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ABSTRACT

A theoretical and‘experimental investigatioﬁ of OH saturated
fluorescence is described. The goal of the research isl;o
develop a saturated fluorescence technique which willlyield accu-
rate molecular number densities over a wide range of flame pres-
sure, tgmperature, and composition. The hydroxyl radical is an
important species in all practical flames. Because its spectrum,
radiative transfer rates and collisional transfer rates are
unusually well-characterized, it serves as a model molecule for a
detailed saturated fluorescence investigaﬁion. .Experimentally,
OH is excited by a ten nanosecond pulse from a Nd:YAG-pumped dye
laser'tuned to an isolated rotational transition in thé'(0,0)

+
band of the AZZ -X2H electronic system. The resulting fluores-—

cence signal is resolved both spectrally and temporally. Total
OH number densities are calculated by collecting fluorescence
from the directly excited upper rotational level, and using the
balanced cross-rate model to analyze the experimental data. The
‘balanced cross-rate model is especially appropriate for the
analysis of safurated fluorescence data when the pulse length of
the excitation laser is on the ofder of naﬁoseconds, although its
use is not restricted to such short pulse_lengths. .Fluorescence
measurements of OH number density agree to within a factor of
three with the results of independent OH absorption measurements.
Significantly, the ratio of the fluorescence signal to the number
density measured by absorption is nearly the same in 30, IOO'and

250 torr H2/02/N2 flat flames, demonstrating the insensitivity of
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iv
the saturated fluorescence signal to the quenching environment of
the radical. Collisional transfer in exéited OH is studied by
recording the time development of OH fluorescence spectrum. The
experimental spectra are compared with the results of time-
dependent computer modeling. By varying rotational transfer
rates until the calculated and experimental spectra agree, rota-
tional transfer cross sections can be calculated. The signal
processing system'was thoroughly checked by compéring the pho-
tomultiplier output to thaﬁ of a fast photodiode, and by compar-

ing single pulse Rayleigh scattering and fluorescence traces with

sampling oscilloscope traces.

PAH compounds are important because they are carcinogenic

and may be precursors to soot formation in flames. The develop-
ment of laser fluorescence‘techniques to measure PAH coﬁpound is
complicated due to the complexity of PAH spectra and the wide
variety of PAH compounds which can be formed during combustion.
N&rrbwband laser excitation around 300 nm has been selected és
moét likely to allow species selectivity in PAH fluorescence

detection.
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1. Introduction

Radical species play a fundamental role in the chemical
kinetics of flame processes. They account for the b;éak uﬁ of
the fuel and oxidizer and have a significant role in the forma-
tioﬁ of pollutants. 1Knowledge of their concentration and
behavior is essential for detailed understanding of fundamental
processes relevant to both energy conservation and pollutant con-
trol. Development of species specific, spatially resolved, sen-
sitive molecular fluérescence techﬁiques will provide experiﬁén—
tal information reqqired not only to demonstrate the validity of

proposed combustion mechanisms but also to infer new mechanisms.

Thé primary goal of this research project is to develop a
reiiable molecular fluoresceﬁce technique which is applicable in
a wide variety of flame conditions. Because of the insensitivity
of the fluorescence signal to the quencﬁing enviromment and laser
puweL [lucLuaLiuus, saturated fluvrescence holds great promisc ao
a rugged technique'which.will give reliable results over a wide
range of flame temperature, pressure and composition. A key
result of our research during the past year is that in three
flames whose pressure varied by almost an order of magnitude, the
ratio of the OH saturated fluorescence signal to the OH number
density was nearly constant. In contrast to the saturated
fluorescence signal, the OH fluorescence signal in the linear
regime is inversely proportional to collisional transfer rates.

To calculate collisional transfer rates and correct the linear



fluofescénce signal té,obtain accurate numbef densities, the
flame pressure, temperature and composition would havg to be
measured. No such correction is necessafy if the fluorescence

signal is saturated.

