20 MAY 1992




a reprint from Applied Optics

Measurements of atomic sodium in flames by

asynchronous optical sampling:

experiment

theory and

Gregory J. Fiechtner, Galen B. King, Normand M. Laurendeau, and F. E. Lytle

Asynchronous optical sampling (ASOPS) is a pump~probe method for the measurement of species
concentrations in turbulent high-pressure flames. We show that rapid measurement of species number
density can be achieved in a highly quenched environment by maintaining a constant beat frequency
between the mode-locking frequencies of the pump and the probe lasers. A model for the ASOPS method
based on rate equation theory for three- and four-level atoms is presented. A number of improvements are
made to the basic ASOPS instrument, which result in a greatly enhanced signal-to-noise ratio. Atomic
sodium is aspirated into an atmospheric pressure CoHy/O;/Ny flame and detected with the ASOPS
instrument. When excited-state lifetimes are fitted by using the ASOPS theory, a 3P;/33/2 — 3S1/2
quenching-rate coefficient of 1.72 x 10° s~! and a 3P3/3 —> 3Py, doublet-mixing rate coefficient of 3.66 x
109 s~1 are obtained, in excellent agreement with literature values. ASOPS signals obtained over a wide
range of pump and probe beam powers validate the rate equation theory. Improvements are suggested to

improve the signal-to-noise ratio, since the present results are limited to laminar flows.
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l. Introduction

Optical methods of measuring species concentrations
have provided new insights into the combustion
process.! The most widely used of these techniques is
laser-induced fluorescence (LIF),2 because its sensitiv-
ity and low noise background permit detection of
minor species. The LIF signal is related to the
population being detected by
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where N7 is the absolute number density of the
species in question (in cubic centimeters), A is the
Einstein coefficient for spontaneous emission (in-
verse seconds), and @ is the collisional quenching-
rate coefficient (inverse seconds). This inverse depen-
dence on @ has meant that historically, LIF studies
were limited to low-pressure flames. Technological
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advances, coupled with the fact that many practical
combustors operate at high pressures, have resulted
in a number of recent high-pressure LIF studies.?-¢
A second constraint of practical flame measure-
ments is turbulence.” The quenching-rate coefficient
of species p from collisions with species ¢ is given by®

Q= 2 Nr1,qTpg0pq, 2
q

where N7, is the number density of species q, o, is
the cross section (centimeters squared), and 7, is the
average relative velocity (centimeters per second),
which is given by

8kT
=3/ 3
Thpg

where p,, (g) denotes the reduced mass for species p
and q. Equations (2) and (3) show that turbulent
fluctuations in concentration and temperature will
introduce uncertainty into the LIF signal through
corresponding fluctuations of . When measuring
concentrations within the time scale of turbulence,
any method that overcomes the effects of quenching
must do so in a rapid manner, owing to the extremely
short times in question.”

One approach to the quenching problem is to elimi-
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nate quenching as the dominant loss process. The
laser-saturated fluorescence technique uses high-
power lasers so that stimulated emission overwhelms
quenching.? The inverse dependence of the LIF signal
on quenching is thus removed by saturating the
transition. However, calibration techniques must be
used to take into account incomplete saturation in the
wings of the laser beam spatial profile.%1% In addition,
saturation cannot be achieved over the entire tempo-
ral laser pulse, owing to low intensity at the leading
and trailing edges. Although considerable laser power
is required to saturate at high pressures, saturation
of OH has been observed in high-pressure flames.*6
In photoionization controlled-loss spectroscopy, a sec-
ond beam induces photoionization, which effectively
eliminates the sensitivity of two-photon LIF signals
to quenching.!! In laser-induced predissociation fluo-
rescence, predissociation becomes the dominant loss
process.’? However, in reducing the sensitivity to
quenching, each of these methods also inherently
reduces the magnitude of the LIF signal.

Equation (2) suggests a different approach to
quenching fluctuations. Barlow et al.131¢ detected
single-shot OH fluorescence while simultaneously
measuring major species concentrations and temper-
ature by using Raman scattering. A quenching correc-
tion factor was then calculated by using known
collision cross sections with OH. Barlow ef a/l. found
that significant errors result for rich stoichiometries
if the quenching correction factor is not applied. This
represents a useful method for species such as OH,
which have a large available database of appropriate
cross sections. For many species of interest, however,
little collisional data is available. Moreover, Barlow et
al. found it necessary to use high laser intensities to
obtain a sufficient number of fluorescence photons
per shot while sacrificing spatial resolution to prevent
saturation.

The most direct method of correcting for quench-
ing is to measure the fluorescence lifetime. In low-
pressure flames, the method is straightforward, with
a photomultiplier signal being exponentially fitted
from ~90% to ~10% of the maximum signal ampli-
tude.156 At atmospheric pressure and above, high
quenching rates typically result in lifetimes of several
nanoseconds or less. In this regime, picosecond lasers
and ultrafast streak cameras with picosecond resolu-
tion are required. Takubo et al.!” have used a mode-
locked laser with 30-ps pulses and a fluorescence
detector to measure quenching of hydroxyl at atmo-
spheric pressure. Because of the inadequate temporal
response of the photomultiplier (~1 ns), a detailed
convolution analysis was required to obtain the de-
sired lifetimes. However, the use of a streak camera
can reduce the detector response to less than a
picosecond.!® Bergano et al.!® used a @-switched
mode-locked laser with a 10-Hz train of 5-ps pulses
and a streak camera to measure an OH fluorescence
lifetime of 1.8 ns in an atmospheric-pressure flame.
Schwarzwald et al. used a home-built laser system
that provided a 1-Hz train of 20-ps pulses and a
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streak camera to obtain a similar value of 1.97 ns for
OH,2° 2.23 ns for CN,2! and 1.7 ns for NO.22

Although each of the above techniques remains
promising, pulsed lasers with repetition rates of
roughly 10 Hz are normally required. The most rapid
fluctuations are given by the Kolmogorov time.23
Depending on flow conditions, for an atmospheric-
pressure flame, these fluctuations are approximately
1 ws.”24% Unfortunately, the turbulence frequency
spectrum that can be resolved is limited by the rate at
which the laser is pulsed. Even with single-shot
detection, each of the above techniques will thus not
be able to resolve most of the flow-field spectral
information. Clearly, a technique that uses high-
repetition-rate lasers is necessary. This has led to the
demonstration of an alternative lifetime-measure-
ment technique by Alfano,?6 based on a subnanosec-
ond gated photon-counting technique.?’” The method
uses a high-repetition-rate mode-locked laser system
(3.8 MHz), which permits averaged sodium decays in
an atmospheric pressure flame to be obtained in less
than 1 ms. However, the insufficient peak power does
not permit measurement of naturally occurring flame
radicals.

