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Summary

Fluorescence lifetimes in the presence of quencher were used to derive
rate constants for quenching of Ar(®P;). The values obtained were:

Quencher Rate constant X 101

{em® molecule” ~ s~ 1)

N, 0.8 0.2
O, 23 6
NO 26 2
CcO 4.6+ 0.8
H, 19 =5

Possible mechanisms for quenching are considered in the light of the kinetic
data.

The quenching rate constants were combined with steady or pseudo-
steady state intensity measurements (of the Stern—Volmer type) to yield
effective rate constants for radiative decay. These latter rate constants are
related to the “escape factors” for the imprisoned radiation. Escape factors
for excitation by pulsed radiation were essentially identical when derived
either directly from the lifetime studies or from the intensity measurements;
they were also statistically indistinguishable from the escape factors for
excitation by steady radiation. The similarity of the escape factors in the
two cases confirmed our earlier conclusion that most of the detected fluo-
rescence originates from that part of the system illuminated by the exciting
radiation, even where there is very extensive radiation trapping.

Introduction

We suggested in an earlier paper [1] that deliberate use of a system
with strong radiation trapping could be an attractive method for the study
of the quenching of resonance fluorescence. However, the spatial distribution



436

of emitters can be altered by quenching so that erroneous results could be
obtained. In this connection, Van Volkenburgh and Carrington [2] point
out that the changes in emitter distributions in the presence of guencher
lead to differences in behaviour for (a) pulsed and (b) steady state illumina-
tion. ‘““Escape factors” g and h may be defined for the two cases (a) and (b)
as the ratio of trapped to natural radiative rate constants: for pulsed radia-
tion, g refers to the lowest decay mode [1]. The two factors may not be
identical; both, but especially h, may be dependent on the geometry of the
apparatus.

Our studies of the imprisonment and absorption of argon resonance
radiation [1] indicate that, for our experimental system, the bulk of the
detected fluorescence came from the central, illuminated, region, both for
steady (absorption studies) and pulsed (lifetime measurements) irradiation.
Thus g and h should be similar in our case. In order to test this hypothesis,
we have studied the quenching of Ar(®P,) (monitored by the 3P;-!S, fluo-
rescence at A = 106.7 nm) by a number of gases.

Three types of experiment were performed. First, the fluorescence
lifetimes in the presence of quencher, M, were directly determined. Here
the intensity, I(t) is related to ¢t by the proportionality:

I(t) o exp — (kq[M] +gA)t (1)

where A is the natural spontaneous Einstein coefficient and k, the rate con-
stant for quenching. Secondly, pseudo-steady state intensities were measured
with pulsed illumination, so that:

IT=gA/(ky[M] +gA) (2)
Finally, steady illumination was used: the intensities are given by:
I'=hA/(R,[M] + hA) (3)

(It should be noted that eqns. (2) and (3) may be invalidated if the quencher
fluoresces or absorbs strongly.) The results of the first experiment are used
to give independent values of k,, g4, and hence g. Then the values of k
were used to derive h and a new value of g from the results of third and
second types of experiment, respectively.

We shall show that, in accordance with our earlier conclusion [1], &
and the two values of g, are identical within experimental error. The data
obtained also, of course, give results for the quenching rate constants.

Experimental

Materials

Argon, helium, nitrogen (oxygen-free), oxygen, hydrogen, carbon mon-
oxide and nitric oxide were obtained from cylinders; the first four gases
were dried over phosphorus pentoxide. All gases except nitric oxide were
passed at low pressure through cold-traps (78 K) immediately before they
were admitted to the reaction system. Nitric oxide was purified by repeated
trap-to-trap distillation. ‘““X”’-grade argon was used for the excitation lamp.
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Apparatus

Fluorescence experiments were carried out in a flow system, with Ar
pressures of around 1 Torr, the flow (~30 cm/s) being used to prevent the
build-up of any photolysis products. Any quencher used was added to the
argon at the upstream end of the tube. A sealed Ar resonance lamp, con-
taining ~1 Torr of “X”-grade argon, was employed in this work. The lamp
was excited at microwave frequencies, the source being either unmodulated,
or modulated by relatively large pulses (repetition frequency ~15 kHz)
superimposed on a low energy background. Full details of the flow appa-
ratus, the source lamp and excitation, the detection system and the asso-
ciated electronics appear in our earlier paper [1].