To correctly interpret saturated fluorescence data for a
given species, a detailed understanding of the laser éxcitation
dynamics of the species is required. Once the excitation dynam-
ics are understood, the fluorescence process can Se modeled;
Spectral and temporal regions of'the fluérescence signél which
can be reliably related to the desired total species number den-
sity can then be isolated. The balanced cross-rate model, which
was developed during the 1979-1980 contract period, is used to
analyze the saturated OH fluorescence data which is reported in
this Progress Report. It appears to give reliable results over

the range of flame conditions studied.

PAH compounds are important because they are potential car-
cinogens and may be precureore to eoot formation in flamee.
Because new liquid fuels derived from coal or shale oil may have

high aromatic content compared to petroleum-based fuels, forma-

tion of PAH compounds and soot will Become even more ot a problem
iq the future. The development of laser fluorescence techniques
to meésure PAH compounds is a challenging task due to the com-
plexity of PAH spectra and the great number of PAH species which
can be formed in a flémé. A major goal of the re;earch is to
find spectral regions, both for excitation and fluorescence

detection, which will allow the detection and measurement of
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either individual PAH species or groups of PAH compounds with

simil

ar chemical structure.

2. Summary of Progress

year:

1.

.HZ/OZ/N

The folloﬁing was accomplished during the last contract

Saturated OH fluorescence was observed in subatmospheric

2 flames at pressures ranging from 30 to 250 torr.

Number densities calculated from the saturated fluorescence
measurements using the balanced cross-rate model (Lucht et
al., 1980b) were within a facfor of three of number densi-
ties calculated via OH absorption. In addition, the ratio
of the OH number densities calculated by fluorescence. and
absorption was nearly the same in 30, 100 and 250 torr
flames; demonstrating the insensitivity of the saturated
fluorescence signal to the quenching environment ot the OH

radical.

The 1PZ0B photomultiplicro and the signal processing system

were thoroughly tested. The time response of the photomul-
tipliers was checked by comparing their output with that of
a fast photodiode; the temporal shape of the photodiode and
photomultiplier signals was very similar. The validity of
the signal averaging used to process the photomultiplier

output was confirmed by using a 500 MHz real-time oscillo-
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scope to capture the signal on a single pulse, and then
averaging the digitized single pulse traces. The average of

the single pulse traces closely approximated the sampling

oscilloscope output.

The time development of the rotational distribution in
A2i+(v=0) OH has been examined for a number of different
flame pressures and excited transitions. The time-dependent
spectra observed are compared with the spectra predicted by
computer modeling of the laser excitation dynamics of OH
using a rate equation approach outlined by Lucht and Lauren—
deau (1979). A rotational relaxation model prosted by Chan
and Daily (1980) has been incorporated into the time-
dependent computer code. By comparing the experimental and
computer generated spectra, it should be possible to obtain

collisional transfer cross sections for excited OH.

A literature review of PAH fluorescence was conducted, and-
the spectral region around 300 nm was selected as the one

most likely to enable selective excitation of PAH species.

Horizontal and vertical motor drives for the flat flame
burner were installed, and electronic read-outs of the
burner position will be installed shortly. We will there-
fore be able to interface the burner positioning system with
a microprocessor. The Nd:YAG-pumped dye laser system will

be upgraded in March with the addition of a Nd:YAG amplifier

and a dye laser post—amplifier.



3. Experimental Facility - The Flame Chemistry Laboratory

3.1 Subatmospheric Flat Flame Burner

The flat flame burner was described in detailrin the first
two Progress Reports (Lucht et al., 1979; Lucht et al., 1980a).
The flat flame burner system, shown in Figure 1, is ideal for the
development of optical diagnostic techniques such aé saturated
fluorescence, because it provides well-characterized flames over
a wide range of operating conditions. New techniques can there-
fore be thoroughly tested before they are applied to more complex
combustion systems. Of course, the diagnostic techniques which
are developed are of great value in fundamental chemical kinetics

studies performed on the flat flame burner.

The flat flame burner consists of a sintered bronze disk 6
¢m in diameter, on which premixed flames are stabilized, and a
surroun&ing sintered bronze ring, through which diluent flows to
prevent entrainment of ambient air. The burmer is enclosed in ;n
anodized aluminum pressure vessel designed for subatmospheric
operation. The pressure vessel has four ports which are fitted
with quartz flats for optical access. The pressure vessel is

evacuated by a Kinney KDH-80 vacuum pump.