The inability of the fluorescence techniques to
obtain reliable data in a sufficient time scale for
turbulent measurements is caused by the spontane-
ous nature of the LIF signal. Since each molecule
emits independently of all others, the statistical na-
ture of spontaneous emission originates in the form
of noise; thus any significant improvement in the
temporal, spectral, or spatial resolution will result in
a corresponding reduction in signal magnitude.?8
Stimulated absorption and stimulated emission are
not subject to the same resolution constraints. Fur-
thermore, all species absorb photons, while only a
limited number of species fluoresce. Although absorp-
tion is a line-of-sight technique, spatial resolution
equal to that of the LIF method can be obtained by
using pump-probe spectroscopy, for which two laser
beams are crossed.? Nevertheless, a comparatively
small number of pump—probe combustion studies has
been completed, including demonstrations by Gold-
smith,3 Farrow and Rahn,?' Goldsmith and Far-
row,32 Kychakoff et al.,?® Walters et al.,’ and Omen-
etto et al.3* The chief reason for the small number of
experiments stems from the fact that the probe-beam
signal represents a small change in intensity superim-
posed upon a large background, while an LIF signal
represents a signal with theoretically zero back-
ground.! Although true in principle, many cases exist
in which the difference between these two extremes is
reduced. The LIF background will not always be
negligible. In heterogeneous high-pressure flames,
background noise from Mie scattering can severely
interfere with LIF signals.3% Furthermore, the pump-
probe background level can be reduced quite easily
with the proper choice of laser. Conventional pulsed
laser systems contain significant noise that results
from high-frequency mode fluctuations and are thus
inappropriate for use as the probe beam. For this



reason, early experiments used single-mode cw laser
systems. In addition, the low peak power of cw lasers
results in a small absolute signal magnitude. The use
of mode-locked lasers offers a vast improvement over
cw single-mode lasers. Mode-locked lasers provide
picosecond pulse widths, which result in large peak
powers and high signal levels. High-frequency fluctu-
ations present on free-running probe lasers are sup-
pressed by the mode-locking process, which defines a
fixed phase relationship between all active laser
modes.?37 Indeed, it has been demonstrated that for
high-frequency modulation and synchronous detec-
tion, pump-probe instruments that use mode-locked
probes approach the shot-noise limit,34° with a
minimum detectable modulation depth that ap-
proaches 10-8 with 1 s of signal averaging.4!

Armed with this knowledge, a number of research-
ers have performed pump-probe studies at high (>3
MHz) modulation frequencies by using stimulated
absorption—~emission spectroscopy.?45 In these con-
ventional pump-probe instruments, the pump and
probe lasers are derived from a single mode-locked
source, so that both beams have the same repetition
rates. Moreover, some type of mechanical or electro-
optical chopping scheme is generally employed to
induce an amplitude modulation on the signal, which
facilitates the use of synchronous detection. The
pump pulses excite the sample, and the probe pulses
stimulate emission. Timing between the two beams is
controlled by varying the optical path of the probe;
this variation permits reconstruction of the excited-
state lifetime. Thus pump-probe spectroscopy com-
bines the advantages of stimulated absorption—emis-
sion with those of mode-locked lasers. Furthermore,
this technique permits the measurement of subnano-
second decays with a simple, inexpensive photodiode
detector. Despite these advantages, however, the op-
tical delay line of the conventional pump—probe instru-
ment causes a perplexing problem. Since the optical
delay elements must be repositioned between each
delay interval, excited-state lifetime measurements
within the Kolmogorov microscale are impossible.
This renders the instrument useless in the turbulent
environment of typical combustors.

Asynchronous optical sampling (ASOPS) is a novel
pump—probe method that will potentially permit the
determination of number densities and quenching
rates in turbulent high-pressure flames. The basic
ASOPS instrument consists of two dye lasers synchro-
nously pumped by two frequency-doubled mode-
locked Nd:YAG lasers. The two lasers operate at
slightly different repetition rates, which causes a
relative phase walkout between the pump and the
probe beams. This strategy permits the repetitive
mapping of subnanosecond excitation processes in
less than a millisecond. The ASOPS technique thus
retains the important advantages of conventional
pump-—probe instruments yet eliminates the need for
a cumbersome optical delay line.

Initial ASOPS studies of Rhodamine B in metha-
nol*647 and of atomic sodium in atmospheric-pressure

flames?®4® have previously been reported. In this
paper an improved ASOPS instrument is shown to
yield an excellent signal-to-noise ratio (SNR) in atmo-
spheric flat flames doped with atomic sodium. A
detailed theory is presented that demonstrates the
efficacy of pump~probe lifetime measurements. When
the theory is used to analyze the data, ASOPS
measurements of the sodium 3P;, — 3S;, and
3Py/; — 3812 quenching rates and the 3P3; — 3Py,
doublet-mixing rate are found to agree closely with
literature values. By obtaining the ASOPS signal over
a wide range of pump and probe beam powers, we also
determine the optimum operating parameters for the
ASOPS instrument. Because of the large noise back-
ground of the mode-locked probe laser, the scan rate
was 100 ps, and averaging of many scans was neces-
sary. Hence the present results are limited to laminar
flame environments. A variety of approaches are
suggested for improving the SNR, thereby potentially
permitting concentrations to be obtained in turbulent
flames.

H. Operating Principles

The ASOPS process is illustrated in Fig. 1(a), which
shows the excited-state population produced by sev-
eral pump pulses over which the temporal positions of
several probe pulses have been superimposed. Each
successive probe pulse is delayed in time relative to
the pump pulse train by a constantly increasing
duration that is determined by the beat frequency of
the system. Thus each probe pulse samples the
excited-state population at a slightly later time than
the immediately preceding probe pulse. This is equiv-
alent to varying the optical delay in a conventional
pump-probe instrument. Figure 1(b) illustrates the
change in probe intensity that occurs upon stimu-
lated emission from the excited-state population in
Fig. 1(a). The net effect of the ASOPS technique is
that a small-amplitude waveform, which is directly
related to the fluorescence decay of the species under
study, is impressed upon the probe laser intensity. In
essence, a temporal transformation of the excited-
state decay is performed with the time that is scaled
by the factor foump/(foump — forobe), Where foum, and
forobe are the repetition rates of the pump and probe

|~—1/§,m,,e
Excited
(a) State
Population
- 1 foump ++— Actual Time
""—“_“_ 1 fpeat = 1t ‘pump ™ fprobs) '_"—‘—"i
Probe I
{b) Beam |
Intensity : haS

pe Equivalent Time

Fig. 1. ASOPS timing diagram showing (a) excited-state popula-
tion and (h) probe-heam intensity upon stimulated emission. The
probe pulses in (a) are indicated by vertical dashed lines.
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lasers, respectively. A distinguishing factor from con-
ventional pump-probe spectroscopy is that the sam-
ple mixes the laser repetition rates, which permits
synchronous detection at the difference, or beat fre-
quency, fhest = fpump — [probe- This eliminates the need
for amplitude modulation of either beam. The inverse
of the pump frequency 1/ fyump gives the free temporal
range of the ASOPS instrument. The total number of
points N sampled during the decay is determined by
N = forobe/ [reat - The temporal difference between each
sampfed point within the decay profile is the sampling
interval, determined by the difference in laser peri-
ods, or fueat/ [(forbe) (foump)]. More importantly, the
process automatically repeats at the period of the
ASOPS instrument, given by 1/fi:. The ASOPS
technique is thus an optical analog of the sampling
oscilloscope. As such, the ASOPS instrument poten-
tially permits a large number of averages to be
obtained in a time less than that of a relevant
turbulent fluctuation. Operating parameters typical
of an ASOPS experiment are given in Table I.

