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Abstract. We describe an experimental and semi-quantitative theoretical investigation of
the characteristics of two-photon-induced stimulated emission related to diagnostic
applications. The laser power dependence, pressure dependence, and the spectral shape of
the stimulated emission signal in CO are discussed and compared with those for laser-
induced fluorescence. We also discuss decreases in the laser-induced fluorescence signal
caused by the stimulated emission process, and propose a method for providing increased
spatial resolution in measurements made using stimulated emission detection.
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Since the advent of the laser in the early nineteen-
sixties, a variety of laser-based spectroscopic tech-
niques have been developed for diagnostic purposes.
These methods are extremely valuable for probing
harsh environments such as flames, where the nonin-
trusive nature and high spatial and temporal reso-
fution obtainable with optical techniques are very
useful. Spontaneous Raman scattering and coherent
anti-Stokes Raman scattering (CARS) are commonly
used for measurements of temperatures and major
species concentrations, and laser-induced fluorescence
(LIF) has been widely used for detecting minor species.
For a comprehensive review of the application of these
techniques to combustion diagnostics, see [1] and
references therein.

In the field of laser-induced fluorescence, the use of
multiphoton excitation schemes has made it possible
to detect flame species that would otherwise require
VUYV excitation, such as O [2], H [3], and CO [4]. In
diagnostic applications of multiphoton (as well as
single-photon) LIF, it has been commonly thought
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that collision-induced processes and spontaneous
emission generally dominate deexcitation from the
laser-excited state. However, flame and cell experi-
ments on atomic oxygen have recently shown that
stimulated emission (SE) induced by two-photon laser
excitation provides an additional deexcitation path-
way [5]. After this demonstration, the effect has also
been utilized for flame detection of carbon atoms [6],
hydrogen atoms [7], and nitrogen atoms [§]. Similar
effects have been observed earlier in many atomic and
molecular species (see, for example, [9-12]). There
seems to be some controversy and confusion over the
origin of the emission, partly for semantic reasons. The
process has been attributed to superradiance, superflu-
orescence, and amplified spontaneous emission (or
stimulated emission). The difficulty of determining the
origin of the process in a particular study has recently
been demonstrated by the use of the description
“bidirectional emission” in order not to give it an
incorrect designation [13].

Superradiance (also called Dicke superradiance
[14]) and superfluorescence are coherent radiation
from a small volume of dipoles initially prepared with a
large degree of coherence, where there is a strong
coupling between the atoms through the common
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radiation field [15]. The difference between the two
processes lies in how the initial coherence is created
[16]. Characteristic for both processes is that the
emission is delayed with respect to the pump pulse and
that the delay can be long compared to the pump pulse
length. A prerequisite for these phenomena to occur is
that the dephasing time is long compared to the time in
which the atoms interact with each other, so that the
coherence can be maintained. When these require-
ments are not satisfied, for example, in the presence of
rapid dephasing collisions at elevated pressures, we are
approaching a region in which stimulated emission or
amplified spontaneous emission occurs [11]. Because
the high pressure regime (2 10 Torr) is usually encoun-
tered in diagnostic situations, we are most certainly in
a regime where stimulated emission is responsible for
the emission. A variety of other nonlinear optical
processes such as four-wave mixing and stimulated
hyper-Raman scattering [17] can also occur under
these conditions, and can interfere with the stimulated
emission process under some conditions [18,19];
these processes are not treated in this paper.

In this paper we address some properties of the SE
technique as a diagnostic tool, including experiments
aimed at comparisons between LIF and SE, investi-
gations of the influence of SE on quantitative LIF
measurements, and possible extensions of the SE
technique to obtain an increase in spatial resolution.
The possibility of increasing the SE signal intensity, in
both the forward and backward direction, by introduc-
ing optical feedback is of special interest. In most
experiments we have chosen carbon monoxide as a test
species because of the ease of using a stable gas for well
controlled experiments, exciting the two-photon
BX*« X X* transition at 230nm and detecting
subsequent B X" A T emission in the blue-green
region of the spectrum. Fluorescence emission from
this process was first studied by Loge et al. [20], and
later used for flame detection of CO [4]. Stimulated
emission from this process was first reported in the
paper describing the flame study {4], and has also been
discussed by Tiee et al. [21]. In addition to the CO
experiments, we also report some new measurements
made on atomic oxygen.

