 6. 4 cm.
This resulted in transit times of the order of 100
usec for thermal Na and CO molecules (see Figs.
2 and 3}.

Total counting rates at the detector, summing
over all metastable arrival times, were of the
order of 10-100 counts/sec. The background
counting rate was about 0. 05 counts/sec The low.

signal levels encountered clearly indicate the ad-
vantage of multiscaling techniques in order to obtain
good time resolution as well as good statistics in
the time-of-flight spectra.

C, Data Processing

Time-of-flight spectra of metastable molecules
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due to the EIZ~ state. The a II~ state
contributes for energies greater than
about 9 eV. The photon component in
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by gating techniques (see text).
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width and position was constructed. Its components,
consisting of gate generators for window position
and width, coincidence unit, counter, and oscillo-
scope, are drawn with thin lines in Fig. 1. Time-
of-flight distributions in this mode were traced by
varying the window position between 0 and, say 1

msec after the beam pulse. The two modes of op-
eration just described yielded indentical time-of-
flight distributions. The multis caling method was
used almost exclusively. In this mode apparatus
drifts were negligible, statistics were better, and
data were taken automatically. In contrast to this,
in the single-channel method the signals had to be
read off a counter and the operation in tracing time-
of -flight distributions was largely manual and cum-
bersome.

However, the latter method enabled one to mea-
sure metastable excitation functions. To this end
a ratemeter (not shown) was connected to the output
of the coincidence unit parallel to the counter. The

ratemeter output was applied to the Y deflection of
another X-Y recorder (not shown) and the electron
energy (X axis) was varied. Total metastable ex-
citation functions are shown in Figs. 4 and 5. The
photon component in the excitation functions, as
well as metastable atoms produced by dissociative
excitation, ' was completely eliminated by the
proper choice of counting-window width and position.

III. DATA EUALUATION AND RESULTS

The effective lifetimes of metastable Nz and CO
molecules were deduced from measured time-of-
flight distributions such as shown in Figs. 2 and 3.
The data reduction in the case of CO made use of
that for Nz. Both cases are discussed separatively
in Secs. IIIA and IIIB.

A. Nitrogen

a'Il, State

In the case of the A'X'„' state of N~, metastable
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FIG. 5. Total metastable excita-
tion function of CO excluding photons.
Only the a3II state contributes to our
curve at the lowest energies. Ajello's
excitation function of the a3II state
(dotted line) was normalized to ours
in slope and substracted. The re-

sulting curve (dashed line) repre-
sent the contribution of higher-lying
state{s).
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molecules traveled from the collision chamber to
the detector without decay because of the long life-
time (7 = 2 sec) for this state. ' Let us denote the
velocity distribution of metastables in the A'Y'„' state
by D(v). Then in the simplest case of a completely
diffuse-gas source and negligible momentum recoil
of metastables after the electron collision, the dis-
tribution D(v) is purely Maxwellian and given by

D(v)dv=Av e " 3' dv, (1)

where A is a normalization constant, n is the mass
of N~ molecules, and T is the temperature of the
gas in the collision chamber (T= 293'K}. The time-
of-flight distribution is obtained from the velocity
distribution by substituting v =t/t, where l is the
distance between the collision chamber and detector
(l = 6.4 cm). The time-of-flight distribution cor-
responding to Eq. (1}is thus given by

S(t) dt = C(1/t ) e ~ ' dt, (2)

where P = mt~/2kT and C is another normalization
constant. The functional form (2) represents the
measurements quite well. This is seen in Fig. 2,
where a Maxwellian distribution (solid line) [given
by Eq. (2)] was fitted to the 8-eV data, which con-
tained only metastables in the A'Z'„' state. The pa-
rameters in the least-mean-square fit were C and
P. The value for P deduced from this fit agreed
within a few percent with that calculated directly
from P=mlm/2kT =2.4X10 ~ sec~. The quality of
the fit in Fig. 2 shows that the assumptions of a
diffuse-gas source and negligible momentum recoil
are indeed approximately correct. Momentum-
recoil effects are estimated in Appendix A. The
slight discrepancy between the fitted curve in Fig.