Since the wavelengths of the pump and the probe
lasers can be independently controlled, specific elec-
tronic quenching rates can be determined between
the excited and the ground states. As shown in Fig. 2,
the pump beam is chosen to excite atoms from level 1
to level 2. The probe connects level 2 to level 3, which
can be of lower [Fig. 2(a)] or higher [Fig. 2(b)] energy
than level 2. In Fig. 2(a) the probe beam undergoes
gain modulation owing to stimulated emission from
the excited-state population, which results in the
ASOPS process of Fig. 1. If, however, level 3 is of
higher energy than level 2, then the probe will
undergo loss modulation because of the absorption by
excited-state molecules [Fig. 2(b)]. The resulting
ASOPS process is demonstrated in Fig. 3. The chief
difference is that the ac signal obtained by using
excited-state absorption will be of negative amplitude
compared to the signal obtained by using excited-
state emission. It is also possible to tune both the
pump and the probe beams to the same transition. In
this case, modulation of the probe will take place as a
result of both excited-state emission and ground-
state absorption.4

lll. Fundamental Theory

The basic theory for ASOPS can be explicated based
on the simple three-level system shown in Fig. 2.
Again, the pump beam is chosen to excite atoms from

Tablel. Typical Operating Parameters for ASOPS

Pump repetition rate ( foump) 81.5934762 MHz
Probe repetition rate ( fyrobe) 81.5836420 MHz
Beat frequency ( fpump — fprobe) 9.8342 kHz
Free temporal range (1/foump) 12.256 ns
Samples per decay ( forae/ fheat) 8296
Sampling interval ( fheat/ forobel pump) 1.4773 ps
Pump power 20 mW
Probe power 5 mW
Pulse width 20 ps
Bandwidth 0.04 nm
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Fig. 2. Three-level pump—probe model. The probe beam is modu-
lated as a result of (a) stimulated emission or (b) excited-state
absorption.

level 1 to level 2. The wavelength of the probe beam is
then chosen to stimulate either [Fig. 2(a)] absorption
to a nearby upper level or [Fig. 2(b)] emission to a
nearby lower level, both denoted by level 3. The
following theory will now be developed by considering
in turn the separate processes of laser pumping,
excited-state decay, and laser probing. Eventually,
two equations will be obtained that contain two
unknowns, the excited-state lifetime and the ground-
state number density. Using Boltzmann statistics, we
can then obtain the total number density from the
ground-state number density.

A. Three-Level Model

Consider first the interaction of the pump laser with
the sample. When a pump-beam pulse passes through
the sample, excitation is governed by the rate equa-
tion

dN,
= = MW @
where N is the ground-state number density and Wy,
is the stimulated absorption rate coefficient between
levels 1 and 2. Assuming a constant laser power over
the temporal width of the laser pulse, we integrate to
get

N1 = N1® exp(—Wipht1y), (5)
where Aty is the temporal width of the individual

pump pulses and N,° is the number density of level 1
in the absence of laser radiation. For a typically weak

=1/ orope™!
Excited
(a) State : : :
Population h q ) |
= 1/foump b Actual Time
Equivalent
DC"“—’“" 1/ fpeat = W{Tpump=forobe) ——1 Time
Probe : .
{b) Beam
Intensity

i i
Fig. 3. ASOPS timing diagram corresponding to excited-state
absorption.



laser beam, expansion of the exponential in Eq. (5)
yields

Ny = N{%(L ~ WypAtys). ' ®)

Since the pump beam connects only levels 1 and 2,
any loss in the population of level 1 must appear in
level 2. Thus the number density in level 2 immedi-
ately after a pump pulse must be

Ny® = N\"WipAty,, (7

as can be seen from Egq. (6). This development is
analogous to that for the time-resolved LIF tech-
nique, in which excitation and detection of fluores-
cence is carried out in a period much less than that of
quenching,.50-52

In the absence of laser radiation, i.e., between laser
pulses, the temporal behavior of the excited-state
population is described by the rate equation

W _a N, = - 2
= An t @uNy = - 8)

where Aj, is the Einstein coefficient for spontaneous
emission from level 2 to level 1, @y is the quenching-
rate coefficient from level 2 to level 1, and 7 is the
lifetime of the excited state. Since T > Aty,, integra-
tion of Eq. (8) gives

Ny* = No% exp

¢

- -} ’ E)
.

and substitution of Eq. (7) into Eq. (9) yields

Ny* = Ny"WieAty5 exp

t‘ 1
- (10)

As for the pump pulse, the excitation dynamics
induced by the probe-beam pulse is described by the
rate expression

dN,

—dt‘— = ‘N2W23, (11)

where Wa; is the stimulated rate for either emission
[Fig. 2(a)] or excited-state absorption [Fig. 2(b)]
between levels 2 and 3. Integration of Eq. (11) gives

N2 = Nz* exp(~W23At23), 12)

where Af,; is the temporal width of the individual
probe pulses (Atys < 7). Again, expanding the expo-
nential term of Eq. (12) gives

Nz = Nz*(l - W23At23). (13)

The probe beam connects levels 2 and 3; thus any
population that is stimulated from level 2 must arrive
in level 3, so that

N3 = Nz*Wngt23. (14)

Those atoms arriving in level 3 must necessarily
modulate the probe beam. The time-dependent
ASOPS signal is hence given by

S(t) = noneN3Vc: (15)

where m, is the optical efficiency, v, is the efficiency of
the detection electronics (V/photon), and V, is the
collection volume (cm?). Substituting from Egs. (10)
and (14) and defining the overall detection efficiency
N = MM, We obtain

¢
S() = nWigAt g WosAtss VN, exp(~;)- (16)

This temporal signal is obtained by using a digitizing
oscilloscope in the present experiments. Integration
of the time-dependent ASOPS signal represents the
signal-averaging process that is employed in most
diagnostic experiments, e.g., the use of a boxcar
averager. Integration of Eq. (16) yields the time-
averaged ASOPS signal

Sa= [ St = nWiaht,, Woshtyy VN0, A7)

Equation (17) indicates that after determining the
calibration parameter C = mW A8, Wy3Atas V., we
have only the unknowns 7 and N;% The collisional
lifetime can be obtained from the temporal decay
represented by Eq. (16). Since N = §,/Cr, the
absolute total number density can be determined by
simultaneously correcting for the effects of the
quenching environment.50-52

B. Multilevel Atomic Model

The measurement of naturally occurring flame radi-
cals such as OH is of crucial importance in combus-
tion. However, the absorption resonances for OH fall
in the ultraviolet region of the spectrum. This pro-
duces two difficulties with respect to the ASOPS
instrument: (1) the visible output of the synchro-
nously pumped dye lasers must be frequency doubled,
which greatly reduces the power available for experi-
ments; and (2) frequency doubling increases the
baseband noise on the pump and the probe beams by
approximately two orders of magnitude, and it in-
creases the bandwidth by approximately a factor of
two.5% For these reasons the ASOPS measurements
reported here have been done on atomic sodium.
Although sodium is present in marine-based fuels®
and has been the subject of kinetic studies in hydrocar-
bon flames,% it is usually seeded into flames and
subsequently detected for the following reasons: (1)
sodium is comparatively easy to atomize into flames,
(2) the absorption cross section for sodium is three
orders of magnitude larger than that of most molecu-
lar species, (3) the well-known sodium D lines are
located near the peak of the gain curve of the most
efficient laser dyes, and (4) the resulting yellow laser
beams are easily aligned by visual detection.