Flames have been stabilized on the burner over a ﬁide range
of pressure (15-760 torr), equivalence ratio (0.1-2.0) and

diluent-to-oxidizer ratio (0.2-6.0). The day-to-day reproduci-

bility of burner operating conditions has been verified by OH



Figure 1. Experimental system. The flat flame burner is enclosed in
the pressure vessel in the foreground. The Nd:YAG and dye
lasers are visible in the background.
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absorption measurements. The short term stability of the flame
has been confirmed by monitoring the output of a miniature ther-

~mocouple with an oscilloscoﬁe.

buring the past year, the flat flame burﬁer systeﬁ was
mqunyed on a Newport Research optical table. Horizontal and
vertical motor drives for the burner were installed. At present,
the horizontal and vertical positions of the burner are read from
aial indicators, but linear transducers will be installed shortly
to give an.electroni; re;d—out of burner position. The addition
of the motor drives and the linear transducers wili allow the

interfacing of the burner system with a microprocessor.

3.2 Nd:YAG Laser System

The Nd:YAG-pumped dye laser system has operated very well
for tﬁe past year. During the first yearlof laser operation, the
Nd:YAG laser kept drifting out of alignment after about an hour
of operation. Molectron added a stabilizing vertical plate to
the Nd:YAG laser, and since then the alignment and power have
been much more stablé. Because the types of experiments per-—
formed using the laser require signal averaging, pulse to pulse
temporal and énergy stability of the laser are crucial. The tem-
poral shape and energy of the laser pulse have been found t§ be

stable over time periods as long as six hours.

The laser system will be upgraded in March with the addition

of a Nd:YAG amplifier and a dye laser post—amplifier. The funds
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for the amplifiers were provided by DOT.Contract #DOT;RC—92004 in
anticipation of PAH fluorescencé measurements. The addition of
the amplifiers will increasé the laser ﬁower in the ultraviolet

by approximately an order of magnitude. In addition, the beam
quality of the dye laser output will be markedly improved because
the last dye laser amplifier stage will be longitudinally pumped.
Capital equipment funds are requested as §art of the renewal pro-
posal to purchase an etalon for the dye laser cavity Fo reduce
the frequency bandwidth of the dye laser radiation from 1 c:m--1 to
.lcm_l. The rationale for ins;alling the etalon is furthef dis-

cussed in Section 4.3.

4. Experimental and Theoretical Progress

4.1 Experimental System for Fluorescence Measurements

The experimental system fo? OH fluorescence is showm
schematically in Figure 2. Fluorescence is induced by tuning the
dye laser radiation té an isolated transition in the (0,0) band
of the A2£+¥X2H electronic system. The dye laser is pumped by
the second harmonic (532 nm, 90 mJ) of the fundamental Nd:YAG
laser beam (1064 nm, 250 mJ). The fundamental dye laser radia-
tion (618 nm, 25 mJ) is doubled (309 nm, 2 mJ) using an angle
tuned KDP crystal. The laeer pulse length is nominally 10 nsec,
but the pulse exhibits two or fhree lobes which have full widths

at half maximum (FWHM) of 4 nsec.
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The dye laser radiation is reflectéd twice from dielectric
-mirrors which are full reflectors at 309 nm. The:reflectance of

the mirrors at 618 nm is approximately 10%, so that after two
reflections the red energy in the beam is much less than a milli-
joule. The beam is then focused over the flat flame burner using

a 30 cm quartz lens. The spot size at focus is on the order of

100 ym, as measured by burn patterns on thermal paper.

OH fluorescence 1s collected by a 15 cm focal length quartz
lens at‘right angles to the laser beam. The fluorescenée image
is rotatéd from a horizontal plane to a vertical plane uSing a
two mirror system, and focuséd onto the vertical spectrometer
slif by a 25 cm focal length quartz lens. The spectrﬁmeter slits
are typically set at 75 uym, and the resulting spectrailresolution
is approximately 2 cm—l. A 1P28B photomultiplier specially wired
so that the FWHM of the impulse response is 2 ns (Harris et al.,
1976)-is placed at the exit slit., The photomultiplier signal is
proccceed by a 1 GHz Tektronix 5814N sampling oscilloscope. The
5S514N sampling window can be scanned across or placed at é given .
time position in the fluorescence pulse waveform. The time posi-
tion and vertic¢al deflection of the sampling window are displayed
on a chart recorder. A capacitor is placed across the chart |

recorder leads to minimize random noise in the recorded signal.
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4.2 Saturated OH Fluorescence in Subatmospheric EQ/QQ/EQ Flat

