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Elusive C II„state lifetime of molecular nitrogen
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The N& C-state lifetime is crucial, for instance, in understanding the action of the nitrogen laser. Al-

though it has been extensively studied in a great number of experiments, the results do not converge and
they scatter much more than the individually quoted errors. Thus, a recent measurement with a given
error of 1% yields a result which is a 24/o higher value than the earlier accepted average value. The
present experiments suggest that the scattering among the results is due to a unique systematic error
originating from a joint action of resonance trapping and collisional transfer. The recommended weight-
ed average value is ~(N2, C, v =0)=37.4+1.0 ns.

PACS number(s): 33.70.—w 42.55.—f

The radiative lifetimes of the 3, B, and C states of
molecular nitrogen are crucial in understanding the laser
action of the C~B and B~3 emission, and the condi-
tion w, ((wz ((wz is essential for creating the inversion
in both the systems. Since the C ~B emission (the
second positive system) is very strong in the visible re-
gion, the C-state lifetime has been studied by a great
number of investigators using various techniques [1—8].
However, as seen from Fig. 1, the results do not converge
and they scatter much more than the individually quoted
errors. In particular, the most recent measurements [7,8]
using laser-induced fluorescence yield considerably longer
lifetimes than the commonly accepted value
[rc(u=0)=37 ns]. Accordingly we have repeated the
lifetime measurements of the C B(0,0) band us-ing the
high-frequency dellection technique [9], which has earlier
been applied for detailed lifetime investigations of indivi-
dual rotational levels of the Nz C state [5]. In the present
experiments a 20-mA beam of 20-keV electrons was
swept at 460-kHz frequency in front of a slit of a gas cell

containing nitrogen gas at 1 —110mTorr pressure.
The results for the (0,0) band are shown in Figs. 2 and

3. At 1 mTorr the decay curve is strongly distorted and
nonexponential, and contains very long-lived com-
ponents; but with increasing target pressure the decay
curve gradually restores itself to a "normal" shape, and
for p ) 50 m Torr the pressure dependence (Fig. 3) follows
the expected linear (Stern-Volmer) behavior with a slope
corresponding to what has been observed by earlier inves-
tigators (about 10 s 'mTorr ', cf. Ref. [10]). Similar
dependences at low pressures are also found for the (1,2)
and (2, 1) bands.

The observed pressure dependence (Fig. 3) (see also
Ref. [11]) is remarkable and demands an explanation.
Also other investigators have noted deviations from a sin-
gle exponential (cf. Ref. [12]), while this has escaped the
attention in most of the published studies. Thus there are
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FICs. 1. Published experimental values of the lifetime w of the
C (v =0) state in molecular nitrogen. The results prior to 1977
are discussed in the review [1] while the later "year of publica-
tion" refers to the following references: 77, [2]; 78, [3]; 82, [4,5];
83, [6]; 88, [7]; 92,[8];93, present work.

FICx. 2. Decay curves of the (0,0) band of the N2 C-B transi-
tion measured at two different Nz target pressures using the
high-frequency defection technique using a 20-mA excitation
current. At 50 mTorr pressure the decay curve is a single ex-
ponential yielding a "normal" value ~= 36.7 ns. At 1 mTorr the
decay curve is strongly distorted and is no longer a single ex-
ponential having a slope roughly corresponding to ~-84 ns in
its middle part. The continuous line is a plot of Eq. (9) with
ai[X]=0.6, ker[M]=0, and the known decay constants Ae
and Ac.
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FIG. 3. Inverted lifetimes of the C (U =0) state in N2 mea-
sured at various pressures p of the N2 target gas (dots). From
50—110 mTorr the behavior follows what is expected from col-
lisional quenching (a Stern-Volmer behavior), while 1/~ gradu-
ally drops for p & 50 mTorr. The addition of 50 mTorr krypton
(triangles) essentially eliminates this anomalous behavior at
lower pressures.