Because of spectroscopic doublets, models for so-
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dium and the other alkalis require an additional
energy level. The sodium doublet in particular results
in the D; and D, lines at 589.6 and 589.0 nm,
respectively.5¢ This means that level 2 of the three-
level model of Fig. 2 must be split into two levels, as
shown in Fig. 4. Level 1 is again the ground state
(3S1/2), and levels 2 and 3 are reserved for the doublet
states (3P,,5 and 3P3,, respectively). Level 4 is a level
of higher energy (4Dj/53/2 or 5S)/3) that can be
connected to either level 2 or 3 by the probe laser.
Although several researchers have given derivations
for similar models,5” the following analysis is now
presented specific to the ASOPS method. Here, R;
and R;; represent the rate coefficients of upward and
downward population exchange, respectively. The
upward-rate coefficients can be expressed as

Rif = W(,' + Qv, (18)

and the downward-rate coefficients become

Rji = Wi;,' + ng + Aﬂu (19)

The rate equations for levels 2 and 3 after the pump
pulse has traversed the sample are then given by

dn.
3 =Ne' =RuNi— Ry + RiNz + RNy, (20)
dNs
‘E‘=N3/ =R13N1 +R23N2— (R31 +R32)N3. (21)

The ground-state number density can be eliminated
from the rate equation, since

N; = Np~ (N3 + Ny), (22)

where N7 is the total number density. Thus
Ng’ = _(Rm + Rgl + Rzg)Ng + (R32 - RIZ)NS + RIZNT; (23)
Nj3' = (Rg3 — R13)Ny — (Ry3 + Rg; + Rg9))N3 + RigNrp. (24)
These relations can now be solved for excited-state

relaxation after pump-beam excitation, for which
W; = W;; = 0. The quenching-rate coefficient ratios

Fig.4. Four-level sodium model. Levels, 1, 2, and 3 correspond to
the 3812, 3P1/2, and 3P/ states, respectively. Level 4 represents
either the 4Dj/9 3/ or 5812 states in the present experiments.
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are given by®8
Qa1 _&1
Qu 2 expl—(E; — E)/RT1], (25)
Qa _& . .
%6 2 exp[—(E, — E)/kT], (26)

which for atomic sodium at 1000 K become 4 x 1010
and 2 x 1019, respectively. Hence we may assume that
Q12 = @13 = 0. This also means that little of the total
population will initially be in the excited state, so that
N;° = Ny. In addition, since only 0.6 nm separates the
D; and D, lines, it will be assumed that @,; = Q;; = Q.
Furthermore, @ ~ 2 x 10° s~! in an atmospheric-
pressure hydrocarbon flame,59-61 and A = 6.15 x 107
s~! (Ref. 62), so that Aj; can be ignored. Under these
assumptions, the time-dependent number densities
of excited sodium become

Q32

1) =
No® Q23 + Q32

{(N,° + Ng%exp(—@Q¢)

Q.
+ 5= N0 = Ny°
(Q32N2 s

exp[—(Q + Q23 + Q32)t]> (27)
Q23
Qa3 + Q2

+ (%SiNao - Nzo}exp[—(Q + Qa3 + Qa)t]° (28)

N;(t) =

[(N° + Nexp(—Qt)

Note that N,° is given by Eq. (7) and that Ny° is
analogously defined. These represent the number
densities in levels 2 or 3 immediately after the pump
pulse. In the present experiments, either Ny or N3°
will be zero, since only a single transition is pumped.
For N3° = 0, these relationships are identical to those
presented by Takubo et al.5 A further assumption is
obtained by relating levels 2 and 3 by using the
principle of detailed balancing,®

%3 - 2 expl—(Es — E5)/kT), (29)

which equals 1.95 at 1000 K. Thus little error is
incurred in assuming that Q.3 = 2Q3,. The number
densities of the excited doublets are then

. ,

Ny(t) = 3 {V59 + N5%exp(—- Q1)
+ (2No° — N3Qexp[— (@ + 3Qs)t]], (30)

2

Na(t) = 5 l(N30 + Nzo)exp(_Qt)
+ (0.5N3° — NyYexp[— (@ + 3@sp)t]}. (31)
The influence of the doublet within the four-level
model on the ASOPS signal must now be examined.
Suppose that the pump laser has been tuned to excite

atoms to level 3 (3Pj,3), while the probe is tuned
between levels 3 and 4. Then N3(2) will be given by Eq.



(31) with Ny? = 0 and N3 = NyW3A¢3. In analogy
with Eq. (9) for the three-level model, N3* = Nj(t).
The probe excitation dynamics will also be similar,
with N(t) = N3*Ws,At3,, where Ws, is the stimulated-
rate coefficient between levels 3 and 4 and At#g, is the
pulse width of the probe beam. Since any atoms
reaching level 4 will modulate the probe beam, the
time-dependent ASOPS signal as seen on an oscillo-
scope will be given by S(¢) = nN,@&)V,, so that

1
S(t) = qWisAt13WasAt34V Ny exp(—-Q¢) + 3 expl—(Q + 3Q@sx1]}’
(32)
where the factor of 2/3 has been absorbed into . The

time-averaged ASOPS signal will again be obtained
by integration of Eq. (32), which yields

Sa = MWiaAt13Wlts V. Ny

1
T1 + 5 Tz) 4 (383)

where T1=7T and Tg = (Q + 3Q32)_1.

Pumping of level 3 will also result in atoms reach-
ing level 2 by the use of the doublet mixing rate @3,.
Thus if the probe connects levels 2 and 4, then from
Eq. (30) the signal becomes

S@) = qW 3483 WaeAte, V. Nrlexp(— @) — expl~(Q + 3@Q2)1]),
(34)

and the corresponding time-averaged signal becomes

Sy = WAt 3WagltaVo-N7(1 — 19). (35)

At t = 0, S(¢) vanishes; hence the temporal ASOPS
signal rise time and decay can be fitted by using Eq.
(34). Note that unlike the three-level model, the
four-level case will result in two equations with three
unknowns. As will be seen below, this complicates the
interpretation of data obtained for atomic sodium.
Takubo et al.59%3 alleviated this difficulty by monitor-
ing broadband fluorescence from both D lines to
obtain @, after which narrowband detection yielded
@3.. Because of the bandwidth of the present mode-
locked laser system, such experiments were not per-
formed with the ASOPS instrument.

For detection' of molecules, there are many more
relaxation pathways than for the present case of
atomic sodium. This could greatly complicate the
analysis of ASOPS signals. We hope to eventually
detect the hydroxyl radical. An advantage of OH
detection is that a large amount of collisional data is
available from which these complicated effects can be
modeled. Using a. suitable numerical model,* one
could delineate the complications that may arise
when detecting OH. This is a subject for further
study.