Flames

In the Progress Report (Lucht et al.,'1980e) for the con-
tract period 3-1-79 to 2-29-80, the so-called balanceé,cross—rate
ﬁodel was outlined. - The balanced cross-rate model waé proposed
in order to analyze saturated fluorescence data when tﬁelexciting .
laser pulsellength 1s on the order of nanoseconds. During the
past year, the balanced cross—-rate model was used to calculate OH
number densities from saturated fluorescence measurements in
subatmospheric H2/02/N2 flat flames. The OH number densities
calculated from the fluorescence measurements showed . good agree-
ment with number densities calculated via absorption measurements
in three flames whose pressure varied by nearly an order of mag-

nitude, 30, 100 -and 250 torr flames.

Brlefly reviewing the balanced cross-rate model, the basic
premise is that fluorescence from the single upper rotational
level which is directly excited by the laser can be reliubly
related to the total molecular population, provided that the
total population of the single upper and lower rotational levels
coupled by the laser transition is constant during tﬁe laser
pulse. Because the laser—induced transitions that couple the
directly excited levels are so fast at saturation conditions, a
steady state population balance is estahlished between these two
levels in less than a nanosecond. Therefore, the populations of
the dlrectly excited upper and lower levels can be'related using

a simple two level saturation model. The total population of the
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difectly excited upper and lower levéls will be nearly constant
during the laser pulse because the population depletion of the
system via rotational relaxation out of the upper level will be
approximately balanced by the population gain due to rotational
reiaxation into the lower level. The total population of the two
levgl system is found by analyzing the fluorescence signal from
the directly excited upper level; this total populatién is equal
to the population of the directly exéited lower level prior to
excitation. The total molecular population can then be calcu-
lated from the population of the directly excited lower rota-
tional level using Boltzmann statistics. The balanced cross—rate
model can be applied even when the laser pulse is long relative
to characteristic collisional transfer times, but is especially
appropriate when the laser pulse 1s short and rotational steady
state is not approached. The balanced cross-rate model is

described in more detail in a paper published in Applied Optics

(Lucht et al., 1980b), a reprint of which is included as Appendix

1.

An OH excitatioq and fluorescence detection scheme appropri-.
ate for the balanced cross-rate model is iliustrated in Figure 3.
The laser is tuned to the P1(5) rotational transition in the
‘(0,0) band of the A22+—X2H electronic system. Fluorescence from
the directly excited upper level is detected by tuning the spec-
trometer to the Q1(4) line. By observing fluorescence at a dif-

ferent wavelength than the exciting laser radiation, Interference

due to Rayleigh scattering is avoided. A typical laser pulse and
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the corresponding laser—-induced fluorescence pulse are shown in
Figure 4. The laser pulse ﬁas recorded by filling thé‘pre55ure
vessel with 20 torr of room temperature NZ and tuning the spec-~
trometer to the laser wévelength to observé Rayleigh scattering

from the nitrogen.

The satufated fluorescence measurements are performed by
placing the sampling window at the peak of the first lobe of the
fluorescence pulse. The sampler puts out a voltage proportional
to the vertical deflection of the window. An average voltage is
"obtained by integ;ating for approximaﬁely two minutes; By
attenuating the laser beam using calibrated Pyrex plétes of vari-
ous thicknesses, a fluorescence versus transmission curve ié gen—
erated. Typical curves are shown for 30 and 250 torr H2/02/N2
flames in Figure 5. .At both pressurés, substantial saturation of
the fluorescence signal occurs. The water vapor pressure in the-
250 torr H2/02/N2 flame 1s 143 torr, the same as in an atmos-
pheric pressure, ctoichiometric methane-air flame. Because water
vapor has the highest cross section for OH electronic quenching,

50 A2 versus 15 A2 for CO, and 5 A2 for N, (Chan and Daily,

2
1980), the saturation behavior of OH in the 250 torr H2/02/N2
flame is similar to the saturation behavior in a one atmosphere °

methane—~air flame.