Section 1 of this paper describes the experimental
apparatus. During the course of these experiments we
observed several differences between the behavior of
the SE and LIF signals, in particular with respect to
laser power dependences, spectral characteristics,
spatial generation, and pressure dependences. These
effects, and the possibility of probing the SE region to
increase the spatial resolution of the signal, are re-
ported in Sect. 2. We develop a semi-quantitative
model to describe these observations in Sect. 3, fol-
lowed by a conclusion.
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1. Experimental Apparatus

We employed several different experimental arrange-
ments during the course of the experiments; the most
general set-up is shown in Fig. 1. The laser system
consisted of a Nd:YAG laser, a dye laser, and
frequency-doubling/mixing components. The Quantel
YG 581-10 Nd: YAG laser produced 1.06-pm pulses
with a duration of 13 ns and a bandwidth of about
1 cm™ !, These pulses were frequency-doubled to yield
about 400 mJ/pulse at 532 nm, and used to pump a
Quantel TDL-50 dye laser operated with a prismatic
beam expander in the cavity, yielding a linewidth of
about 0.08 cm 1. In the CO experiments, the dye laser
was operated at 587 nm using Exciton Rhodamine 610
dye. The dye-laser beam was frequency-doubled and
then mixed with the residual laser beam at 1.06 um in
KDP crystals to yield up to 3.5 mJ/pulse at 230 nm, the
two-photon absorption wavelength of CO. For two-
photon excitation studies of atomic oxygen, the same
laser system produced about 2.5 mJ at 226 nm. Power
dependences were obtained using a variable attenuator
that did not affect the size, modal structure, or
direction of the laser beam (Newport Corporation
Model 935-10).

All costudies were performed in a stainless-steel
cell equipped with fused-silica entrance and exit win-
dows, and a separate quartz window perpendicular to
the beam for LIF studies. A HI-TEC Series F-100/200
thermal mass flow meter controlled the gas flow.
Fused-silica slides were placed before and after the cell
to investigate the effects of adding a small fraction of
the stimulated-emission signal as feedback in the
forward and backward directions; the slide marked Qg
added feedback to the forward-direction beam (the SE
signal propagating in the same direction as the laser
beam), and the slide marked Qg added feedback to the
backward-direction beam (the SE signal propagating
in the opposite direction as the laser beam). The laser
beam was focused into the cell by a fused-silica lens
(f=200 or 500 mm), and the SE signal was re-
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Fig. 1. Experimental apparatus
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collimated with a similar lens (f =200 or 500 mm),
spectrally isolated from the pump beam by a glass
slide, and detected by a photomultiplier tube (EMI
QB-9558, Fig. 1d). Operation of the PMT in a linear
regime required attenuation of the SE signal (which in
the case of CO was clearly visible by eye as a blue-green
beam) by a factor of 10 with neutral density filters. In
the LIF experiments, the fluorescence was imaged by a
UV Nikon camera lens (f/4.5, f =105 mm) using one
of three different detector arrangements a), b), and ¢) in
Fig. 1. In the first two approaches, the LIF was imaged
onto the entrance slit of a spectrometer (Jarrell-Ash
1233) containing three interchangeable gratings, yield-
ing dispersions of 1.5, 6.0, and 24 nm/mm, respectively.
Detector a) was a second EMI QB-9558 photomulti-
plier, and detector b) was a Tracor Northern TN-1710
multichannel analyzer with a diode array detector
(Tracor Northern model 6144). The latter detector was
also used in the imaging mode for spatially resolved
measurements of fluorescence along the laser beam in
the focal region, as represented by c). The LIF and SE
signals from the two photomultipliers were transferred
to a boxcar averager (PARC 4402) with two channels
for simultaneous processing.

2. Measurements

2.1. Spectral Measurements

One of the differences between the stimulated emission
and the laser-induced fluorescence signals of O and CO
was the spectral content of their emission. The relevant
energy levels, the LIF spectrum, and the SE spectrum
are shown in Fig 2a-c for atomic oxygen and in
Fig. 2d—f for CO. For atomic oxygen, the LIF spec-
trum displays both the triplet 3P-3S emission at
845nm and the collision-induced quintet 3P-3S
emission at 777 nm; in the SE spectrum, only the triplet
emission at 845 nm appears. The absence of the
777-nm transition indicates that the laser pulse does
not create a sufficient population inversion between
the 3P and the 35 levels to reach the SE threshold
(collisions transfer only a fraction of the 3P popula-
tion to the 3P state).

The situation for CO is very similar. The LIF
spectrum (Fig. 2¢) is dominated by the B—A tran-
sitions between 480 and 725 nm, with smaller peaks
around 300 nm originating from the collision-induced
b-»a triplet system. (The small peaks around 600 nm
are the second order diffraction of this radiation.) We
observed emission from the C, Swan bands, as re-
ported in [4], but suppressed it by using a short gate
(100 ns) on the diode array detector. The stimulated
emission occurs on those transitions with the
largest Franck-Condon factors in the B— A transition,
as shown in Fig. 2f. We did not observe emission from
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Fig. 2. a Atomic oxygen energy levels; b dispersed fluorescence
spectrum of atomic oxygen; ¢ dispersed SE spectrum of atomic
oxygen; d CO energy levels; e dispersed fluorescence spectrum of
CO; f dispersed SE spectrum of CO

the collisionally populated triplet system in the SE
spectrum.