reasons to believe that we are facing a kind of systematic
error that strongly depends on the experimental condi-
tions and not on a "universal" systematic error such as
cascades or collisional quenching. Such an error is radia-
tion trapping, which has been considered for many years
in the case of resonance transitions. However, as demon-
strated in our laboratory [13—15], also trapping of
nonresonance transitions may cause considerable distor-
tions in lifetime measurements, provided that the lifetime
of the lower state is long enough and the excitation
efFiciency is high. These conditions are present in the
present case (Fig. 4), since the lifetime ( —10 ps) of the B
state is long enough to allow concentrations to be built up
which are large enough to cause trapping of the C~B
emission and a lengthening of the observed lifetime.
However, the trapping must then increase with increas-
ing target pressure, but actually we observe a decrease
with pressure. Therefore we have to consider an addi-
tional process that will decrease the B state population
with increasing target pressure. Collisional transfer from
the B state to another neighboring state Y would be such
a process. Actually collisional transfer processes in N 2

tnvolvtng the B state have been known for a long time (cf.
Ref. [16], and references given therein). Concerning the
lowest (u =0—2) levels of the B state, the W b,„ levels
(u =0—2) are close in energy [ W(u =0) as close as 70
cm ' to B(u =0)] and the A X„+ levels (u =7—10) are
also close lying (of the order of b,E-kT =200 cm ' at
room temperature). However, since the transfer rate be-
tween two levels B and Y is only smoothly dependent on
their energy difference [cf. Eq. (3)] and there is a great
amount of Y levels disposable, no drastic differences in
the total transfer from the lowest (u =0—2) B levels are
expected.

Thus we propose that the observed pressure depen-
dence of ~c is due to radiation trapping of the C-B emis-
sion, and the trapping will decrease with increasing pres-
sure thanks to fast removal of the B-state population by
collisional transfer to other N2 levels. To test this propo-

FIG. 4. Suggested processes in the decay of the N2 C state
which lead to the anomalous pressure dependence displayed in
Fig. 3. Since the B state is long-lived ( —10 ps), concentrations
[Bj are built up after the excitation pulse which are high
enough to cause a considerable resonance trapping of the C-B
emission. However, there are a number of other states Y (par-
ticularly belonging to the A state and the W state) which are so
close lying to B that a considerable transfer may take place from
B to Y immediately after the excitation. This transfer will di-
minish [B],thus reducing the trapping of the C Bemission -with
increasing target pressure.

sal further, we will deduce an expression for the expected
C--state decay curve influenced by the suggested process-
es. For this purpose we will make a number of simplify-
ing assumptions. We restrict the discussion to the rota-
tionless v =0 levels of the C and B states and neglect the
branchings of the C (u =0) decay, letting Ac(=1/rc)
and A~( = 1/r~ ) denote the total transition probabilities.
This simplification is justified in view of the discussion
above and the fact that the Franck-Condon factors for
the C-B (0,u" ) bands are 0.40, 0.33, and 0.16 for
v"=0, 1,2, respectively. If B mainly communicates with
one close-lying level Y, the rate equations for the mutual
transfer B~~Yare

d [B]/dt = —A~ [B]—k~r[B][M]+kr~ [ Y][M],
d [Y]/dt = kr~[ Y][M]+—k~r[B][M], (2)

where [M] is the concentration of the colliding species
M. The possible radiative decay of Y is neglected and the
rate coeKcients k~~ and k~~ are related by detailed bal-
ance through the relation

kr~ =gk~rexp( QQ~r/kT), — (3)

This population [B] reduces the transition probability
Ac to the experimentally measured value 3" ' because
of resonance trapping. If the trapping is assumed to take
place within an infinite cylinder with radius R, we may
write [17]

where g is a statistical factor. If we further assume that
the initial population [ Y]o is small and consider a time in-
terval when the decay of [B] proceeds faster than the
feeding of B from radiative decay from C and reverse
transfer from Y, the solution to (1) is