2 and the measured points for the long transit times
may have been due to the incomplete diffusiveness
of the gas source. It was further assumed that the
reflection of metastables from the walls of the col-
lision chamber produced negligible effects. In fact,
we have never observed the survival of metastables
after reflection from the metal walls of the collision
chamber. It seems that most metastables become
deexcited upon interaction with the metal walls
whether or not secondary electrons are ejected. '
Detailed knowledge of the functional form of the
time-of-flight distribution such as Eq. (2) was not
needed since the measured distribution for meta-
stables in the A'Z„' state could be utilized as a nor-
malizing function. Let us first denote this normal-
izing function by F (t), keeping in mind that it is ap-
proximately given by Eq. (2). The function F(t)
does not include terms accounting for the decay of
the metastable molecules in transit and it is approx-
imately equivalent to the velocity distribution (1).
F(t) will henceforth be referred to as the "velocity-
dependent part" of the measured time-of-flight
distributions.

A certain fraction of metastables decays in flight

before reaching the detector if the metastable life-
time is of the order of the transit time to the detec-
tor. The measured time-of-flight distribution for
a single metastable species decaying with a lifetime
~ is then given by

(3)

In this equation we have assumed that uv photons
from decaying metastables on their way to the de-
tector can be neglected. It is shown in Appendix B
that this is indeed a good assumption under most
conditions.

The measured time-of-flight distributions for N2

above 9 eV contained two or three metastable species
whose potential curves are drawn in Fig. 6. For
most energies two metastable species were present
and the time-of-flight distributions could be repre-
sented by
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S,(t) =F(t)(K, +K, e-«'2), (4)

where the constants Kz and K2 are a measure of the
relative fractions of metastables in the two contribut-
ing states, the first being the A Z„' and the second
the a~8, state.

In order to extract lifetimes from the data, the
velocity-dependent part F(t) in Eq. (4) was assumed
to be given by the measured time-of-flight distribu-
tion of A'Z„' metastables at 8 eV (Fig. 2) and was di-
vided out. An example of the remaining metastable
decay function

FIG. 6. Potential energy curves of ground state and
important metas table states of N2 (Ref. S). Possible cas-
cading to these states is not shown. The Franck-Condon
region is indicated by vertical lines.

T(t)=K~+K2e

is plotted in Fig. 7 for an electron energy of 13.5
eV. It is seen that the decay function reaches a
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Decay functions similar to those in Fig. 7 were
obtained for various electron energies. Values for
the lifetime ~~ deduced at different electron energies
are listed in Table I. It is seen that they agree well
with each other. We adopt a value of 115 p, sec for
the lifetime ~z with a possible error of 20 p, sec.

The ratio Kz/K& of the constants in Egs. (4) and

(5) is plotted in Fig. 8 as a function of electron en-
ergy. A smooth curve drawn through the data ap-
proached the energy axis near 9 eV. This energy
agrees with the excitation threshold of the a'9, state
in the Franck-Condon region of Nz (see Fig. 6).
This threshold value of about 9 eV together with the
observed single exponential decay of lifetime ~~

suggests that the decay was mainly due to metasta-
bles in the a U, state.

2. E X'~ State

I I I I

200 t - 400

Metostoble Tronsit Time ( p. sec)

I

600

FIG. 7. Metastable N& decay function at 13.5 eV.
After subtraction of the constant K& representing the con-
tribution of the A3Z„' state, one obtains a single metastable
decay with z =114 p, sec due to the a II~ state. The solid
curve through the data was calculated (see text).

constant value Kz for long transit times. After
substraction of K&, a single exponential decay with

a lifetime of ~ =114 p.sec remained. The constant
Kz was then determined by extrapolating to t = 0. The
solid curve through the data points in Fig. 7 was
calculated by inserting the values for K&, K2, and

w~ into the decay function (5). The solid curve fitted
to the time-of-flight distribution at 13.5 eV in Fig.
2 was also calculated by using the above values for
K&, Kz, and rz together with the functional form (4},
in which a Maxwellian distribution was assumed for
the velocity-dependent part F(t). This Maxwellian
part was obtained from the 8-eV data in Fig. 2 by
a least-mean-square fit. It is to be noted that t'he
function F(f) contains a normalization constant and

only the ratio K2/K, is of significance.