The data is extrapulated to the condition of full saturation
by plotting fluorescence vereus inverse transmission (transmis-
sion is directly proportional to laser power) and fitting a line

through the points, as shown in Figure 6. The y-intercept is the

s
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fluorescence signal at (transmission)_1=0, or infinité laser
power. This method of extrapolating the near saturateq fluores—
cence data to the condition of full saturation was suggested by
Baronavski and McDonald (1977), who did not at that time consider
the effect of the laser beam intensity profile on the shape of
the éaturation curve (Daily, 1978; Pasternack et al., 1979;
Lucht, 1979). However, determining the actual intensity profile
at laser focus and correctly acounting for the geometry of the

fluorescence collection optics, which will also affect the slope

of the saturation curve, are extremely difficult tasks. The
intercebt of the saturation curve is not, howéver, affected by
these factors (Lucht, 1979). The simple Baronavski and McDonald
extrapolation is used; the test of the extrapolation is the com
parison of number densities calculated via fluorescence and

-absorption methods. The calculation of number densities from the

saturated fluorescence data is outlined in Appendix 2, Table 4.1 -

lists OH number densities calculated independently from absorp-
tion and fluorescence. The number densities calculated from
fluorescence are a factor of three higher than those calculated

from absorption; the probable reason for this difference is the

difficulty of correctly estimating the cross-sectional area of

the fluorescence collection volume.

The absorption measurements are accurate to * 10% (Lucht,

1979), but because absorption is a path averaged measurement the

OH number density at the center of the burner will be higher than _

the number density calculated from the absorption measurement.



e
20

 Horizontal scans of the burﬁer using fluorescence have been made,
and the OH number density does fall gradually as the edge of the
burner is approached. To analyze the burner scans correctly,
however, self-absorption of the fluorescence signal, which is
approximately 10%Z when the center of thé burner is probed, must
be taken into account. At this time the analysis is incomplete,
but based on the gradually changing OH number density profle
observed, it is unlikely to account for the discrepancy in the
fluorescence and absorption results. In a study of CN and CH
saturated fluorescence, Eckbreth et al. (1979) also found that
the number densities which they calculated from their saturated
fluorescence measurements were a factor of two higher than those

calculated via absorption.

It is very significant, however, that the ratios of the
number densities calculated from fluorescence and absorption are
nearly equal for all three flames, despite a factor of eight
change in flame pressure and colligional transfer rates. The
constant number density ratio strongly suggests that the
discrepancy between the absorption and fluorescence results is
due solely to the difficulty in accurately estimating the
fluorescence collection volume, and nbt to errors in modeling OH
laser excitation dynamics. This is good evidence for the vali~
dity of the balanced cross—rate model ana the usefulness of the
Baronavski and McDonald extrapolation. It also demonstrates the
insensitivity of the séturated fluorescence technique to the

quenching environment of the OH radical. The fluorescence-to-
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absorption ratio given in Table 4.1 can be regarded as a calibra-

tion factor which takes into account the geometry of the fluores—

‘cence collection system. Once this calibration factor is meas-
ured for one flame condition, it can be used to calculate OH

number densities from saturated fluorescence data over a wide

range of flame conditionms.

Flame Water Vapor OH Number Density
?ressure Pressure Fluorescence Absorption Fluor/Abs
" (Torr) (Torr) (1015cm_3) (1015cm_3)
30 17 4 2.0 2.4
100 57 4.6 1.5 3.0
‘250 | 143 3.1 v 1.2 2.6

Table 4.1 OH number densities calculated from independent
saturated fluorescence and absorption measurements.

