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Energy transfer effects on dicarbonJ@°I1, — &°I1, laser-induced fluorescence (LIF) spectra in fuel-rich
acetylene atmospheric-pressure flames have been studied using a combination of two different two-dimensional
techniques. Measurements using a picosecond laser system in conjunction with a streak camera allowed
determination of typical fluorescence lifetimes of levels in the d state and of population changes introduced
by rotational energy transfer (RET) and by state-dependent quenching. Execitatidssion spectroscopy
yielded two-dimensional maps containing all excitation and all emission spectra in the spectral ranges between
19 340 and 20 150 cm (excitation) and from 546 to 573 nm (emission) and allowed unambiguous assignment

of all transitions in this spectral region. Our measurements show a comparatively long quenching lifetime
(around 2 ns) and dominant effects of energy transfer on shape and intensity of the acquired spectra (90% of
the fluorescence stems from levels populated by ET). A pronounced dependence of the total RET on the

quantum number of the initially excited state is observed. Vibrational energy transfer (VET) is significantly
weaker (only 5% contribution for excitation in thé= 1 level). Implications for quantitative concentration

measurements are discussed, and exemplary spatially resolved profiles in a well-characterized low-pressure

propene flame are presented.

1. Introduction discussed the achievements and open questions of combustion

o ) o kinetics in detaiP C, in flames has been detected using a wide
Emissions from the carbon dimeg @re visible in the spectra  ange of techniques, including CREIS DFWMIL12 and

of all carbon-containing flames. Especially the Swan bands are g rier transform metho@ss well as combinations of CRDS
among the strongest bands in the visible part of the spectrumgnq | |F13
and have been assigned by King and Birge decadeSagspite Also, G, has been detected as a byproduct of heating carbon

this prominent visibility, the role of £in flame chemistrty  haicles and has been used for quantitative soot volume fraction
remains unclear and is being controversially discussed. Most jaa5rement. Even in the UV, G has been observed as a
established mechanisms assume that the major path for C ¢onsequence of diagnostics using large laser fluences, and

formation is hydrogen abstraction fromi& which in tum is  jiphoton transitions have been identified in sooting hydro-
formed from acetylene and small polyacetylenes. This theory ¢4:hon flameds However, the most important technique for
cannot, howelver, exp|a|rl1 the isotopic patterns observed wheng anitative, spatially resolved concentration and temperature
a mixture of*“C;H, and *C;H; is used as fuel. In contrast,  measurements remains laser-induced fluorescence &),
Williams and Pasternaélargue that gis formed by reactions The quantification of LIF measurements is, however, com-

IOf %tomlc carbon W'thICH orbCH—an aisumptmn thqt WOU'?C plicated by the fact that the measured signal strength not only
ead to a strong correlation between the concentrations;0 is proportional to the number density in the electronic ground

CH and CH, which is not observed experimentally. Other  qae 1yt also depends strongly on electronic quenching as a
author$ emphasize the possibility of.Gormation by decom- ¢ nction of the excited state quantum numbers and collision
position of large unsaturated molecules, suc.h as oligomeric partner mixture. Moreover, energy transfer processes in the
poI_yaceternes. Another important open question Is the role of o iteq state like vibrational energy transfer (VET) and rotational
Cz in soot formatlo_n. Although Itis gommonly accepted thf"‘t @ energy transfer (RET) change the spectral structure of the LIF
large number of intermediates with low molecular weight signal and frequently have a significant influence on the

participates in the formation of soot precursors, the role pf C measured fluorescence intensifys all processes depend on
_remains L_m(_jetermine_d. An_other interesting qu_estion which may y,q guantum states, temperature, pressure and chemical com-
involve similar c_hgriléstry is the presence of @ spectra of  qition of the particular system studied, no general procedure
astrophysical origirf. . . to correct for their influence is available. Several experimental
Quantitative minor species concentration measurements arestrategies have been suggested that might reduce the influence
a prerequisite for understanding combustion processes antof collisions in the excited state, including saturated LIF and
pO”Utant formation. They are also necessary to validate and predissociative L|F.20-23 However, both approaches are Strong|y
optimize reaction mechanisms and models in combustion affected by energy transfer in the ground sfd®.As an
research, and recent work by Miller, Pilling and Troe has alternative, the use of picosecond lasers has been suggested for
guench-free measuremefits? with the idea either to excite
T Part of the special issue “dygen Troe Festschrift”. and detect the fluorescence in a very short time interval with
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Figure 2. Experimental setup.:P Nd:YAG pump laser. LDL: dye
laser. WM: wavemeter. P Fresnel rhombus.P Rochon prism. k
500 mm lens. B: burner (welding torch). BD: beam dump. M: mirror.
Sp: spectrograph. iCCD: detector camera. PC: computer.