The sharp feature in the total-metastable-excita-
tion function of Nz (Fig. 4) at 12.2 eV was caused
by metastables in the E'Z,' state. The energy re-
solution of the present apparatus was sufficiently
high to clearly observe the E state and determine
its lifetime. To this end, the time-of-flight distri-
bution of Nz metastables was measured at the
12.2-eV peak. In a preliminar y reduction of the
12. 2-eVdata assuming two metastable species as
before, a composite" lifetime of 154 p, sec was
found. This was far greater than the lifetimes ob-
tained at the higher as well as the lower energies
(see Table 1} and showed that a third metastable
state was present with a lifetime larger than 154
p, sec. The corresponding time -of -flight distribution
is given by

E(eV) y (p,sec)

TABLE I. Lifetime for the a'II~ state at various elec-
tron energies. l

10 l5 20 25

10.5
11.5
12.2 (peak)
13.5
14.5

121
117

"154"
114
115

The "lifetime" at 12.2 eV is a composite of the life-
times of the a II~ and E Z~ states (see text).

Electron Beam Energy (eV)

FIG. 8. The ratio K2/K& which is a measure of the
relative contribution of metastables in the a II~ and A Z+„

states plotted as a function of electron energy. The ratio
was obtained from graphs similar to Fig. 7. The inter-
polation at 12.23 eV (E peak) was used in the lifetime de-
termination of the E state.
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S,(t) =F(t)(K, +Kpe '~'2+K, e ""), (6)

where the constant K3 is a measure of the fraction
of metastables in the F state and ~, is its lifetime.
The decay function

T(t) =K&+Kze '~'2+K3e (7)
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I
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FIG. 9. Metastable N& decay function obtained at the
12.2-eV peak in the excitation function Fig. 4. The de-
cay function contains three components due to the A3Z'„,
a'H~, and F. Z~ states. The solid curve through the data
was calculated (see text).

was obtained by dividing out the velocity-dependent
part F(t), for which the 8-eV time-of-flight data
(Fig. 2) were used as before. The resulting func-
tion is plotted in Fig. 9. Clearly, it would be too
ambiguous to determine all f ive parameters K„K„K„
72, and 7, from the 12. 2-eV data alone. Therefore
the lifetime 73 was deduced in the following way: The
constant Kq was obtained from Fig. 9 as indicated.
A value of 2. 1 was obtained for the ratio Kz /K& from
an interpolation at 12.23 eV in Fig. 8. Thus Kz was
known, The factor K&+K& e ' '& was then calculated
at 12.2 eV using ra=114 p. sec and subtracted from
the decay function (7). It is seen in Fig. 9 that the
resulting points follow a single exponential decay
K, e ' '3 with a lifetime of 190 p. sec for the F. state.
The uncertainty in this value is about 30 p.sec. The
constant K3 was obtained by extrapolating to t = 0.
Having thus determined the parameters K&, Ka, K3,
&2, and 7'„ the decay function (7) was calculated; it
fits the data points in Fig. 9 quite well.

B. Carbon Monoxide

The method used in determining the lifetimes of
CO metastables was essentially the same as that
described above for N2. The electron energy af
7. 5 eV chosen in the measurements (Fig. 3) was
close to the threshold of excitation of the n'F. state,
as can be seen in Figs. 10 and 5. The time-o&-flight
distribution was again given by Eq. (3) which is ap-
propriate for a single metastable decay. For the
part F(t) in Eq. (3), the time-of-flight distribution
of N2 at 7. 5 eV was used (which was similar to that
at 8 eV in Fig. 2). It could be assumed that the
function F(l) was the s'arne for N2 and CO because
of the same masses of these molecules and negligi-
ble recoil. Again, as in the case of N~, the details
of the scattering process such as angular distribu-
tions did not need to be known.

The decay function e ' ' obtained from the CO
and N~ measurements at 7.5 eV is plotted in Fig.
11. The data points follow a decay with a lifetime
of about 800 p. sec for the a'U state of CQ. The solid
curve in Fig. 3 was calculated using this lifetime
and a Maxwellian distribution (2) for the function
F(t) in Eq. (3) with the same P as for Nz. The fit to
the data in Fig. 3 is quite good. It is interesting to
note than an even better fit was obtained with a life-
time of about 600 p, sec. However. this .is not nec-
essarily a better value for the lifetime. A shorter
lifetime merely compensates for the scmewhat too
slow decline of the pure Maxwellian I, 2) as compared
with the actual time-of-flight distribution without
decay. It is easy to see that there is a correlation
between the lifetime 7', the parameter P, and the
power of I, in front of the exponential in the time-of-
flight distribution