[B]= [B]oexp{ (k~r [M]+ A~ )t ]
—.
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[B]o& i I (re + rc )[X], (7)

where i is the exciting current, I the pulse length, ~z and
rc the electron excitation cross sections, and [X] the
ground-state population. We may estimate the expected
magnitude of [B]which is required to cause the observed
increase in ~ for instance from 37 to 84 ns and 1 mTorr
by resonance trapping in the following way. Neglecting

I

Ac"i"= Ac(1 —k Rsr/2V'2), (5)

where k is the absorption coefficient at the center of the
absorbed transition, which is given by

k = ( A c~ ) A c [B) /uti 8' ~ (6)

Here A, c~ is the wavelength of the C~B emission and vz
the velocity of the N2 molecules in the B state, while the
ratio of the statistical factors gc/g~=1 and has been
omitted in Eq. (6). The B-state population is built up
both via direct excitation from the ground state as well as
via the C state and we may write

Ic(t)= d[C]/—dt = Ac" '(t) [C] .

Inserting (8) into (9) and integration gives

(9)

the variation of A, cii within the (O, u") bands, we find
from Eq. (5) that the observed lifetime lengthening corre-
sponds to k =0.03, assuming R =10 cm. Introduced
into Eq. (6) with uii =500 m/s this gives [B]=4.6X10'o
cm = 10 [X]. It seems very probable that such high-
B-state populations may be built up using the present
powerful excitation if the depopulation predominantly
proceeds via the slow B-~ A radiative decay.

From (4)—(7) we get the time-dependent transition
probability

Ac"~ (t) = [1 ai [X—]exp[ —(ktii, [M]+ A~ )t] ] Ac, (8)

where the factor a contains Xc~, v~, Az, I, and ~z &, i.e.,
it remains constant during the experiments. The experi-
mentally measured (nonexponential) fluorescence decay
rate of the C state will then be

[C]= [C]oexp[ —Ac(t ai [—X](1—exp j
—(kzi [M]+ Ati )t ] )/(kzr[M]+ Aii )) ] . (10)
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FIG. 5. Decay curves of the (0,0) band of the N2 C-B transi-
tion measured at 1 mTorr N2 target pressure with added kryp-
ton gas at 15 and 50 mTorr, respectively. The continuous lines
are plots of Eq. (7) with k»=4X10 cm's '. Thus the addi-
tion of a second catalyzer gas (M) gradually restores ~ to its
normal value in accordance with the processes suggested in Fig.
4 and described by Eq. (9).

With (8) and (10) inserted into (9), we may calculate the
expected C-state decay curve influenced by the joint ac-
tion of trapping and transfer processes for various values
of i, [X],and [M].

A reasonable fit to the measured decay curve at 1

mTorr N2 is obtained by intensity normalization at t =0
and by putting ai [X]=0.6 and k~i [M]=0 into Eq. (9)
(Fig. 2). As a first test of Eq. (9) we will keep [X] (i.e., the
N2 target pressure) constant at 1 mTorr and add 15 and
50 mTorr Kr. As seen from Fig. 5 this catalyzer causes a
shortening of rc, and at [M]=[Kr]=50 mTorr, r is
about 42 ns approaching its "normal" value. For larger t
values the measured curves are roughly reproduced by
Eq. (9) if we put king&=4X10 cm s '. This might be
compared to the estimated rate coefficients for transfers

I

to upper B-state levels, which are of the order k —10
cm s ' [l8]. In other molecules, for instance in the case
of transfer to the A state in CO, rate coefficients as large
as 4 X 10 cm s ' [19] have been found. The measure-
ments were repeated at higher N2 pressures with added
50-mTorr Kr, and the results are displayed as triangles in
Fig. 3. As seen from Fig. 3 the addition of Kr almost re-
stores the pressure dependence to the expected Stern-
Volmer behavior.