2.2. Power Dependences

We observe a distinct difference in the power de-
pendences of the SE and LIF signals. This is because
the SE and LIF processes do not have the same
dependence on the density of excited species in the
focal region of the laser beam. The strength of the LIF
signal is proportional to the density of the excited
molecules. The SE power dependence can be divided
into three regions. First there is the region in which the
excited state density is too low for stimulated emission
to occur (below threshold). Next, a region of exponen-
tial gain is attained. Finally, a region of gain saturation
is reached, where nearly all molecules are involved in
the process, and the SE signal strength is limited
primarily by the rate at which the atoms or molecules
can be excited, leading to a signal dependence that is
proportional to the density of excited molecules,
similar to that for LIF.

The results of our SE power-dependence measure-
ments on 76 Torr of CO are shown in log-log format in
Fig. 3. We observe a threshold (not shown in the
figure), followed by a region of very rapid gain
(assumed to be exponential). The third region shows a
linear dependence with a slope of about 1.5, which is
lower than the expected quadratic dependence for a
two-photon process, indicating the presence of other
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Fig. 3. Intensity dependence of the SE signal for 76 Torr of CO in
the cell

processes (such as partial saturation of the two-photon
transition and/or rapid photoionization out of the
laser-excited state). In the absence of saturation and
photoionization, we expect the SE signal to increase as
the focal length of the focusing lens is decreased.
However, we observe more intense SE using a 500-mm
focal-length lens than using a 200-mm lens, probably
because of increased photoionization for the shorter
focal length (this point is discussed further in Sect. 2.7).
In other two-photon-excited LIF studies, Loge et al.
[20] report a slope of 1.2, and Tjossem and Smyth
report a slope of 1.5 at low laser energies, decreasing to
a slope near unity at higher laser energies [22].

2.3. Feedback Studies

We observed a considerable increase in the SE signal if
a quartz plate was introduced prior to the cell and
aligned so that optical feedback of the stimulated
emission beam was achieved. It became evident that
the increase in strength of the SE beam depended
strongly on the laser power in the UV laser beam. In
the case of CO this increase could be over two orders of
magnitude if the laser power was set close to the
threshold for stimulated emission, which, e.g., occur-
red at a laser power of 0.4 mJ and a cell pressure of
80 Torr using the 200-mm focal-length lens. However,
the increase achieved at the threshold power exhibited
strong fluctuations, indicating that it is sensitive to
many parameters in the experimental set-up, such as
the accuracy with which the feedback plate was
aligned. If the laser power was set to its maximum
value (~2ml/pulse in the cell), the increase was
measured to be about a factor of four. This value for
the increase was relatively independent of the position
of the quartz plate along the laser beam for separ-
ations from the cell of up to 1 m.

The spectral content of the SE signal was observed
to change when feedback was introduced into the
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Fig. 4. Normalized SE spectra from CO in a cell without feedback
(solid curve), with forward feedback (dotted curve), and with both
forward and backward feedback (dashed curve)

system. Figure 4 displays three spectra, normalized to
have equal peak heights on the strongest (520-nm)
rovibronic transition. The solid curve displays the
spectrum observed without any feedback (as in Fig. 2f).
When the quartz plate prior to the cell was adjusted for
forward feedback the spectrum with the dotted line
was obtained; when the glass plate behind the cell was
also adjusted for backward feedback (see below), the
spectrum with the dashed line was recorded. Feedback
evidently enhances the weaker rovibronic transitions
relative to the strongest 520-nm transition, and this
effect is accentuated in the presence of combined
forward and backward feedback. This effect and the
dependence of the gain on the laser power can be
explained assuming that the stronger transitions satu-
rate more easily than the weaker transitions as feed-
back is introduced and the SE signal becomes stronger.

2.4. Spatial Resolution and SE Gain Probing

For diagnostic purposes, one obvious disadvantage of
the SE technique (compared to LIF, for example) is its
limited spatial resolution along the laser beam due to
its line-of-sight nature. In order to get a rough estimate
of the spatial resolution, we translated a small
atmospheric-pressure hydrogen-oxygen flame pro-
duced by a welding torch along the focal region of the
laser beam, and measured the SE signal intensity from
oxygen atoms as a function of traversed distance.
Atomic oxygen is localized within the very thin
(<1 mm) reaction zone of this flame. The conical
cross-section of this flame means that the laser beam
actually traverses two reaction zones and a region of
unburned gases between them, yielding an effective
structure approximately 3 mm in length. This struc-
ture was verified by imaging measurements of the LIF
directly onto a diode-array detector. Using the
200-mm focal-length lens to focus the laser beam, the
halfwidth of the SE distribution observed as the flame
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Fig. 5. Experimental arrangement for obtaining improved spatial
resolution

was translated through the focal region was only about
4 mm, indicating that most of the SE is produced
within a narrow region along the laser beam. This is
not surprising because of the rapid decrease of the laser
intensity with distance from the focal region and the
nonlinear dependence of the SE signal on laser
intensity.