S,(t)dt=C(l/l )e ~' e ' 'dt, (8)
which was used to calculate to solid curve in Fig.
3. Therefore the procedure adopted in obtaining
lifetimes from decay functions alone (Figs. 7, 8,
and 11), not resorting to an explicit functional form
such as Eq. (8) was judged more reliable despite
the fact that Eq. (8) is a good approximation. The
uncertainty in the CO lifetimes obtained from various
runs was about 400 p, sec. We adopt an average
value of 1000+400 p. sec for the lifetime of CO meta-
stables in the a'U state as excited by 7.5-eV elec-
trons at room temperature. It is to be noted that
the a V state may not have a single lifetime.
Clearly our method did not allow us to investigate
individual rotational and vibrational levels. We
were able, however, to observe the a'IT state alone
by choosing low enough electron energies and we
always found a decay of these metastables with a
lifetime of about 1 msec. This value has to be cnn-
sidered as the average for all vibrational and rota. -
tional levels of the a IT state excited at 7. 5 eV at
room temperature.
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calculated assuming Morse potential
functions. The parameters used for
the ground state were Dp=11 24 eV,

e=2169~ 52 cm ~ e+e= 13~ 45 cm
re=1. 1282 ~, T,= 0. The parameters
used for the metastable a3H state were
Dp =5, 18 eV& ~e= 1739.25 cm ~ ~e+e
= 14.47 crn ~, re = 1.2093 A,
Te=6. 057 eV.
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FIG. 11, Metastable CO decay function which was de-
termined by dividing the CO time-of-flight data (Fig. 3)
by those for N2 at 7. 5 eV.

At higher electron energies the measured lifetime
of CO metastables was about 150 p, sec and thus
markedly shorter than that for the a'lI state excited
by V. 5-eV electrons. There is, therefore, strong
evidence that above 10 eV another higher-lying state
contributed. This fact is further corroborated by
the shape of the excitation function in Fig. 5. The
excitation function of the higher-lying state alone
was obtained by normalizing Ajello's excitation
function for the a p state to ours at the lowest en-
ergies and subtracting it from our total-excitation

function. The onset of the resulting excitation func-
tion is near 10.4 eV. The unknown state in question
cannot be a known singlet state because all singlet
states in this energy range have allowed transitions
to lower states. It is conceivable that higher vibra-
tional levels of the a P. state arepopulated in cascad-
ing transitions for electron energies above 10 eV
and that these levels have shorter lifetimes. On the
basis of selection rules it seems unlikely that the
known higher-lying triplet states of CO are meta-
stable.

Since the determination of lifetimes of the order
of 1 msec or longer is difficult under most cir-
cumstances, we performed an additional consistency
check of our method by estimating the lifetime of
He metastables in the 2'So state. As a result' we
obtained a lifetime of ~10 msec for this state. This
value is, of course, a preliminary one. However,
from measurements such as that in He we feel that
our method is capable of yielding reliable lifetimes
at least into the 10-msec domain.

A summary of our lifetime measurements is pre-
sented in Table II.

IV. DISCUSSION AND CONCLUSION

In this section we further discuss our results
and compare them with other available data.

Our lifetime value of 115+20 p, sec for the a D,
state of N& is in excellent agreement with a value of
120+ 50 p, sec determined by Olmsted et al. '3 in a
time -of -flight experiment. The uncertainty in Olm-
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TABLE II. Measured lifetimes of N2 and CO
metastable s.

State

N2(a'II )

N2 (E3Z ')
co(a' n)
co(~)

y (@sec}

115+20
190+30

1000 +400
150

sted's value, however, is considerably larger than
ours. There is also reasonable agreement with
Lichten's value of 170~ 30 p. sec which was obtained
in an experiment in which the distance between de-
tector and excitation region was varied. Qur life-
time for the a II, state further agrees well with
Shemansky's measurements involving optical-ab-
sorption techniques. Shemansky finds that the
lifetimes calculated from his measurements in-
crease slowly from 140 LU, sec for the v '=0 level to
160 p, sec for the v '=8 level with a probable error
of about 30'4. Since we cannot distinguish individual
vibrational levels, our measured lifetimes are the
average over all contributing levels. It can be seen
from Fig. 6 that levels around the v

' = 3 level are
preferentially excited in Franck-Condon transitions.
According to a table given by Shemansky, this
corresponds to a lifetime of about 150 p, sec. The
agreement between Shemansky's and our results is
very good, especially in view of the fact that She-
mansky's values should be considered an upper
limit. ' Holland and Jeunehomme'~ have reported
lifetimes of 80 and 10 p.sec, respectively, for the
transition a'Il, —X'Z,'. These lifetimes, in particular
the latter one, appear to be too short. The reason
for the discrepancy is not clear.