Lifetime measurements

The intensity of fluorescence was measured as a function of time,
following illumination by a pulse of exciting radiation. An effective first-
order decay rate constant, k,,o(= 2 [M] + gA), was extracted from the
decay data by imposing an exponential decay on the lamp intensity—time
profile, as discussed previously [1]. Values of ky,, were measured as a func-
tion of [M] to give individual values for k£, and gA.

Where the quencher itself fluoresced significantly (H,,CO) attempts
were made, in separate experiments, to determine the fluorescence lifetime
of the ““quencher” on its own. In each case the lifetime was less than 0.1 us,
so that no correction to the lifetime measurements is necessitated by fluo-
rescence of the quencher.

Stern—Volmer experiments
Equations (2) or (3) are, of course, the basis of the ordinary Stern—
Volmer quenching relationship:

I°/M =1+ k,[M]/8 (4)

where 8 is the effective radiative rate constant (=gA or hA), and I°, ™ are
the intensities of fluorescence in the absence and presence of quencher.
Stern—Volmer measurements were made for each quenching gas using the
excitation source in both continuous and pulsed modes. In each case, the
fluorescence intensity was monitored, for a fixed argon pressure, as a func-
tion of quencher pressure in the flow tube.

Any fluorescence of the quenching gas obviously invalidates the simple
Stern—Volmer relationship. Fluorescence intensities of the quenching gases
alone were measured in independent experiments. In principle, a correction
for the fluorescence of the quenching gas can now be applied to the raw
quenching data. This correction is discussed in detail later.

Results
Lifetime measurements

The rate constants for the quenching of Ar(°P;) by N,, NO, O,, CO and
H, were determined from the lifetime measurements as described above.
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Fig. 1. Observed first order decay rate constant, kg, as a function of quencher concen-
tration. (a) O, M = Ny; (b) &, M = Hy. [Ar] = 3.2 X 10!” atom/em?. (Values from lifetime
measurements. )

TABLE 1

Rate constants for quenching (k,) and radiation (gA) obtained from lifetime measure-
ments

Quencher  [Ar]x 1007 kyx 10" gAx 107 kyx 10M°®

(atom/cma) (cm3 mole- (s'l) (cm3 mole-
cule™ 1 s‘l) cule™? swl)
No 2.5 0.4+ 0.2 1.6 = 0.3
3.2 1.0z 0.1 1.5+ 0.1 0.8+ 0.2
(079 3.2 23 6 2.8+ 0.8 23 6
NO 2.5 24 + 2 2.0+ 0.6
3.2 31 6 2.1+ 0.4 26 + 2
CcO 2.0 56+ 1.4 2.5+ 0.2
2.5 3.0+ 2.0 2.7+ 0.2
3.2 5.4 0.8 1.1+ 0.1 4.6 + 0.8
Ho 2.5 14 =4 2.8+ 1.2
3.2 23 +£3 1.6+ 04 19 =5

Weighted mean = 1.8. SD of mean = 0.4.

# Suggested values for k. Where there is more than one determination, a value is chosen
which, together with its quoted error, is consistent with the several determinations.

Figure 1 shows typical results for the variation of ky,s(= k4[M] + gA) with
[M]. Table 1 gives values for k; and gA fer each of the quenchers. Errors
quoted are twice the standard deviations of a linear least squares analysis.
The actual errors for the x2 fitting procedure may be somewhat greater [1].

Intensity measurements
Nitrogen was a model quencher in that it neither fluoresced nor ab-
sorbed the exciting radiation. While both O, and NO absorb Ar resonance
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Fig. 2. Stern—Volmer plots for the quenching of fluorescence by (a) O, Ny; (b) &, NO.
[Ar] = 2.5 X 10" atom/cm °; pulsed lamp.

Fig. 3. Total fluorescence (i.e. argon + hydrogen) intensity as a function of [Hg] for

three values of [Ar]. (a) O, [Ar] = 3.0 x 10'"; (b) O, [Ar] = 2.5 x 10'"; (c) 4, [Ar] =
1.3 x 10" atom/cm?.

radiation to some extent, the concentrations needed to give good quenching
were small enough (less than about 0.1 Torr) that the linearity of the Stern—
Volmer plots was not affected. Figure 2 shows typical data for N, and NO
as quenching gases.