Although the generation of most of the SE signal is
confined to the beam waist, the situation is probably
similar to colinear CARS (coherent anti-Stokes
Raman scattering), which has insufficient spatial reso-
lution for many applications. One concept for obtain-
ing improved spatial resolution with SE detection is to
use the SE beam after the cell as a probe beam, and to
measure gain in this beam produced by the SE process.
Using the experimental set-up shown in Fig. 5, the SE
signal generated in the 76-Torr sample of CO was
spectrally isolated from the pump laser as in the
previous experiments. In this arrangement, however,
the SE beam was reflected back into the probe area and
crossed with the pump beam in a near-
counterpropagating geometry at an angle of ~6°. The
effect was investigated both with and without feedback
from a quartz plate placed in front of the cell. The
intensity of the probe beam was attenuated by the
neutral density filters so that it would be amplified by
the full unsaturated gain. Care was taken to make the
beam waist of the longer-wavelength SE beam smaller
than that of the pump beam to optimize the effect. We
found that a gain of around 30% could be measured in
the presence of forward feedback, which was as-
certained by a slight misadjustment of the overlap.

2.5. Forward and Backward Stimulated Emission

Several experiments were performed to study the
relative strengths of the SE signals emitted in the
forward and backward directions. We first measured
the ratio of the intensities of the forward and backward

SE signals for various CO pressures, operating with
1-2 mJ/pulse, and using two different lenses to focus
the laser beam (200 mm and 500 mm). During these
experiments, the forward and backward SE signals
were measured by the same PMT to assure a similar
detector response. Care was also taken to provide
identical optical losses along the beam paths, and to
avoid possible polarization effects or spuriously scat-
tered light. The two signal intensities were recorded by
averaging over 1000 laser shots. Using the longer focal-
length lens, the intensities in the forward and backward
generated SE beam were found to be approximately
equal. Using the shorter focal-length lens, we found
that the SE signal generated in the backward direction
was about a factor of two more intense than that
generated in the forward direction. This factor seemed
to be independent of pressure over the range
5-100 Torr, and relatively independent of pulse energy
once the process was well above threshold. The
difference in the behavior for the two focal-length
lenses may be due to greater contributions of other
nonlinear optical processes in the higher-intensity
focal region of the shorter-focal-length lens.

We next investigated what gain could be achieved
with forward and backward feedback of the SE.
Operating at constant laser power and a CO pressure
of 76 Torr, and alternately introducing feedback in the
forward and backward directions, we found that the
gain in the forward direction was approximately twice
that in the backward direction. Folding in the factor-
of-two difference in the two signal strengths observed
without feedback, the net result with feedback is that
the SE signal strengths in the forward and backward
direction become roughly the same. This ratio was not
affected by variations in laser pulse energy.

2.6. Pressure Dependences

CO was used as the test species in a comparison of the
variation of the SE and LIF signal strengths as a
function of pressure. The CO pressure in the cell was
slowly increased from 0—760 Torr at a constant rate of
about 0.2 Torr/s, and the SE (either with or without
forward feedback) and the LIF signals were simulta-
neously measured using the two channels of the boxcar
integrator. Figure 6 shows the LIF and SE signal
strengths as a function of CO pressure in the cell (open
circles and crossed squares, respectively), operating at
a laser pulse energy of about 1.5 mJ/pulse. This figure
also illustrates the change in the SE distribution when
feedback was introduced (open squares). The LIF and
SE signals behave very differently as the pressure is
increased, with the SE signal increasing rapidly fol-
lowed by an almost equally rapid decrease, while the
LIF signal increases smoothly. The variation of the SE
signal with pressure becomes less rapid in the presence
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Fig. 6. LIF signals from pure CO as a function of pressure (open
circles), and SE signals from pure CO as a function of pressure
without feedback (crossed squares) and with feedback (open
squares)
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Fig. 7. Signal intensities from 76 Torr of CO as a function of
added gas pressure: LIF signal intensity as function of added N,
(open circles), and SE signal intensity as function of added Ne
(crossed squares) and added N, (crossed diamonds)

of the forward-direction feedback, which seems very
reasonable because the initial value of the stimulated
emission rate is larger with seeding than without,
allowing the stimulated process to build up.