IV. Experimental Apparatus

Since the ASOPS technique requires that the pump
and probe lasers operate at slightly different repeti-

tion rates, two independent mode-locked laser sys-
tems are needed. Both the pump and probe beams are
derived from Spectra-Physics model 375B dye lasers,
which are synchronously pumped by frequency-
doubled mode-locked Spectra-Physics series 3000 Nd:
YAG lasers. Rhodamine 6G is used as the laser dye.
Average powers in excess of 300 mW are obtained
from the dye lasers by using 1.0~-1.2 W of pumping
power. The mode-locking frequencies are generated
by two Programmed Test Sources model 160 fre-
quency synthesizers operated in a master—slave (i.e.,
phase-locked) configuration. The resulting laser out-
put consists of an ~82 MHz pulse train from each
laser. The Programmed Test Sources synthesizers
are accurate to 0.1 Hz; hence the laser repetition
rates are very stable,

In early ASOPS studies,*®4? wavelength tuning was
afforded by three-plate birefringent filters in the
dye-laser cavities, so that both beams consisted of
~6-7-ps pulses. If the Fourier-transform limit is
agsumed to hold, the spectral bandwidth for both
beams was ~0.14 nm. Because of the short temporal
pulse width, long-term laser stability was poor. In the
present experiments, a Spectra-Physics 0411-6502
ultrafine étalon is added to each dye-laser cavity. This
improves the long-term stability of the dye lasers
from minutes to hours. Pulse widths of approxi-
mately 10 ps can now be obtained with only a minor
loss in output power. In previous research,® the
experiment was performed with the lasers adjusted to
produce the smallest second-harmonic generation
autocorrelation pulse widths. In the present experi-
ments, slightly shortening the cavity increases the
laser pulse width to 20 ps, which reduces the band-
width to 0.04 nm (if the Fourier-transform limit is
assumed to hold). The linewidths for atomic sodium
owing to Doppler broadening and collision broaden-
ing with N, at 1 atm and flame temperatures can be
estimated at ~0.001 and ~0.03 nm, respectively.5*
Thus the shortened cavity should yield a larger signal
owing to better coupling. Furthermore, dye-laser
noise also decreases near this cavity length. The noise
reduction takes place over a wide frequency range, as
shown in Fig. 5, which contains two noise spectra as
measured on'a Hewlett-Packard 8553L/8552B/141T
rf spectrum analyzer. In the top plot [Fig. 5(a)] the
noise present on a minimum autocorrelation pulse-
width beam is shown. In the lower plot [Fig. 5(b)] the
noise present on the probe beam when the cavity
Iength has been reduced by 28 pum is shown. It is not
known why dye-laser noise drops so s1gmﬁcantly at
the shorter cavity position.

A block diagram of the ASOPS instrument is
shown in Fig. 6. To obtain the trigger signal, a
synchronous voltage output from each synthesizer is
first amplified with a rf power amplifier (Electronic
Navigation Industries 503L) and then electronically
mixed by a double-balanced mixer (Anzac MDC-161).
Note that the output frequency of each synthesizer is
half that of the optical repetition rate; Anzac DI-4
electronic frequency doublers between the power
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Fig. 5. Comparison of dye-laser noise for two different cavity
lengths obtained by using a Hewlett-Packard 8553L/8552B/141T
rf spectrum analyzer. The top plot (a) contains the noise at the
minimum autocorrelation pulse-width cavity length. The lower
plot (b) contains the noise when the cavity has been shortened by
28 um.

amplifiers and the double-balanced mixer generate a
trigger signal at the beat frequency of the system. The
mixer output passes through a 4LM5-3-CD Texscan
5-MHz low-pass filter to remove any high frequencies
leaking through the mixer. The output of the filter
then enters a digital delay generator (Berkeley Nucle-
onics Corporation 7095), which produces a stable
0-5-V trigger pulse of variable width. Unlike the
optical triggering scheme previously employed,?6-4°

this new electronic scheme offers much less temporal
Jitter in the trigger pulse and thus offers an improved
SNR. ‘

The pump and the probe beams are first passed
through calibrated neutral density filters that provide
a convenient means of varying the power in either
beam. The two beams then pass through a single
focusing lens (f = 100 mm) and cross at an included
angle of ~5° in the flame, each with a beam waist of
approximately 46 pm, which results in an effective
Beer’s law path length3 of ~530 um. Despite this
small beam waist, diffusion of sodium atoms out of
the pump region is not an important consideration.5!
The probe beam is recollimated by a matching lens. In
previous experiments, the probe beam was then
monitored by a photodiode (EG&G SGD-100A), the
output of which was filtered with a 4LM5-3-CD
Texscan 5-MHz low-pass filter to remove the 82-MHz
pulses and any other high-frequency noise. It has
since been found that a great deal of noise on the
probe beam is coherent, with structure at or below
100 kHz.%5 Coherent-noise structure cannot be elimi-
nated effectively by signal averaging. Thus the present
experiments use the differential detector of Fig. 7,
which includes two EG&G FND-100Q photodiodes.
Half of the probe beam is split off before the flame and
is detected by one of the photodiodes. The remainder
of the probe passes through the flame and is detected
by the second photodiode. The intensity of light at the
first photodiode is adjusted with a polarization rota-
tor—polarization beam splitter combination until it
equals the intensity of light at the second photodiode.
Since the ASOPS signal is detected by the second
photodiode exclusively, it will be unaffected by the
subtraction process. The signal from each photodiode
reaches an Analog Devices AD 521 instrumentation
amplifier. Efficient subtraction takes place as a result
of the high common-mode rejection ratio (CMRR) of
the amplifier (CMRR = 70 dB minimum).
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Diagram of the ASOPS instrument.
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Fig. 7. Differential detector. Both photodiodes are EG&G FND-
100Q, which have a rise time of < 1 ns. Before the flame, half of the
probe beam is split off and reaches photodiode A. The postflame
half of the probe beam reaches photodiode B. Since the ASOPS
singal is contained only in the half of the probe that reaches
photodiode B and the noise is present on both halves of the probe,
only the noise is attenuated.

Figure 8 contains an ASOPS signal that was mea-
sured on a Hewlett-Packard Model 3580A spectrum
analyzer, which has an optimum operating range of 5
Hz to 50 kHz. The displayed signal corresponds to a
200-mW pump beam at 589.0 nm and a 5-mW probe
beam at 568.8 nm, with ac amplification of 100x. The
top trace of the figure resulted when the preflame
portion of the beam was blocked, so that the second
portion was exclusively monitored. The bottom trace
was obtained for the case in which both portions of
the probe have equal intensity, i.e., full subtraction
takes place. The structures occurring every 9.9 kHz
are harmonics of the ASOPS signal, since at the time
of the measurement the beat frequency was 9.9 kHz.
As expected, the ASOPS harmonics pass unaffected
by the subtraction process. However, the noise is
attenuated by at least an order of magnitude. More
importantly, coherent structure is reduced with equal
or higher efficiency. The form of the ASOPS signal in
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Fig. 8. Demonstration of differential detector. The top curve
(points) corresponds to an ASOPS signal detected with a single
photodiode, and the bottom curve (solid) corresponds to the same
ASOPS signal during voltage subtraction. The spikes that occur
every 9.9 kHz are harmonics of the ASOPS signal, since the beat
frequency happened to be 9.9 kHz on that occasion. The ASOPS
harmonics are of equal magnitude for both curves, since only the
background noise is attenuated with the circuit.