Both H, and CO fluoresce when irradiated by our source lamp. Indeed,
the fluorescence of H, is so strong that the detected intensity is comparable
with that of the Ar fluorescence. The argon obviously itself absorbs the
exciting radiation, so that increasing [ Ar] decreases the fluorescence from
H,. Thus the total observed intensity can either increase or decrease with
increasing [H,] according to whether H, fluorescence, or Ar fluorescence
quenching, dominates. Figure 3 shows the behaviour at different argon con-
centrations. In view of the difficulty of assessing accurately the intensity
of H, fluorescence in the presence of Ar, we decided not to attempt any
correction of the intensity measurements for Hy as quencher, and hence no
Stern—-Volmer plots are given.

For CO as quencher, the problems are less severe. The CO fluorescence
was less (and often much less) that the Ar fluorescence intensity. A correc-
tion was therefore applied to the raw intensity data by subtraction of a
contribution from CO fluorescence. This contribution was determined by
measurement of the CO fluorescence intensity using a helium, rather than
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argon, carrier under conditions otherwise identical to those obtaining in the
Ar fluorescence quenching experiments. The procedure could overestimate
the correction needed, since no allowance is made for the absorption of the
exciting Ar resonance radiation in the quenching experiments. However,
two factors made us decide to make no second-order correction. First, the
absorption by Ar is in any case relatively weak in our system [1, 3]. Sec-
ondly, the CO is very probably excited not by the Ar, or even the H, lines,
at which wavelengths absorption by CO is quite weak [4]. Rather, resonant
excitation by CO fourth positive (AI-X'2") system contamination present
in the lamp outputs is likely. Weak fourth positive emission is known to be
present in the output even of gettered rare gas lamps, and is capable of ex-
citing strong resonance fluorescence in CO [5].

The CO fluorescence intensity increases rapidly with [CO] at first; and
then reaches a plateau. This behaviour cannot be a result of self-quenching by
CO at the concentrations employed, and is therefore probably a result of
self-absorption of the fluorescence by CO in the paths between the lamp,
the irradiated region and the detector. Since the intensity distribution of
the various vibrational bands in the lamp emission is unknown, it is not
possible to assess the relative contributions of absorption (a) between the
lamp and sample, and (b) between the sample and detector. However, a
“mean”’ absorption cross-section, Ggg, applicable to either the lamp or
fluorescent emission, can be estimated for the two cases. The intensity of
CO fluorescence, I°C, will be given very approximately by

I°° = [CO] exp (—[COlacox (5)

where x is the effective optical path (1 or 10 ¢cm in the cases (a) and (b)).

Figure 4 shows In(I°/[CO}]) as a function of [CO] for modulated
and unmodulated light sources. The slopes are almost identical for the two
sources, and suggest an effective value for G of about 4.5 X 10716 cm?
for case (a), or 4.5 X 10717 cm? for case (b); these results are consistent
with other data [5, 6]. The intercepts for the two sources suggest that the
mean intensity of exciting radiation is about 6.5 times greater in the modu-
lated, than in the unmodulated, lamp for lamp powers that give roughly
the same count rate of argon resonance fluorescence, probably because the
higher average power used for the unmodulated experiments results in
higher CO concentrations in the lamp.

Figure 5 shows the effect of the CO fluorescence correction on Stern—
Volmer plots for quenching of Ar fluorescence by CO using an unmodulated
source. As pointed out in the last paragraph the corrections needed are
relatively much smaller when the source is modulated.

Table 2 lists the slopes (= k/8) of the Stern—Volmer plots for the
various quenchers.
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Fig. 5. Stern—Volmer plots for quenching of Ar fluorescence by CO. (a) O, uncorrected
for CO fluorescence; (b) &, corrected. Unpulsed lamp; [Ar] = 3.2 X 10" molecule/cm?

Discussion
Quenching

Sensitized fluorescence

The quenching process can involve electronic energy transfer to M,
followed by radiation of sensitized fluorescence by the primary quencher.

441

So long as excited M(M™*) radiates in a spectral region to which our detector
is insensitive (A > 170 nm) (or M* itself is quenched) our results for Ar(?p,)

quenching will be unaffected. If, however, radiation from M* is detected,
the Stern—Volmer plots could give erroneous values for k,/fA. Indeed, if

M* were not itself quenched, and the detector responded equally to Ar(®P;)
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and M* fluorescence, then the observed intensity would be independent of
[M]. For intermediate cases, the Stern-Volmer plots would show some cur-
vature, the extent depending on the fraction of M* formed that gives rise to
detectable emission. Within the precision of our data, no curvature was seen
in the Stern—Volmer plots. Thus the contribution from sensitized fluores-
cence is probably small or non-existent.