Ne and N, were used as test gases to compare the
effects of foreign-gas collisions on the SE and LIF
signals to the behavior in pure CO. Figure 7 displays
the results when an initial 76-Torr sample of CO was
diluted with Ne or N, up to a total sample pressure of
760 Torr. Dilution by N, had almost no effect on the
LIF signal either in the absence of feedback (open
circles) or when feedback was present (not shown). The
variation of the SE signal strength (without feedback)
in the presence of added Ne and N, are represented by
the crossed squares and crossed diamonds, respec-
tively. The SE signal decreases less rapidly with added
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pressure of Ne than of N,, consistent with LIF
measurements [20, 23] indicating that Ne has a smal-
ler quenching cross section than N, (although quench-
ing may not be the most significant collisional effect).
These points receive further attention in Sect. 3 of this

paper.

2.7. Imaging Measurements and Effect of SE on LIF

In addition to its potential application as a diagnostic
tool, it is also very important to determine if SE is in
any way affecting the LIF signal by introducing a new
physical process for depopulating the laser-excited
electronic state. Because we are unable to directly turn
on and off the SE process, our initial investigations
were made by looking for changes in the LIF intensity
and spectral content by modifying the strength of the
SE signal, namely with and without optical feedback.
We measured the LIF signal intensity while varying
the laser pulse energy and the CO pressure in the cell,
averaging 400 laser pulses for each set of conditions. As
shown in Fig. 8a, the dispersed LIF spectrum with
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Fig. 8. a Dispersed spectra when using feedback for the SE signal
(solid curve) and without feedback (dashed curve). b Normalized
spatially resolved LIF distributions using the =200 mm focus-
ing lens and a pressure of 76 Torr (solid curve) and 380 Torr
(dashed curve). The spatially resolved LIF distribution at 76 Torr
using the f=500 mm focusing lens is illustrated by the dotted
curve
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feedback (solid curve) and without feedback (dashed
curve) were spectrally identical; examination of the
peak heights, however, demonstrates that enhancing
the strength of the SE by adding the forward feedback
could reduce the LIF signal strength by up to 25%.
The miagnitude of this reduction increased with laser
intensity, but was independent of the CO pressure.
The spectra in Fig. 8a show that introducing
feedback affected the LIF signal. They do not, how-
ever, tell us anything about the absolute scale of the
influence of the SE on the LIF signal, namely the
decrease of the LIF signal caused by the presence of SE
in the absence of the feedback. We investigated this
effect by imaging the LIF directly onto the diode-array
detector, performing the measurements at two differ-
ent CO pressures. As was shown in Fig. 6, there is a
strong LIF signal at a CO pressure of 380 Torr, but the
SE signal is zero. At a CO pressure of 76 Torr the SE
signal is present, and could affect the spatial ap-
pearance of the LIF, especially if the SE signal strength
is enhanced by introducing feedback. Accordingly, we
imaged the LIF signal from the cell onto the diode
array at the two pressures mentioned for two different
focusing lenses and with forward feedback present.
The LIF image represented by the dotted curve in
Fig. 8b was recorded using the 500-mm focal-length
lens and a CO pressure of 76 Torr. In the absence of
other effects, a flat-topped signal would be expected
from the uniform CO distribution in the cell. The
asymmetry in the image is primarily caused by nonuni-
form response across the detector, although there is
also some contribution from attenuation of the laser
beam by CO absorption (we found that the absorption
grew quickly as the CO pressure was raised in the cell,
reaching 70% at 760 Torr). The sharp cutoffs at the
edges of the image are due to the size of the cell window.
The normalized curves obtained using the 200-mm
focal-length lens at 76 Torr (solid curve) and 380 Torr
(dashed curve) are shown in Fig. 8b. For these meas-
urements, a large dip is observed in the middle of the
LIF distribution. We believe that this decrease is
caused by rapid photoionization in the focal region of
the laser beam; a similar dip is not observed using the
500-mm focal-length lens (dotted curve) because the
intensity in the focal region is lower. The asymmetry in
the images is again caused primarily by nonuniform
response across the detector. It is evident in Fig. 8b
that the shape of the LIF images recorded using the
200-mm focal-length lens at the two pressures (solid
and dashed curves) are different; we believe that this
difference is caused by the presence of SE at 76 Torr,
and its absence at 380 Torr. This difference occurs only
in the inner part of the focus, which agrees with our
contention that the extension of the SE focus is
narrower than the LIF distribution because there is a
threshold power density for stimulated emission.
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Fig. 9. a Schematic energy-level diagram for CO illustrating the
important excitation and deexcitation routes. b Time-dependent
solution to the CO rate-equation system in the absence of SE