Eq. (35) indicates that division by the reference
intensity is a better way to remove probe beam
fluctuations. However, we have found analog dividers
to be comparatively noisy. In addition, the division
bandwidth is inadequate for the beat frequencies
necessary for turbulent concentration measure-
ments.

The AD 521 instrumentation amplifier cannot drive
50-Q inputs, and thus an Analog Device HOS-050
video operational amplifier is implemented as a line
driver. The output from the video amplifier then
passes through a Texscan 4LM5-3-CD 5-MHz low-
pass filter, and the output from the filter is amplified
by a C-COR 4375-A wideband ac amplifier (see Fig. 6).
The AD 521 and AD HOS-050 have gain set at unity
to ensure that the C-COR AC amplifier is not satu-
rated by the output voltage. For the temporal studies,
the output from the ac amplifier is directed to a
digitizing oscilloscope (Hewlett-Packard 54100A), trig-
gered at the beat frequency of the system.

In the power studies presented below, the lasers are
instead directed through the optical setup shown in
Fig. 9. The pump beam is passed through a Newport
935-5 attenuator to vary pump power in the flame. To
vary probe power, the probe beam is directed through
a polarization rotator—polarization beam splitter com-
bination. For each attenuating element, hysteresis
effects are carefully avoided. The polarization rotator—
polarization beam splitter combination provides a
limited range of attenuation, so that it is necessary to
place calibrated neutral density filters in the path of
the probe beam. Because of the need to maintain a
constant sample volume in the flame, any beam
wander caused by attenuating elements must be
minimized. For this reason, all components are placed
within 30 ¢cm of the 100-mm focusing lens. To moni-
tor the extent of beam wander, glass plates are placed
in the path of each beam after the flame, splitting off
tiny portions to targets 3 m away. The attenuator and
polarization rotator cause negligible beam wander
when carefully aligned and placed near the flame.
However, the neutral density filters cause beam
steering that cannot be ignored. To correct for this
effect, the probe beam is directed through an aperture
prior to the flame. When the polarization rotator—
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m:o Flame O .......... Pump Target

foe e Probe Target

1 Beamsplitter
W Neutral Density Filters

PumpBeam ) \_Attenuator D Differential

Detector

Fig. 9. Diagram of the optical setup used in the pump-probe
power studies.
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beam splitter combination reaches the extent of its
attenuation, the ASOPS signal is recorded. A neutral
density filter is then inserted into the probe path,
after which the beam is centered in the aperture and
the postflame target. The polarization rotator is then
adjusted so that the probe power matches that of the
previously recorded signal, and the resulting ASOPS
signal is recorded. Any changes in signal level are
accounted for during reduction of the raw data. Using
this procedure, we see that corrections for changes in
signal level caused by beam walking remain below 5%.

Although the detector of Fig. 7 is again used, one of
the photodiodes is blocked, owing to the amount of
fine tuning required to optimize noise subtraction.
This prevents the experiment from taking a prohibi-
tive amount of time to complete and removes uncer-
tainty from the experimental results. The ac ampli-
fier output is then directed to a Stanford Research
Systems SR510 lock-in amplifier, which is triggered
at the beat frequency. Both pre- and posttime con-
stants are set to 1 s on the lock-in amplifier, and data
is collected for 10 s at a sampling rate of 10 Hz. Each
resulting data point represents an average over the
10-s sampling window.

The slot-burner system of our previous experi-
ments*®4® proved to be extremely unreliable. The
horizontal profile was often highly nonuniform and
heavily dependent on the flow rate of gases. Similar
slot-burner behavior was reported by Goldsmith30
and by Goldsmith and Farrow.32 As noted by Alke-
made et al.,%¢ flames produced on slot burners are
“less stable, homogeneous, and ‘quiet’ than those
produced on Meker or porous-plate burners.” It is
thus not surprising that the slot burner used in the
initial ASOPS experiments was prone to periodic
surges in sodium concentration, with flame condi-
tions changing significantly for periods of the order of
minutes. Flashback through the boundary layer of
the slot burner was also a frequent occurrence.

Since the ASOPS experiments presented below
lasted for several hours, the slot burner was replaced
by a flat-flame burner system. The same nebulization
chamber was used. A 500-pg/ml NaCl solution is
directed to the nebulization chamber by a multistaltic
pump at 1 ml/min, after which the mist droplets are
carried to the burner by means of the combined
0,/N, flow. A mixing chamber packed with glass
beads ‘ensures thorough mixing of the fuel (C,H,)
with the oxidant—diluent flow. The oxygen, nitrogen,
and ethylene flow rates are 1.7, 6.0, and 0.453 L/min,
respectively. The flame (equivalence ratio of 0.8) is
supported by a water-cooled 30.2-mm-diameter Has-
telloy-X plug. Atomization efficiency typically ranges
from 1% to 15% for indirect atomization,® and the
atomization efficiency is observed to be extremely
poor for the present system, since the waste NaCl
solution flow rate from the nebulizer was ~95% of
the flow rate of the NaCl solution into the nebulizer.
Assuming a conservative atomization efficiency of
5%, we estimate a sodium concentration of ~ 1 part in
108 in the flame.
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V. Results and Discussion

The ASOPS signal of Fig. 10 is obtained by using the
experimental parameters of Table I, with the pump
and probe beams crossing 1 mm above the burner
surface. The pump beam is tuned to the 3S;,; — 3P/,
transition (589.0 nm) and the probe beam is tuned to
the 8Py;3 — 58Sy, transition (615.4 nm). Pump and
probe beam powers are 20 and 5 mW, respectively, as
measured by two Laser Precision Corporation Rk-
5100 pyroelectric radiometers. A peak SNR of 39:1
results after 256 averages on the digitizing oscillo-
scope.