Lifetime measurements are not affected by sensitized fluorescence in
quite the same way. If M* produces a significant fluorescence intensity, its
lifetime must be correspondingly small. Under these conditions, the total
intensity faithfully follows relative Ar(®P;) concentrations, and the measured
lifetimes still yield correct values for k.

Nature of the quenching process

Two possibilities exist for the quenching of Ar(3P;): either spin-orbit
relaxation to the metastable 3P, state (followed by quenching of Ar(3P,){3])
or direct quenching to the ground, 18,, state. Our data do not allow us to
distinguish between these alternatives.

It is generally accepted [7] that electronic quenching is more efficient,
other factors being equal, the smaller the energy which must be converted
to translation. Near-resonant energy transfer to M is therefore favoured. For
the 3P,~18, excitation energy in Ar, this thesis necessarily means that an
electronically excited state of M should be produced in rapid quenching of
Ar(3P,). We shall examine later the availability of suitable electronic states
in the individual quenchers. For the present, we shall confine ourselves to
some remarks on spin conservation in Ar(3P;) quenching. Conservation of
spin is believed to be important in collisional electronic energy transfer from
even the heavier rare gases [8]. This means that a singlet acceptor must be
excited to a triplet, and so on. The result is surprising since, for Ar, 3p, is
essentially a resonance level (f ~ 0.02 - 0.06 [1]); that is, Russell-Saunders
coupling provides an inadequate description even for the isolated atom, let
alone for the situation in a collision.

“Long range” dipole—dipole interaction would require the electric
dipole optical selection rules to be obeyed jointly by donor and acceptor.

Individual quenchers

Nitrogen: k.= 0.8 £ 0.2 X 10~ em® molecule™ ' s7!

The rate constant for this quenching reaction is in reasonable agree-
ment with our earlier estimate of 0.6 X 107! cm® molecule™*s™* [3]. The
value is smaller by a factor of about four than the equivalent quenching
reactions of the metastable, 3P,, state [9]. It would be tempting to ascribe
these differences in rate constant to the closeness of energy match of Ar(°P;)
(93,751 cm™ ') and Ar(®P,) (93,144 cm ™) with the C 11, state of N, which
is known to be excited (C [, v =2 —X 1Z,,v" = 0= 92,952 cm™!). How-
ever, Setser et al. [10] make it clear, on the basis of spectroscopic evidence,
that the excitation of the C state of N, by Ar(®P,) is not governed by reso-
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nant transfer. There is an overpopulation in odd rotational levels of N,

(C %11,) which suggests a two step electron exchange mechanism. Further
the kinetic data indicate that both B and C states of Ny are formed from

a common precursor Ar—N3, so that there is an “intimate and long duration
collision” [11] and the efficiency of energy transfer is not determined by
the Franck-Condon principle. Stedman and Setser [11] suggest that this
slow interaction might not be appropriate for the Ar(3P;) resonance level,
and that the quenching of the 2P, state might be consequently more rapid
that that of Ar(®P,). The present data are in conflict with this view.

Oxygen: k, = 2.3 + 0.6 X 1077% ¢cm® molecule™! s~*

This quenching proceeds at approximately the gas kinetic collision
rate. In contrast, earlier results [12] on the suppression of Penning ioniza-
tion (ionization of NO by Ar(3P;)) showed that O, was only about 1.5 times
more efficient a quencher than Ny: i.e., k% ~ 1.2 X 107! cm® molecule™?
s L The gross discrepancy between the two values could be reconciled if
the quenching of Ar(®P;) by O, were to excite some state of O, which can
itself ionize NO(IP = 9.25 eV [13]). There is spectroscopic evidence [14]
for three states lying just below the Ar(3P;) excitation energy: i,, A, and
3% (Too = 89,245, 88,278 and 87,369 cm™ ! respectively). However, optical
transitions from the singlet levels to 1A, are strong, and the believed absence
of sensitized fluorescence tends to preclude the formation of these states.
The o2}, and B3], states, as well as several unidentified levels, also lie above
the 9.25 eV ionization potential of NO [14]. Many predicted high lying
levels of O, have not been observed experimentally, since the strong
Schumann—-Runge continuum dominates in absorption at wavelengths
shorter than about 120 nm [14].