The lifetime of 190+ 30 p.sec for the E3X", state
of Nz can be compared with Freund's'8 estimate of
270+100 p, sec. In arriving at his value, Freund
assumed a lifetime of 60 msec for the a'P state of
CO and measured the difference in transition prob-
abilities of the E Z,

' state of N~ and the a'~ state of
CO. However, a lifetime of 60 msec for the n'P
state of CO appears to be rather unrealistic. If we
use our measured lifetime of 1 msec for this state,
we deduce a lifetime of about 210 psec for the E'Z,'
state using Freund's data. This is in much better
agreement with our result for the E Z,' state.

There have been a few attempts to measure the
lifetime of the a'll state of CO which resulted in
large discrepancies. By varying the position of his
metastable detector, Papaliolios found a lifetime
of 60 msec, which is almost two orders of magnitude
larger than our value. Qn the other hand, Hansche
determined a lifetime of 10 p. sec. It is doubtful in-
deed whether Hansche observed the pure radiative
decay of metastables in the a'tI state and whether

Papaliolios observed r adiation from the a P. state
at all. Donovan and Husain quote a radiative life-
time of 12 msec and find this consistent with their
measurements inasmuch as they could not see any
emission (Cameron bands) from the a'll state to the
X'Z' ground state. In contrast to these results,
Qlmstead et al. could not observe the a 0 state in
their time-of-flight study because this state was
claimed to be too short lived and therefore meta-
stables decayed before reaching their detector.
They found their observations to be consistent with
Hansche's lifetime of 10 p, sec. It is interesting to
note that in Olmsted's as well as in our measure-
ments, the distance between detector and excitation
region was almost the same. In our case, however,
it was a relatively simple matter to clearly observe
the a U state. This indicates that the lifetime in-
volved must be much larger than 10 p, sec.

Qur measured lifetime of 1 msec is consistent
with Ajello's excitation cross-section measure-
ments for the a'H state. Assuming a radiative life-
time of 1 msec, Ajello finds a maximum cross sec-
tion pf abput 1~ 10 cm at an electron energy pf
about 10 eV. This cross section equals that for the
A '„state of N2 within an order of magnitude as is
to be expected. ' Therefore the lifetime of the a'U
state should be expected to have a value of about
1 msec.

Owing to the marked decrease in CQ metastable
lifetimes from 1 to about 0. 15 msec at energies
above that required for the direct excitation of the
a U state, it appears likely that higher-lying states
contributed. Although the onset for these states at
10.4 eV (Fig. 5) agrees with the excitation energy
of the b Z' state it seems unlikely that this state
could be detected in our experiment in view of its
short radiative lifetime of about 10 sec. It is
interesting to note that Olmsted et al. ' detected a
metastable state in CO with a threshold at 10.5 eV
and a lifetime of the order of 0. 1 msec. This is in
complete agreement with our observations. These
authors suggested that the O'7' state may be the
state in question. This explanation is not valid if
the lifetime of this state is indeed 10 sec. In a
further check, the metastable detector distance was
increased from 6. 4 to 21 cm. This resulted in an
excitation function more similar to that of Ajello
for the a ll state in Fig. 5. The maximum in the
original total excitation function at 14 eV (Fig. 5)
now appeared only as small structure, indicating
again a lifetime of about 0. 1 msec for the unknown
metastable state(s) In any c. ase, the situation at
energies above that for the direct excitation of the
a'P state is rather complex. We have therefore
performed our lifetime measurements of the a g
state of CQ very close to threshold in order to
eliminate completely effects due to higher-]. ying
states.
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f( )d A ~ . (ea, va& sinh2&BU
dv v= v e 2~BU (9)

where A is a constant, a = M/2kT, and the quantities
B and U are given by

B =v +(»/M) uo —2(»/M)uov cos6,

V' = 2(»/M')(-, ' »u', E*) . —

(Lo)

In Eqs. (10) and (11},» is the electron mass, M
the molecular mass, u0 the initial velocity of the
electrons before the collision, E* the excitation en-
ergy of the state in question, and 6) the angle of ob-
servation (e = 90').