ASOPS decays can be fitted to obtain the quenching-
rate coefficient @ and the doublet-mixing rate coeffi-
cient @3;. The above ASOPS decay is governed by Eq.
(34). Obtaining a good fit to the data will thus be
complicated by the fact that there are two un-
knowns: @ and @3, However, a large amount of
data has been published relating these two parame-
ters. The ratio @/Qs, was found to be 0.47 by Takubo
et al.5 and 0.475 by Zizak.%” The data of Fig. 10 are
fitted with a least-squares analysis in terms of @ with
the assumption @/Q3,; = 0.47. The fit corresponds to
@ = 1.72 x 10° s, with a relative error of 0.04%.
This relative error is not meant to imply that quench-
ing remains constant within the bound over long
periods of time throughout the flame. In fact, the
quenching-rate coefficient was found to vary between
1.3 x 109 and 2.0 X 10° s~ for different experimental
runs. This variation can be attributed to fluctuations
in flame temperature and composition, to position in
the flame, and to the fluctuating amount of water
reaching the flame from the nebulizer and its result-
ing effects on combustion. Nevertheless, the spread of
values in @ in the present experiments compares

Actual Time (nsec)

0 122 244 366 48 610
T T ) T T
P iy
ks
o
=
(2]
n
[+
o]
12}
<<
o
2
K
[}
o
L L 1 )
0 10 20 30 40 50

Equivalent Time (usec)

Fig. 10. ASOPS signal obtained with the pump beam (20 mW)
tuned to the 38;,2 — 3Pg, transition and the probe beam (5 mW)
tuned to the 3P;3 — 5S1/s transition. The pump and probe beams
are crossed 1 mm above the burner surface, and a peak SNR of 39:1
results after 256 averages on the digitizing oscilloscope. A curve
fitted under the assumption @/@s2 = 0.47 in Eq. (34) is plotted
over the data. The fit corresponds to 1/@ = 581 ps, with 0.04%
relative error.



favorably with literature values of @ = 1.4 x 10° s-1
reported by Takubo et al.5 in a propane-air flame and
by Russo and Hieftje® in an acetylene-air flame, @ =
1.8 x 109 s~ reported by Alfano in a methane-oxygen—
nitrogen flame,? and @ = 2.1 x 10° s~! reported by
Russo and Hieftje in a natural gas—air flame.®° Simi-
lar values for the quenching-rate coefficient are ob-
tained in the present investigation when exciting a
variety of different transitions.®5

We now present a detailed study of the effects of
pump and probe powers on the ASOPS signal. This
study was undertaken for several reasons. First,
because the laser pulse width is small compared to the
excited-state lifetime, there is a question of the
validity of the rate equations.?68 For detection of
atomic lithium in an atmospheric-pressure flame
with picosecond pulses, Langley et al.42-44 have shown
that the rate equations provide an excellent model for
pump-probe absorption data, provided that satura-
tion is avoided. Second, the validity of the theory
required evaluation. Although Elzinga et al.4” demon-
strated the linearity of the ASOPS signal with both
pump and probe power in a dye solution, no such
results have yet been obtained in a flame environ-
ment. Finally, it was desired to locate the optimum
pump and probe powers to maximize the SNR.

For infinite laser irradiance, the two-level rate
equations reduce to?

_ Nrgy
Ne = 81+8& (36)
Egs. (7) and (36) can be solved simultaneously to
obtain an estimate of the saturated stimulated absorp-
tion-rate coefficient®?
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For alaser bandwidth Av,,," that is much larger than
the medium linewidth Av;, the absorption-rate coef-
ficient can be expressed®

2Byl
Wip = ’ (38
12 "lTCAV]/gL )

where I is the laser irradiance (in watts per squared
centimeter). Assuming transform-limited 10-ps pulses
(Avy5t = 5 x 1019g-1) and assuming a top-hat tempo-
ral profile, we predict a saturation power of ~2 mW
for the sodium 3S;,, — 3P3/, transition.

For these experiments, the pump is tuned to the
38;/3 — 8P3, transition (589.0 nm), while the probe
is tuned to the 3P3/; — 4Dj/3 3/2 transition (568.8 nm).
The maximum available pump and probe powers in
the flame are 240 and 300 mW, respectively. The
pump power is varied from 3 to 240 mW, while the
probe power is varied from 25 uW to 50 mW. Five
different pump and probe powers are selected within
these ranges. If required, neutral density filters are
placed immediately before the detector to hold the
probe power striking the photodiode below 10 mW,

thus keeping the photodetector within its linear
range.

The ASOPS signal is plotted versus pump power
for each probe power on a log-log scale in Fig. 11. As
shown, the linear range extends to 30 mW in each
case. In the present experiments, saturation gener-
ally becomes significant between 30 and 40 mW. This
differs from the saturation curves obtained for so-
dium in a slot-burner flame,*® when saturation was
observed to begin between 50 and 60 mW. A probable
cause is the difference between the collinear-beam
and crossed-beam geometries. The saturation power
for both experiments is significantly larger than that
predicted above. The larger experimentally observed
saturation power may have resulted from a combina-
tion of several factors. First, the calculations assume
a top-hat laser profile, and they ignore the transverse
distribution of laser irradiance across the laser pro-
file. In fact, saturation will not be observed in the
temporal and transverse wings of the laser. This
effect is commonly observed when using the laser-
saturated fluorescence technique.t*1%6° Second, in
the present experiments, the pump beam will be
absorbed by sodium atoms before reaching the inter-
action volume, since the beams were crossed near the
center of the burner. Mallawaarachchi et al.”® cor-
rected their results for this effect, although no at-
tempt at quantification is made here. Finally, the
laser pulses are not transform limited, with Av, L
being much larger than the value estimated by one
assuming the Fourier-transform limit to hold.” Nev-
ertheless, it is clear that in the present experiments
the linear range extends to approximately 30 mW of
pump power, and excited-state lifetimes were ob-
tained by using pump powers below this value.

For pumping of the 3S,,, — 3P3/, transition and
probing of the 3P3/3 — 4Dy 5 5,2 transition, the ASOPS
signal is described by Eq. (32). This expression re-
flects the above linear behavior with pump power W3
in the absence of saturation. Equation (32) predicts
that if the ASOPS signal is divided by probe power

~—O— Probe = 0.025 mW
~——- Probe « 0.1 mW
—{3~— Probe =1 mW
——7— Probe = 10 mW
~——O— Probe = 50 mW

4 b

Log(ASOPS Signal), Relative Scale
l\]}
) 1

3 0 20 30 240
Pump Power (mW)
Fig. 11. ASOPS signal versus pump power for each probe power.
Because of the large range of pump and probe powers, a log-log
scale is used.

20 May 1992 / Vol. 31, No. 15 / APPLIED OPTICS 2859



Wsy, then the five lines of Fig. 11 should collapse to a
single curve. If the experimental ASOPS signal is
divided by probe power, the plot of Fig. 12 results. As
shown, the individual lines do tend to converge,
although the convergence is not perfect. This proba-
bly results from fluctuations of sodium concentration
in the probe volume during the course of the experi-
ments. Completion of the entire experiment required
several hours, which allowed ample time for sodium
concentration fluctuations to take place. If the devia-
tion of curves in Fig. 12 is attributed entirely to
variations in Ny, then the sodium population is
estimated to fluctuate by approximately a factor of
two.

The ASOPS signal is plotted versus probe power for
each pump power on a log—log scale in Fig. 13. The
linear behavior with probe power Wi, is in good
agreement with Eq. (32). Saturation is noticeably
absent in each case. If the ASOPS signal of Eq. (32) is
divided by the pump-beam power, the resulting equa-
tion predicts that the five plots of Fig. 13 should again
collapse to a single curve. As shown in Fig. 14, the
lines do indeed converge, although the convergence is
again not perfect, owing to a factor of two for
Aluctuation in a sodium population.