Nitric oxide: k, = 2.6 £ 0.2 X 1079 ¢cm? molecule™? s™*

The Penning ionization data [12] give k,"2/k,N° =3+ 1 X 1072, s0
that k,N° would be about 2 X 107 ° cm® molecule™ ! s™1, in agreement with
the present fluorescence quenching result. Our earlier estimate [3] of &,
from resonance fluorescence quenching was approximately 4 X 107 ¢cm?
molecule 571,

It is interesting that the very large quenching rate constant is associated
with a species possessing an ionization potential below the Ar(3P;) excita-
tion energy, and for which Penning ionization is known to occur [12]. The
absorption at wavelengths near the Ar resonance line is strong, and the
direct photo-ionization cross-section approaches the absorption cross-section
[15]. The absorbing states do not appear to have been identified, although
it has been suggested [15] that the A and E states of NO are the first two
terms of a Rydberg series. (The closest vibrational levels of the E 2% state
itself is v’ = 15, which lies at 92,554, 92,663 cm ™! above the J = %4, '/, levels
of X211, v" = 0 [16].) If a bound electronic state of neutral NO is actually
excited in the initial step, the efficiency of Penning ionization by Ar(°P;) —
about 20% of the quenching collisions — presumably reflects the relative
rates of auto-ionization and energy degradation.
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The data suggest a rate constant for quenching equal to, or possibly
even in excess of, the gas kinetic frequency factor (~ 1.6 X 107 1° cm® mole-
cule” s 1 for NO and ground state Ar [12]).

Carbon monoxide: k, =4.6 + 0.8 X 10~ cm?® molecule™ ! s™*

The closest levels to which there could be near-resonant energy ex-
change are v' =1 of j 327 (93,154 cm ™ Y); v’ =0 of E 11 (92,929 cm™1); v’ =
0 of ¢ 3 (92,076 cm™1); v’ = 0 of C 12" (91,919 cm™?) (spectroscopic data
from Krupenie [17] as modified by Tilford and Simmons [4]).

Hydrogen: k, = 1.9+ 0.5 X 1071 cm?® molecule™ " s™!

Only the B X, state is energetically accessible. The origin of the 3,0
band in the B-X systems lies at 94,064 cm™?, just above the Ar(®P,) excita-
tion energy [21]. Specific resonance excitation of Hy(B,v' = 3) is well known
[22, 23].

Correlation of quenching rate with other data

There are three obvious parameters with which the observed quenching
efficiencies might correlate.

(1). The closeness of resonance of the Ar(3P; « Sy) excitation energy
with an electronically excited level of the quencher; the possible states of
the quencher were discussed in the last section for the individual cases.

(2). The closeness of energy match of the 3P,—3P, splitting with vibra-
tional (v =1 « 0) energy in the quencher.

(3). The ionization potential of the quencher [7].

Table 3 summarizes the data. There is no apparent connection between
quenching efficiency and energy match with available electronic states. De-
creasing ionization potentials, and to a lesser extent decreasing 1 <0 vibra-
tional energies of the ground states of the quenchers, generally follow at
least the order of the quenching efficiencies. However, H, is in both cases
anomalous. It is possible that the anomaly results from some direct chemi-
cal interaction between H, and Ar(3P,), in the same way as between H, and
Hg(3P,) [7]. While the analogy with Hg(3P;) should not be carried too far,
it is nevertheless interesting that the relative rates of quenching of Ar(P;)
and Hg(®P,) by the various quenchers show a marked correlation (next-to-
last column of Table 3). The two species (N;, CO) known to be effective
in 3P; > 3P, spin-orbit relaxation in Hg are the least efficient overall
quenchers of both Ar(°P;) and Hg(3P,). Finally, we may compare the
quenching of Ar(°P;) with that of Ar(®P,). The last column of Table 3 gives
quenching rate constants for Ar(3P,) [24] relative to that for N, as quencher.
There are no clear correlations, although the most efficient quenchers of
Ar(3P;) are also most efficient in quenching Ar(3P,): these quenchers are
the paramagnetic species NO and O,. For both NO and O,, the absolute
rates of quenching are similar for Ar(3P;) and Ar(3p,).
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Radiation trapping

The lifetime measurements for each quencher yield an “effective ra-
diative rate constant’’, gA, at the extrapolated [M] = 0 limit. These are the
values of gA listed in Table 1. No dependence of gA on the nature of the
quencher is expected; nor, for [Ar] > 2 X 107 atom/cm? should [Ar]
affect gA [1]. All measurements lie within about 2.5 standard deviations
of the weighted mean; the corresponding reliability coefficient is approxi-
mately 0.96 (Student’s ¢, v = 9). Even the extreme values in the range, for
CO at [Ar] = 3.2 X 107 atom/cm? and for O,, have a statistically insignifi-
cant probability (<90%) of differing from the mean according to the ‘T’
criterion [18]. Thus there is, indeed, no significant change of gA with
change of quencher. Taking the weighted mean of gA = 1.8 X 10°s™ %, and
A =1.2Xx 108571 [19] we conclude that g = 1.5 X 10 3, a value very simi-
lar to that obtained in our earlier trapping studies [1].