(500 Torr) calculated assuming a Gaussian laser pulse centered at
t=20ns and having a half-width of 5 ns

3. Discussion

In this section we develop a semi-quantitative model
for the CO system, and use it to interpret the results
presented in the preceding section. The most impor-
tant characteristics of the CO system studied here are
determined by a rate-equation analysis of the three-
level system plus ionization continuum as illustrated in
Fig. 9a. It should be pointed out that in studies on
stimulated emission in oxygen [ 5], carbon [6, 12], and
hydrogen atoms [7], the large-scale structure of the
energy levels and the transitions are essentially the
same as in the CO molecule. Even the relative relations
of the rates in each of these systems are such that the
semi-quantitative conclusions for CO obtained below
are applicable for the other species as well. Models
which exclude the influence of the stimulated emission,
but otherwise are similar to the one described below,
have been developed for carbon monoxide [24],
oxygen [25], and hydrogen [26]. For carbon,
Bergstrom et al. [12] have developed a quantitative
computer model which includes spatial and temporal
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variations of the laser pulse in the rate equation system.
The results of their model agree with the results
presented below.

For CO, levels 1,2, 3, and 4 in Fig. 9a represent the
X =7 (v"=0) state, the 41 state, the B2 (v'=0)
state, and the ionization continuum, respectively. The
system is characterized by the rate Egs. (1-5):

dgl =—~W;3N; +(4;5;+ 051N,
+(W31+A45,+03)N3, )
Y o ([Baaliafc]+ Axy + Q2N
+([Bs Igp/c]1+ A5, +Q35)N5, (2)
s WaN, 4 [BuslafcIN,
—(Way + Piont+ A3y + Q31 +[Baylse/c]
+A43,+Q32) N, 3)
El% =P;ixN3, )
No=N{+N,+N3+ N, %)

where N, is the population in level i, N,,, is the ionized
population, N, is the total population, W, 5 is the two-
photon absorption rate coefficient, P,,, is the photo-
ionization rate coefficient, Q;; is the quenching rate
coefficient from state i to state j, B;lg/c is the
stimulated emission rate coefficient, and 4;; is the
spontaneous emission rate coefficient. Equation (4) for
the number of ions produced, N,,,, neglects recombin-
ation processes, which occur on a much slower time
scale than the other processes considered here. For the
discussion below it is useful to provide a very rough
estimate of the approximate magnitude of the rate
coefficients. The two-photon excitation rate for
linearly polarized light may be estimated from the
two-photon absorption cross section [21], a, of
1x1073% cm*/W. Although a wide range of laser
pulse energies were used in the experiments, we will use
typical data to make order-of-magnitude estimates,
namely a laser pulse with an energy of 3 mJ in 5-6 ns
focused with a 200-mm focal-length lens to a ~40-
micron spot size, yielding a power density of approxi-
mately Iy;y=5x101°W/cm?. Using W,;=aliy/hv,
where A is Planck’s constant and v is the frequency
of the laser, the transition rate W, is calculated
to be ~1x10'°s~!, Measurements of the radia-
tive lifetime of the B2 * (v =0) state yielded 4;,=14
x 107 s~ [27]. The quenching of B'X* (v*=0) has
been measured at room temperature for carbon
monoxide [20] (6 x10%/Torr-s), neon [23]
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(1 x 10°/Torr-s), and nitrogen [20] (5 x 10%/Torr-s),
leading to quenching rates of 1 x107-5x10®s™! at
100 Torr and an order of magnitude higher at at-
mospheric pressures. Predissociation can be neglected
[22] for the v’ =0 vibrational level in the B'X* state.
The A'II state is characterized by quenching and
emission rates which are comparable to or up to one
order of magnitude larger than those for the B'X™
state [23]. The photoionization cross section o;,, for
B'Z™* (=0, J'=10) was determined by Ferrel [28] to
be 1.4 x 107 2% cm? at 302 nm. Adopting this value for
our 230-nm excitation wavelength yields a photo-
ionization rate P, ,=0;,Jyv/hv of approximately
1 x 10° s~ 1. Finally, the average rate of the stimulated
emission during the pump pulse was estimated from
measurements of the intensity of the stimulated emis-
sion, ranging from 1x10°-1x 1025”1 The rate
varied strongly with laser power, CO pressure, etc.,
leading to the large range of observed rates. Although
the stimulated CO signal was very strong, its energy
in the absence of feedback was not more than a few uJ
(ie., a conversion efficiency of about 1073),