The conditions are more complicated when only N2 is
used as a target gas, i.e., when [M]=[X]. The transfer
certainly increases with increasing [X] but the faster
depopulation of the B state is then partially counterbal-
anced by a larger initial population [B]p. However, since
[B]0 increases linearly with [X] [Eq. (7)] while kii„[X]
enters in the exponent in Eq. (4), the latter term will dom-
inate with increasing time and hence the trapping effects
will be larger at low N2 target pressures. An alternative
way of testing Eq. (9) in the case of a pure N2 target is to
keep the pressure constant and vary the exciting current
(or the pulse length). A reduction of the exciting current
i would then reduce [B], independent of subsequent
transfer processes. Figure 6 shows two decay curves at 1

mTorr N2 pressure where the original 20-mA current has
been reduced to 13 and 7 mA, respectively. As expected
the deduced lifetimes become gradually shorter and are
well represented by Eq. (9) with ai[X]=0.6X —,", and
0.6 X

2p respectively.
The very long-lived component observed in Fig. 2 and

by other investigators is not reproduced by Eq. (9) and
has probably another origin, namely a collisional trar)[sfer
from the metastable E X+ state to the C state (cf. Ref.
[20)).

It is of interest to consider the possible inhuence of the
predicted B—+ 1' transfer upon measured B-state life-
times. At some time after the excitation an equilibrium is
achieved where [B]and [ Y) are determined as fractional
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populations fa and fr (given by the Boltzmann equation)
of the total population [B]+[ Y], i.e., 1000 —.

[B]=fa([B]+IY]»

I Yl=fr([B]+[Y]) . (12)

If (11) and (12) are introduced into the sum of Eqs. (1)
and (2) we get

d[B] d[Y] ([B]+[Y])
dt dt dt

= —
Aafa ( [B]+[ Y] )

(13)
or

100—

00 ns

In other words, when equilibrium is achieved, the total
population as well as [B] will decay with the same con-
stant = Aa fa. Since fa =—', or —,', depending on the sta-
tistical factor of the Y state, this means that the transfer
B~~Ywould lengthen ~z by a factor of —,

' or 2 at equilibri-
um. However, in practice, a number of Nz levels are in-
volved in the transfer process, starting from the fast re-
moval of a given B level, and this would counterbalance
this lifetime lengthening effect. It would be interesting to
introduce these processes into the discussion concerning
the nitrogen laser action.

In summary we suggest that the scattered results of the
earlier investigation of the N2 C-state lifetime are conse-
quences of a unique combination of systematic errors fol-
lowing radiation trapping of the C~B emission which
disappears at higher target pressures where the B popula-
tion is removed by fast collisional transfer to other close-
lying Nz levels (presumably belonging to the A and/or
the W state). Thus a lifetime lengthening occurs which is
particularly pronounced in experiments at low pressures
using high excitation efficiencies such as the recent laser-
included fluorescence experiments [8]. If the present
measurements are extrapolated to zero pressure following
the Stern-Volmer plot (dashed line in Fig. 3) the result is
rc(u =0)=37.0+1.5 ns. The same result is obtained
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FIG 6 Decay curves of the (00) band of the N C B trans&
tion measured at 1 m Torr N2 target pressure with the excitation
current reduced from the original 20 mA to 13 mA and 7 mA,
respectively. The continuous lines are plots of Eq. (9) where the
20-mA curve is identical to the curve in Fig. 2 (i.e., the fit using
ai[X]=0.6), and the 13- and 7-mA curves are plotted with
ai[X]=0.6X z and 0.6X —,respectively. Thus the reduction
of the excitation current gradually restores ~ to its normal value
in accordance with the processes suggested in Fig. 4 and Eq. (9).

from repeated measurements at low excitation current.
We may also give a "recommended" value of rc(u =0)
based upon all existing data where the presently discussed
systematic errors are taken into account. If "high"
values are given low weight factors, our recommended
weighted average value is

rc(u =0)=37.4+1.0 ns .

Although the present investigation has not proved that
this is the "true" value of rc. (u =0), it should have a
higher confidence level than an unweighted average value
of earlier investigations, several of which must have been
influenced by the presently discovered systematic errors.
Moreover, the recommended value is in fair agreement
with ab initio calculations (cf. Ref. [21]), which yield
v=36. 7 ns.
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