Table 2 lists the values of hA (unmodulated source) and g4 (modulated
source) derived from the slopes of the Stern—Volmer quenching experiments.
Similar arguments to those used above indicate that there is no statistically
significant dependence of either hA or gA on the nature of the quencher.
(In fact, for gA the variability within the results for a given quencher (N,
NO) is as great as the deviations from the mean.) Weighted means can there-
fore be quoted for hA and gA.

The object of the present discussion is to determine whether the radia-
tion is imprisoned to a similar extent in both steady and pulsed systems. The
mean values of gA determined by lifetimes and by Stern—Volmer methods
are identical (at 1.8 X 10° s 1) to two significant figures, as expected. With
the unmodulated lamp, the mean effective radiative rate constant is 2.1 X
105571, but a Student’s ¢t comparison of gA and hA givest = 1.173 forv =
16, so that the probability that gA and A differ is small. Individual values,
for each quencher, of A and gA (from lifetime measurements) shows an
even closer correlation. The last column of Table 2 gives { for each pair of
results; in every case » is near 10. With the exception of CO, for which the
lifetime measurement of gA is suspect, the values of ¢ indicate that the dif-
ferences between gA and hA are statistically insignificant.

The inference to be drawn from the similarity of g and h is that the
imprisonment of radiation is governed by essentially the same factors with
both pulsed or steady excitation. As we suggested in the introduction, this
situation might be expected if most of the detected fluorescence comes
from that part of the gas sample which is directly illuminated. Our experi-
ments on unquenched fluorescence had already forced us to the same con-
clusion on the basis of a model for the magnitudes of the effective radiative
lifetimes. The present results therefore provide further circumstantial con-
firmatory evidence for the validity of the model. Direct numerical simula-
tion [20] of trapping also shows that the observed radiation will originate
mainly in the central illuminated zone of a system such as ours.
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Appendix

Average fluorescence intensity in a system with modulated excitation

It is not immediately obvious that the simple Stern—Volmer quenching
relationship will apply to the average fluorescence intensity in a system
where the incident radiation is fluctuating. This Appendix tests the validity
of the relationship for the specific intensity—time profile of our source.

The “modulated” source emits a pulse of radiation superposed on a
steady background. The pulse has a very sharp rise time and a near-expo-
nential decay [1]. We may therefore represent the intensity at time t, I;, by:
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I;=1,+ 1, exp (—at) (A1)

where I, I, are the intensities of the background and peak of the pulse re-
spectively, and o is a decay constant characteristic of the lamp.

Let n be the concentration of electronically excited species at any time
t, ¢ be the fraction of incident light leading to excitation (in the case of
atomic fluorescence, essentially the fraction of light absorbed), and y be the
decay constant (= ko, = + £4[M]). Then:

dn

— = ¢l, — A2
@ ¢l —yn (A2)

After substitution of eqn. (A1) for I;, the eqn. (A2) may be solved to yield:

¢Ib ¢Ip
n=noexp (—yt) * —[1—exp (—yt)] + —[exp (—at) —exp (—7rt)]
Y YT« (A3)
where n, is the concentration of excited species at the initiation of the pulse
(t = 0). In the repetitive situation, n, reaches a steady state such that n, =
n; , where ¢, is the period between pulses. Substitution of this equality in
eqn. (A3) gives the result:

I I —aty) —exp (— vt
ng =% 4 b [exp( aty) —exp ( 71)] (A4)
Y Y —a 1 —exp (—7ty)
so that:
1 1 1—exp (—at
=T 2 ep (o — o e | (a9)
Yy YT« 1—exp (—vty)
The average intensity of fluorescence, Iy, is given by:
1 ¢
Iy=— f fA n dt (A6)
ty 4
Integration of eqn. (Ab) with respect to t gives:
_ ofA 1
1ﬂ=f¢-t- [1,0+—p {1—exp(—at1)}] (AT)
Y aly

The terms within the square brackets are dependent only on the lamp char-
acteristics and not on the fluorescer. Thus if all the constants are lumped
together as C:

Iy = CB/y = CB/ (B + kq[M]) (A8)

and the Stern—Volmer relationship is seen to hold.