The normalized slopes of the near saturated Baronavski and
McDonald plots (Figure 6) for the six flame conditions studied
are given in Table 4.2. The normalized slope is simply the slope
~of the line fitted to the fluorescence versus inverse transmis-
sion data divided by the y-intercept of the line. The greater
the magnitude of the normalized slope, the.harder it is to
saturate the PI(S) transition. Note that the normalized slope is
not an increasing function of pressure, as one might expect from
a simple two level rate equation analysis of saturation (Daily,
1977; Baronavski and McDonald, 1977). Instgad, the slope is a

minimum at 80 torr. To fully explain this intriguing result, the

W
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axial mode structure of the dye laser and homogeneous and inhomo-
geneous broadening of the OH resonance must be éonsidered. It is
interesting- to note ffom Table 4.2 that the minimum in normalized
slope is reached wheﬁ the FWHM of the ﬁomogeneous OH linewidth is
approximately one-half the laser axial mode spacing. Below this
pressure, a significant fraction of the OH molecules would be in
Doppler intervals which would not interact strongly with the
laser radiation. The transition would thus be much more diffi-
cult to saturate (Piepmeier, 1972a, 1972b; Killinger et al.,
1976). We are presently undertaking a theoretical study of the
interaction of multi-mode laser radiation and an OH resonance
using density matrix methods. The goal of the study is to quan-

titatively predict the saturation behavior of the resonance.

Flame Pressure Hbmogeneous:FWHM Normalized slope
(Torr) (cm_l)
30 .005 -.0454
50 ‘ .008 -.0432
80 013 - .0404
100 016 -.0446
150 .024 -.0442
250 .040 | ~ -.0470

Table 4.2. Normalized slope of the Baronavski and
McDonald plot as a function of flame pressure
and OH homogeneous linewidth (Wang et al.,
1980). The normalized slope is the slope
divided by the y—intercept.~lThe mode spacing
of the dye laser 13 7 .03cm .
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4.3 Signal Processing System

The temporal response of the 1P28B photomultiplier used to
detect-fluorescence and Rayleigh scattering pulses was checked by
comparing their output with that of a fast photodiode (Scientech
Model 301-020) which has a claimed resolution of less than a
nanosecond. Single pulse tracesiof the photodiode output and the
1P28B output due to Rayleigh scattering are shown in Figure 8.
The pulses were recordéd with a 500 MHz storage oscilloscope |

(Tektronix 7834). The temporal shape of the pulses are very
similar, and the FWHM of the lobes in the laser pulse are approx~

imately 4 nsec, as claimed by Molectron.

Thé signal processing system was also checked by a?eraging
épproximately ten consecutive single pulse traces by digitizing
the traces and performing the averaging numerically. The average
of the single pulse traces was then compared tb the sampling
oscllloscope traces for fluorescence, Rayleigh scattering, and
the photodiode outpul. 3inglc pulse, averaged single pulse, and
sampling oscilloscope traces are §hown for fluorescence in Figure
9 and for Rayleigh scattering in Figure 10. In both cases the
average of the single pulse traces closely approximates the sam—
plipg oscilloscope traces, confirming the vaidity of the signal

averaging procedure described in Section 4.1.

The single pulse fluorescence traces consistently showed

more pulse-to-pulse variation and exhibited more noise during the

pulse than did the Rayleigh scattering pulses, even though the
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Figure 8. (a) Single pulse photomultiplier output due to Rayleigh
scattering and (b) Single pulse photodiode output. The
laser frequency was 32236 em~1,
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same photomultiplier was used for both heasurements and the sig-
nal level was nearly the same for both, The noise in the
fluorescence pulse is possibly due to variations in the axial
mode structure of the  dye lﬁser radiation, The dye laser, which
ha; a frequency bandwidth of :lcm_l, has approximately fwenty or
thirty gxial modes with a spacing of :.03cm—1. Onlf some of
these modes interact stfongly with the OH absorption line, which
has a FWHM due to Doppler broadening of 0.25 cm—}. Consequentl&,
if there are variations in the intensity of the axial modes which
excite the OH reson#nce, either during the laser pulse or pulse-
lto-pulse, the fluorescence signal would exhibit substantial ran-
dom noise. . This same noise would not appear in the Rayleigh
scattering signal because the Rayleigh signal is proportional
only to the total intensity of the laser axial modes, and is

insensitive to the intensity distribution among those modes.