In the stepwise excitation experiments of Omen-
etto et al.” and Nitz et al.,” photoionization of the 4D
level of atomic sodium was found to be significant. It
is also possible that stepwise photoionization is signif-
icant during ASOPS measurements because of the
excitation schemes that are used. The energy of the
sodium 4Dj, 5,5 level is only 6892 cm 1! below that of
the ionization threshold, and thus 568.8-nm probe
photons could photoionize these atoms.” The stimu-
lated photoionization-rate coefficient is given by!!

oron]
Wion = vy (39)

where ojoy is the photoionization cross section (in
squared centimeters) and v, is the laser frequency
(inverse seconds). For the 4Dy, level, ooy = 1.52 X
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Fig.12. ASOPS signal divided by probe power versus pump power
(for each probe power). Because of the large range of pump and
probe powers, a log-log scale is used.
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Fig.13. ASOPS signal versus probe power (for each pump power).
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1077 cm? at the ionization threshold.” Assuming the
cross section decreases with the cube of the laser
frequency,’® we find that a value of 1.97 x 10-!8 ¢cm?
results at 568.8 nm. Noting that the quantity ZB1,/c
is measured in units of squared centimeters, we see
that the stimulated absorption-rate coefficient of Eq.
(38) can be written in terms of the absorption cross
section oagg by the relation?®

20ams]
TrhAVl/gL

12 =

’ (40)

where oaps = 4.5 X 1018 ¢m? for the 3P3/2 - 4D5/2
transition.t2 Taking the ratio of the respective stimu-
lated rate coefficients, the following expression en-
ables a comparison of the relative magnitudes of
photoionization and absorption:

Wion

W12

’1TAV1/2L

(—T—“—’E) : (41)
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For the 4D5,, level, this ratio becomes 6.5 X 10-5, and
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Fig.14. ASOPS signal divided by pump power versus probe power
(for each pump power). Because of the large range of pump and
probe powers, a log-log scale is used.



hence photoionization is not important in ASOPS
experiments with the probe laser at 568.8 nm. For the
probe laser in resonance with the 3P, — 58,
transition at 615.4 nm, a similar calculation results in
a ratio of 1.2 x 10-7, so that photoionization is even
less likely.

Signals obtained in the initial application of ASOPS
in a flame environment contained an unexplained
negative artifact at the end of the free temporal
range.*® We now believe that perturbed free-induc-
tion decay’”’® may be the cause of this signal. An
important assumption in the application of the rate
equations is the absence of coherent transient effects.
If the lifetime of the excited state is much larger than
the temporal width of the incident light pulses, this
assumption may not hold.%%8 Even when the assump-
tion is violated, coherent effects may still be masked
by averaging over the pulse-to-pulse intensity fluctu-
ations of conventional pulsed lasers with free-
running modes. Since mode-locked lasers define a
fixed phase relationship among all active modes, they
are ideal tools for observing coherent transients. In
previous work,* both beams were tuned to the
3812 — 3Pjsj, transition of sodium. Owing to the
nature of the process, perturbed free-induction decay
should not be observed when the pump beam remains
tuned to the 35/, — 3Py, transition and the probe is
tuned to the excited 3P3/5 — 58, transition (Fig. 10).
As expected, a negative signal is never observed in
this configuration.%

VI. Conclusions

A rate equation theory has been presented for ASOPS
measurements. When the theory is used to analyze
experimentally obtained sodium excited-state life-
times, a 3P3; — 35,2 decay time of 581 ps and a
3P;;s — 3P,;; doublet-mixing time of 273 ps are
obtained, in excellent agreement with published re-
sults. The predicted linear behavior of the ASOPS
signal with pump and probe irradiance is then experi-
mentally verified over several orders of magnitude of
. pump and probe beam power.

Experimental verification of the temporal ASOPS
theory has been made possible by a significant im-
provement in the SNR over previous ASOPS measure-
ments in flames.* In the initial experiments, a peak
SNR of 33:1 resulted after 2056 averages. The aver-
age pump-beam power was ~ 3 times larger than that
of the present study, but a 400-mm focal-length lens
was used. The interaction length in the initial study
was ~ 1 cm, compared with the present value of ~500
wm. In the initial study, the probe beam was tuned to
the 38/, — 3P;,, transition, which is characterized
by a stimulated absorption-rate coefficient 48 times
larger than that of the 3P,;, — 5S;,; transition. For
the current study, étalons in each dye-laser cavity
reduce the laser bandwidth by approximately a factor
of 3, but they also reduce peak power, so that this
effect can be ignored. NaCl solutions were at least five
times more concentrated in the earlier ASOPS stud-
ies. Considering these changes, we see that the cur-

rent SNR is certainly increased by several orders of
magnitude compared to our pervious results.

This improvement reflects favorably on the even-
tual detection of naturally occurring flame radicals.
Our ultimate goal is to detect OH, since its reso-
nances fall within the frequency-doubled output of
the dye lasers. The expected reduction in the SNR will
be significant, with a reduction in the Einstein rate
coefficient from that of sodium by three orders of
magnitude. Moreover, a sizeable drop in available
laser power and beam quality will result, owing to the
inefficiency of frequency doubling for the mode-
locked laser systems, although nearly 30 mW of
second-harmonic output has recently been obtained
in our laboratory.” Experiments demonstrated in
this paper show that the present ASOPS detection
scheme falls far short of the shot-noise limit. More-
over, frequency doubling will significantly increase
the baseband noise.’® Indeed, initial attempts at
obtaining OH lifetimes by using the ASOPS method
have not been successful.® Recent improvements in
mode-locked laser technology have been shown to
significantly improve laser operation.81-83 Several of
these advances are presently being implemented. A
particularly intriguing development is the optical
feedback technique, which has recently been demon-
strated to substantially reduce dye-laser noise and
result in transform-limited pulses.”8 We are pres-
ently evaluating the technique for use on the pump
and the probe dye lasers.

It is also possible to relocate the beat frequency in
order to enhance the SNR. Fig. 5 suggests that a beat
frequency of above 400 kHz would reduce noise by
over 30 dB from the present case. A frequency
analysis of the ASOPS signal of Fig. 10 predicts that
it may be necessary to retain ~ 100 harmonics to
prevent excessive distortion.®> Moreover, the Nyquist
sampling theorem requires that the signal bandwidth
must be kept below 41 MHz for the present mode-
locking frequencies. Thus the optimum beat fre-
quency is probably located somewhat below 400 kHz.
Even at this increased frequency, a single scan time of
2.5 psec results, and since signhal averaging would
likely remain necessary, the turbulence spectral infor-
mation would in turn be limited to the millisecond
regime. Although such information would be a valu-
able tool, the beat frequency could be extended by
using third-harmonic mode locking of the Nd:YAG
laser systems. The resulting 246-MHz mode-locking
frequency would allow a beat frequency of over 1
MHz.48 Since the present ASOPS results are obtained
in a time scale that falls far short of the regime
required for turbulent combustors, it will clearly be
necessary to change the pump, probe, and beat fre-
quencies in this manner.

The differential detection circuit described in this
paper, even though it reduces noise by ~20 dBm, is
difficult to use since the reference and signal beam
irradiances must be carefully matched. A remarkable
noise cancellation circuit has recently been shown by
Hobbs to reduce baseband noise by over 50 dBm?5-86
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and it does not require the reference and signal
irradiances to be carefully balanced. This circuit is
presently being added to our instrument.
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