1t is not possible to solve the rate-equation system,
either under steady-state conditions or as a function of
time, because it contains more unknowns (five) than
useful equations (four). Equation (5), expressing num-
ber conservation, is degenerate with the first four and
does not add any information. Several difficulties are
encountered in attempting to complete the system by
formulating a constitutive equation for the stimulated
emission. In the absence of SE, the time dependence of
the energy-level populations can be calculated inde-
pendently at every point along the laser beam, and then
summed to yield, for example, the total fluorescence.
Figure 9b shows such a numerical solution to the rate-
equation system, using rates taken from the text and
adjusted for a pressure where no SE occurred
(500 Torr). In the presence of SE, the situation is more
complicated because different points are coupled to
each other through the common radiation field, and
are therefore no longer independent. Because the term
By;lgp/c can be orders of magnitude larger than the
other relaxation rates, erroncous predictions can result
if it is neglected. For a more detailed study of SE and of
fluorescence in a system in which SE occurs, a different
theoretical approach is needed (e.g., the coupled-wave
approach used to model second-harmonic generation
and stimulated Raman processes), rather than one
based on the simple rate equations typically used to
describe LIF.

The high photoionization rate, in combination
with the large two-photon absorption rate, ionizes a
large fraction of the CO molecules in the beam in less
than 1ns. We thus conclude that the stimulated
emission is a transient phenomenon. The importance
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of the ionization is clearly shown in the calculation
displayed in Fig. 9b, illustrating why the fluorescence
intensity is lower near the focal region despite the
higher two-photon excitation rate, and consistent
with the dip observed in the fluorescence images
shown in Fig. 8b. This is further illustrated in the
fluorescence measurements where different gases were
added as collision partners. Figure 7 shows the flu-
orescence intensity as a function of added N,. Nor-
mally this fluorescence intensity is expected to obey
a Stern-Volmer relationship [(S=A4;,/(45,+05)],
where Q4 (the total quenching rate out of level 3) is
approximately [20] 5 x 10° x py,. This theoretical rel-
ationship results in a much more rapid decrease of
fluorescence intensity as a function of pressure than is
observed experimentally. One possible reason is that
there is an additional loss mechanism, in this case P,,,
which is larger than Q for the pressure range in-
dicated. This would indicate a slightly higher ioni-
zation rate than calculated above.

The experiments depicted in Fig. 7 illustrate the
sensitivity of stimulated emission to collisions of CO
with foreign gases, and the insensitivity of LIF under
the same conditions. Several factors contribute to the
difference in the behavior of the SE and LIF signals.
Because the spontaneous emission rate from the laser-
excited state is independent of the (collision-
broadened) linewidth of that transition, collisional
broadening does not directly affect the LIF signal. The
gain coefficient for stimulated emission is proportional
to the lineshape of the transition, however; collisional
broadening reduces the gain, and this reduction has a
very large effect on the SE signal strength because the
(unsaturated) signal is exponentially related to the gain
coefficient [29]. In addition, several processes (O3, A5,)
cooperate to equilibrate N; and N, after an inversion
is created by the pump pulse, and Bl will not grow if
the inversion is below threshold.

Figure 7 shows that relatively low pressures (e.g.,
~100 Torr of nitrogen) are sufficient to eliminate the
stimulated emission in CO. This is in contrast to the
stimulated emission from the detected atoms in flames,
where the higher atomic two-photon-excitation and
stimulated-emission cross sections (proportional to
Einstein B coefficients) allow stimulated emission at
atmospheric pressures [5, 6, 8]. Another difference
between the atomic and molecular cases may relate to
the validity of the three-level system described in this
section, which ignores the presence of other atomic and
molecular states. This approximation is reasonable for
atomic systems, although quenching and spontanecous
radiative decay to other levels may play some role. The
three-level model is less likely to be accurate for
describing molecular systems, especially at moderate
pressures, where collisions can cause rapid redistri-