Funds for a pressure-tuned etalon for the dye laser cavity
are reqﬁested in the renewal proposal. The etalon will reduce
the dye laser bandwidth from :lcmm1 to :.lcm_l. As a result, the
number of axial modes will be reduced such that all modes will
interact strongly with the OH resonance. It is hoped that this
will eliminate most of thé high-frequency noise which is evident
in the single pulse fluorescence traces of Figure 9, and make.
possibie a demonstration experiment in which single pulse
fluorescence tfaces are used to calculate OH number densities.
Single pulse measurements are of great interest in turbulent

combustion studies because probability density functions of flame



28

properties can be calculated from the single pulse data.

4.4 Time-Resolved Rotational Transfer Studies

Rotational transfer in excited OH is studied by placing the
sampling window af a given time position in the laser pulse
waveform and scanning the spectrometer across fhe OH fluorescence
band. A typical spectrum, recorded at the peak of the first~lob¢
of a laser pulse, is shown in Figure 11, The time development of
the rotational distribution is investigated by recording spectra

at a number of different time positions in the laser pulse.

The experimental results are compared withvthe results of a
time-dependent computer program which integrates the'population
transfe; rate equations outlined in Lucht and Laurendeaﬁ (1979).
"Fifty-five OH rotational levels are considered, with rotational
quantum number N<14 for the upper rotational levels and N"<13
for the lower rotational levels. A rotational relaxation model
proposed by Chan and Daily (1980) was recently incorporated into
the computer program. The program calculates the time-dependent

OH population distribution for a given laser temporal pulse

shape. A subroutine then generates synthetic OH fluorescence

spectra from the calculated population distribution among the

upber rotational levels. Such a spectrum is shown in Figure 12.

The spectrum shown in Figure 12 was calculated at the peak

of the first lobe of a laser pulse similar to the experimental

laser pulse which produced the spectrum shown in Figure 1ll. The

-~
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The exciting laser pulse and the time position at which the
spectrum was recorded are showa in the upper luseL The
H, /0 /N flame pressure was 30 torr.
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experimental and celculated spectra are very eimilar qualita-

‘tively. At this time we have not attempted to optimize thel'

~agreement between experimental and calculatedvspectra by varying

the rotational transfer cross-sections which are used to calcu-

late rotational relaxation rates. By doing so, however, rota-

tioﬁal relaxation cross—-sections from given excited rotational

levels can be ealculated. Such computer studies will be.pursued

during the remainder of the contract period.

4.5 Fluorescence Measurements of Polycyclic Aromatic Hydrocar-—

“bons

The goal of this research is to develop laser fluorescehce
techniques to measure PAH concentrations in flames. In}initial
calibration experiments, various PAH species will be vaporized

directly into a heated diluent, which will then flow through the

flat flame burner. Quartz probe sampling'followed by capillary

gas clhirvmalography/wass speclroscupy cau be used to valldate the
fluorescence technique. In later experiments, PAH compounds will

be formed by adding small amounts of benzene to hydrogen-oxygen=

argon flames stabilized on the flat flame bufner.

Due to difficulties in finding a qualified graduate student,
- we are only beginning to develop procedures forlPAH fluorescenee
- measurements. Mr. Paul Ludington, a senior at Purdue, is now
undertaking this task; he will begin graduate studies toward the
Master's degree in June, 1981. A recent EPA grant focuses on fhe

kinetics of aromatic combustion and PAH formation. The DOE work
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will concentrate on development of a suitable in situ laser

fluorescence technique using either the linear or the saturation

régime.

A literature review has produced the following results and

conclusions:

1. Flﬁorescence of PAH compouhds occurs at 350-700 nm upon
excitation at 250-500 nm (Richardson and Ando, 1977; Berl-
man, 1971). Narrqwband laser excitation near 300 nm offers
tﬁe best opportunity for species selectivity (Richardson and.
Ando, 1977). The fluorescence spectra of PAHs with substan-
tial aliphatic substitution do not differ substantially from
that of the unsubstituted parent coﬁpound; the fluorescence
spectra of larger PAHs shift noticeably towards longer
wavelengths, Separation of closely related PAHs is fhus
problematic{ however, we can monitor PAHs of different ring
size to see-if PAH growth is related to soot forﬁation.
Spectral deconvolution is possible via known mass spectrome-

ter methods.