In the derivation of Eq. (9), a Maxwelltan ground-
state gas before the collision and s-wave scattering
were assumed. Equation (9) reduces to a purely
Maxwellian distribution under our experimental con-
ditions as follows: The electron energy —,'m p. 0 be-
fore the collision did not exceed 15 eV in our life-
time measurements. Therefore Eq. (10) reduces
to 8=v, and further &U &1~10, and for transit
times longer than about 100 p, sec, 2nBU&0. 2. This
finally yields 1.00 ' sinh(2 aBU)/2 aBU & 1.OL, and
hence Eq. (9) becomes a Maxwellian distribution
function. The finite detector solid angle resulted
in a spread in the angle 6} around the value 8=90'.
It is readily estimated from Eqs. (9) and (10) that
this also caused a negligible effect.

APPENDIX B: uv PHOTONS FROM METASTABLE DECAY

As seen from the time -of -flight distribution in
Figs. 2 and 3, there was no photon background for
transit times shorter than about 50 p.sec, i.e. ,
photons from metastables decaying far enough away
from the detector caused no measurable signal.
However, because of the large increase in solid
angle near the detector, the possibility of a small
photon contribution existed for the longer transit
times. Let us now examine the photon background
numer ically.

APPENDIX A: METASTABLE RECOIL EFFECTS

The measured time-of-flight distributions were
Maxwellian (with or without decay) to a good degree
of accuracy as is seen in Figs. 2 and 3. Although
we made no use of any analytic form for the time-
of-flight distributions in obtaining lifetimes, it is
interesting to examine recoil effects and see why
they are rather negligible. For a diffuse-gas source
in which gas enters the electron beam uniformly
from all directions, the velocity distribution function
is given by '

At a fixed time t after the beam pulse, the photon
counting rate is given by

t/t
Q(v, t) 2 -av2de . ve v,

T
(12)

where the constant B is a measure of the total num-
ber of metastables per beam pulse that move to-
wards the detector, p, is the photoelectric yield, v

the lifetime of the metastables in question, l the
distance between excitation region and detector,
=M/2k ', and Q(v, t) is the solid angle subtended by
the detector as seen by metastables of velocity v at
a point (I vt}-away from the detector. It has been
assumed in Eq. (12) that photons are emitted iso-
tropically in all directions. For a detector with a
circular aperture of radius ~, the solid angle is
given by

l —vt
A(v, t)= 2 (1 —

i(i t)g gi )
. (13)

According to Eqs. (1)-(3), the»etastable counting
rate for a single metastable decay is given by

= By e ~ ~ (t~/t4) e-~' « (14)

where & is the secondary electron yield for the
metastables in question. In comparing metastable
and photon signals, we are interested in the number
of metastables which have decayed during their
flight to the detector [rather than the total number
of metastables given by Eq. (L4)]. The resulting
difference in metastable counting rate is given by

&C = By (1 —e ~ ~) (I /t4)e (15)

Combining Eq. (12), (13), and (15) yieLds the ratio

R(t)
C q yn t/v t

AC 2y e'~' —1 l

l —vt 2 ov
, t}2 a~un v e dv (L6)

0

for the relative photon background as a function of
time. A detailed analysis of the above expression
shows that for all transit times longer than 100
p, sec, the ratio R has an upper limit of

R o. l(y, /y„) .
The ratio of photoelectric to secondary electron,
yield is probably of the order of 0. 1 or less for the
energy of about 6 eV involved in the excitation of
the a D state of CO. This amounts to a photon con-
tribution of less than 1/o as compared to the change
in metastable signal due to metastable decay. Thus
the measured lifetime of the a~TJ state of CO was not
affected by any photon background.

In the case of N2, the excitation energies involved
are of the order of 10 eV. In this energy range, the
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yields r~ and & may be comparable, 34 although y~

is still like)y to be smaller than r . Hence in the
worst case, the ratio R could approach a value of
10k. This would increase our lifetime values for
N~ by about 5', as a discussion of Eq. (16) shows.
However, this error is small compared with the

uncertainties originating from other sources.
It is interesting to note that in the metastable

decay functions (Figs. 7, 9, and 11), an upward
curvature deviating from the linearity in the semilog
plots was observed for transit times below 100
p, sec. This is completely consistent with Eq. (16).
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