bution among close-lying rotational levels. Such redis-
tribution may explain the dramatic decrease of the SE
signal with increasing pressure observed in Figs. 6 and
7 without a concomitant decrease in LIF signal If
collisions rapidly distribute the BX* population
among rotational levels, the SE gain will become
distributed among many rovibronic transitions, and
the nonlinear nature of the gain process will cause the
total gain to decrease rapidly. As we have observed, the
behavior is very different for broadband LIF detection,
for which collisional redistribution would not decrease
the total signal from the linear fluorescence process.
The intensity of the stimulated emission beam in
the backward direction was found to be equal to or
larger than that in the forward direction for all
experimental arrangements. This finding differs from
the measurements reported in [21], in which the
intensity was found to be a factor of ten larger in the
forward direction than in the backward direction. This
discrepancy may be due to varying roles of other
nonlinear processes in the two experiments. Another
possible explanation is the role of spiking in our laser
pulse (due to longitudinal mode beating) in combina-
tion with the existence of a threshold for the stimu-
lated emission. Measurements of these spikes using a
streak camera indicate the presence of spikes on a
subnanosecond time scale. With the rates discussed
above, we find that when stimulated emission occurs,
the rate is sufficiently high to equilibrate the inversion,
thereby terminating the stimulated emission, within
each spike. Thus each spike can be studied separately.
If a photon is spontaneously emitted in the forward
direction from the front end of a spike, it will not give
rise to any gain because it is below threshold all the
time while traveling with the pulse through the flame.
However, if it is emitted in the backward direction, it
will soon be in an area where the inversion is above
threshold, and thus cause gain. Photons sponta-
neously emitted in the forward direction from the back
of the spike will yicld less gain because the backward
propagating stimulated emission in combination with
the photoionization has already depleted the inversion
somewhat. This explains qualitatively the forward to
backward intensity ratio in the absence of feedback.
With forward and backward feedback, the forward to
backward SE ratio was 1:1 (Sect. 2.5), which is reason-
able because in this case the initial intensity at the SE
wavelengths are above threshold for both directions.
In [21], introduction of feedback did not lead to
any observable increase in the SE signal intensity; this
fact was ascribed to delays before the feedback reached
the CO cell that were comparable to their laser pulse
duration (~4 ns). The presence of feedback effects in
our studies can be explained by better temporal
overlap between the feedback and the excitation pulse.
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As described in Sect. 2.4, we found that the region
which generates most of the SE signal has a rather
narrow extension along the laser beam. It has also been
shown that the gain of the ASE generated in a
mirrorless laser with uniform inversion density is
nonuniform [30], yielding an increased ASE spatial
confinement even in a uniform medium [31]. This fact,
combined with the use of a nonlinear (two-photon)
excitation process in a focused geometry, indicates that
moderate spatial resolution can be obtained using
direct SE detection. For situations in which better
spatial resolution is necessary, a crossed-beam con-
figuration such as that described in Sect. 2.4 may be
helpful. In future experiments with this geometry, it
will be interesting to look for a possible loss in the
backward beam and also a loss in the forward beam, as
predicted by Allen et al. in ASE lasers [9]. One possible
complication in the experiment we described, in which
the probe beam was derived from the forward beam, is
that a loss in the forward beam caused by an earlier (in
time) section of the probe beam would result in a
weakening of a latter section of the probe beam,
reducing the net gain observed by integrating the entire
probe pulse. This complication can be eliminated by
using a second laser system, tuned to the wavelength of
the SE, to provide the probe beam.

4. Conclusion

This paper describes several features of two-photon-
excited stimulated emission, emphasizing its properties
as a diagnostic tool. We attribute the process to
stimulated emission rather than superradiance
because it occurs in the regime of rapid collisional
dephasing. The presence of a backward-direction
signal argues against significant contributions from
four-wave-mixing processes, which are only phase-
matched in the forward direction. The sharp signal
dependence on tuning to the atomic or molecular
resonance suggest that stimulated hyper-Raman scat-
tering is also not significant. (This interpretation is
complicated by the differences between the “incoher-
ent” SE process and the characteristics of the “coher-
ent” resonant stimulated hyper-Raman processes; in
particular, interferences with other nonlinear processes
[18, 19] will affect the latter, but will not affect the
former.) Many of the characteristics of SE can be
explained by a simple model. However, to get a
detailed understanding requires a model which in-
corporates spatial, temporal, and spectral variations,
in combination with inclusion of photoionization,
collisional effects, and spontaneous emission as well as
possible influences from superradiance, stimulated
hyper-Raman scattering, and four-wave mixing
phenomena.
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The SE technique possesses certain advantages
over LIF, in particular the laser-like form that the
signal takes. The generation of a signal in the back-
ward direction can be especially useful for application
that provide optical access in only one direction. The
SE signal is very strong (visible by eye for CO and
atomic hydrogen [7]), a characteristic which has
made it possible to detect species which have not been
detected in flames before, namely nitrogen [8] and
carbon [6] atoms. There are, however, also disadvan-
tages with the technique. It is a line-of-sight technique,
providing less spatial resolution along the laser beam
than can be obtained with LIF. We have demon-
strated a crossed-beam configuration for obtaining
improved spatial resolution, but implementation of
this variation is not straightforward. The nonlinear
dependence of the SE signal on number density, going
from below threshold, to exponential to linear growth,
makes quantitative measurements difficult to perform
before a complete picture of the different processes
described above has been achieved. In addition to its
potential applications as a diagnostic tool, the other
very important consideration that arises because of
the generation of the SE signal is its possible influence
on standard LIF measurements. The experiments
described in this paper indicate that there can be an
effect on LIF, as was also reported in [13]. The
quantitative significance of this effect requires further
investigation. We are currently pursuing these and
other studies in our laboratories.
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