2. Naphthalene, anthraéene, pheﬁénthrene, fluoranthene and
pyrene are the primary PAH compounds observed in combustion
processes, Typical gas-phase concentrations are 10 ppb - 10
ppm (France, 1979; Coe and Steinfeld, 1980). Coe and Stein-

~ feld (1980) find that laser fluorescence in a flame is pos-
sible to at least 100 ppb; detectivity in a water environ-

ment is possible down to 100 ppt (Richardson and Ando,
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1977).

3. Evidence is building fdr a connectioh between PAH and soot
formation. Haynes et al. (1980) have recenty found that the
fluorescence signal from a premixed flat flame (assumed due
to PAHs) drops to zero at a flame position coincident with
thenonset of soot formation. This result‘suggesﬁs tha£ PAHs

are important as both carcinogens and soot precursors.

4. TFew vapor phase PAH fluorescence spectra are avallable in -
the literature. Initial measurements by'Coe and Steinfeld
(1980) show that the laser induced. fluorescence spectra of
flqoranthene and pyrene are broad-band with little fine
structure. Little change in spectral response occurs

between room temperature and flame temperature conditions.

The addition of the Nd:YAC amplifier and dye laser post-amplifier
will significantly increase the laser power at wavelengths of 350
i and beluw, whlich appears Lo be the must-promis;ng excication
region for separation of various PAH species. ' The flow system to
inject the PAH into heated diluent was developed as parﬁ of a

pyridine kinetics study, and has been thoroughly calibrated and

tested.
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5. Planned Experimentation for the Remainder of the Contract

Year

Mucﬁ of the remainder of the contract year will be devoted
to analyzing the OH fluorescence data which has been céllected in
recent months. Iq particular, the fluorescence spectra observed -
experimentally will be compared to computer—generated spectra to

calculate rotational relaxation cross sections.

NH saturated fluorescence will be investigatéd in
méthane/nitrous oxide/nitrogen or hydrogen/nitrous oxide/nitrogen
.flames, which should produce enough NH to be measurablelby opti-
cal absdrption.‘ PAH fluorescence will be investigated in cold
flow through the flat flame burner. A likely first candidate for

such studies is naphthalene dissolved in hexane.

6. Effort of Research Personnel

Professors D.W. Sweeney and N.M. Laurendeau have dgv&ted
about 15% of their time to the contract during the academic year.
Professor Laurendeau was on sabbatical last summer but Professor
Sweeney contributed about 25% of his time to the research effort.
Mr. R.P. Lucht was a full-time PhD graduate research assistant on

the project for the full contract year.
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7. Publication and Presentation of Work

During the past year, our work has been published or

presented as follows:

7.1 Refereed Articles

{1] R.P. Lucht, D.W. Sweeney and N.M. Laurendeau, '"Saturated

Fluorescence Measurement of the Hydroxyl Radical," in Laser

Probes for Combustion Chemistry, D.R. Crosley, Ed., ACS Sympo-

sium Series 134, Washington, D.C., 1980.

[2] R.P. Lucht, D.W. Sweeney and N.M. Laurendeau, 'Balanced

Cross—Rate Model for Saturated Molecular Fluorescence in Flames

Uéing a Nanosecond Pulse Length Laser," Applied Optics 19, 3295,

1980.

In preparation:
[3] R.P. Lucht, D.W. Sweeney and N.M. Laurendeau, ''Saturated

Fluorescence Measurement of OH in Subatmospheric Flat Flames,"

to be submitted to Combustion and Flame.

7.2 Meeting Presentations

[1] R.P. Lucht, D.W. Sweeney and N.M. Laurendeau, "Saturated
Fluorescence Measurement of OH in Subatmospheric¢ Flat Flames,"

Molecular Spectroscopy Symposium, Columbus, Ohio, June, 1980.

(N
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'In,preparation:

{3] R.P. Lucht, D.W. Sweeney and N.M. Laurendeau, ''Time-Resolved,
Saturated Fluorescence Measurement of OH," Gordon Conference on
Chemistry and Physics of Laser Diagnostics in Combustion, Ply-

mouth, New Hampshire, June, 1981.

7.3 Other Presentations

Professor Sweeney presented a seminar on our work at the

University of Michigan in March, 1981.
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