into the Raman cell with a 500 mm lens and collected with a
1000 mm lens. The efficiency of the conversion process is round
Figure 1. Experimental setup for time-resolved measurementsAP" about 20%. For wavelength separation, a Pellin-Broca prism is
pump laser. B Pz Nd:YAG pump laser. Oscillator: mode-locked Ti: ~ Used.

sapphire laser. AC: autocorrelator. WM: wavemeter. Amplifier: active ~ The laser beam is focused into the flame using a 500 mm
regenerative amplifier. SHG: frequency doubling unit.lLs: 500 mm focal length lens. The LIF signal is collected by a large aperture
lens. L: 1000 mm lens. RS: Raman shifter. P: Pe!lin-Broca prism. (f number: f/1.0), spherical, concave mirror with Al:MgF

B: burner (welding torch). BD: beam dump. M: mirror. Sp: spec- coating, in the common L-shaped setup.

trograph. SC: streak camera. CCD: detector camera. PC: computer. For C, measurements, the mirror is aligned to image the laser
focal region with a magnification of 2 onto the spectrograph
entrance slit, which is a 275 mm focal lengti4.0 aperture
model (Spectra Pro 275, Acton Research) equipped with a set
of three gratings mounted on a turret. In this work, the grating
with 150 grooves/mm is used. The spectrograph is mounted with
. . . ) ... the entrance slit arranged parallel to the laser beam’s propagation
dimensional techniques (one time-averaged, the other with direction. The exit plane is imaged onto the entrance slit of a

picosecond temporal resolutlon)_ th_ereby aiming _to identify streak camera (Hamamatsu Model C2830) with the slit parallel
processes that might affect quantitative minor species measures

s, We di turati hi d vibrational dto the spectral axis. On the output side of the streak camera, a
ments. VVe discuss saturation, quenching and vibrational an gateable microchannel plate image intensifier is mounted. For
rotational energy transfer as well as the dependence of colli-

ionally induced th i b £ th the experiments described here, a streak range of nominally 10
_syci_nah y in .L:CS ?r?cesl:s_es"on € guan utm numoer (I) €hs has been used. The spectrally and temporally dispersed signal
initally excited state. Finally, we present an exempiary, o ultimately detected with a cooled, slow-scan CCD camera,
guantitative, spatially resolved,(orofile in a low-pressure

- . which provides a 12 bit dynamic range. Due to the size of the
E;(l)cpjgﬁo;lgme and a comparison with CHEMKIN model camera chip, the effective width of the streak sweep was limited

to 7.6 ns. The raw data consist of two-dimensional images,
where the dimensions correspond to the spatial and time scales,
respectively.

2.1. Picosecond Laser SystenThe experimental setup for 2.2. Nanosecond Laser Systenthe experimental setup for
picosecond time-resolved LIF measurements is shown schemati-nanosecond static LIF measurements is shown schematically
cally in Figure 1. The laser system consists of a Ti:sapphire in Figure 2. The dye laser (LAS LDL-205) is pumped by the
oscillator (Spectra Physics, Tsunami) and a three-stage amplifierthird harmonic of a Nd:YAG laser (Spectra Physics DCR2A)
(Spectra Physics, Model TSA-50). The oscillator is pumped by with a repetition rate of 10 Hz and 7 ns nominal pulse duration.
an argon ion laser and runs at a repetition rate of 80 MHz; its As in the picosecond setup the laser beam is focused into the
spectral tuning range is from 750 to 1000 nm, and several pulseflame with a 500 mm lens. The LIF signal is collected with a
durations may be selected depending on the configuration of spherical mirror { number: f/1.0) and focused on the entrance
the resonator. For the experiments described here, a pulseslit of the spectrometer (Spectra Pro 300i, Acton Research) with
duration of nominally 80 ps was selected, with the resulting a magnification of 2. The spectrally resolved LIF signal is
line width being close to the Fourier transform limit. The detected with a Peltier-cooled, intensified CCD camera with a
amplifier system consists of one regenerative amplification stage 384 x 286 array. The signals are spectrally dispersed along the
and two double-pass traveling-wave amplifiers. Two frequency- 384-pixel direction, producing a wavelength-resolved one-
doubled Nd:YAG lasers with a 10 Hz repetition rate are used dimensional image of the flame. For the measurements in
as pump sources for the amplifiers. The amplified output, also atmospheric-pressure flames, a MCP gate of 40 ns was used.
at 10 Hz repetition rate, is then frequency doubled. Finally, a For the quantitative measurements in low-pressure flames
Raman cell is used to shift the output radiation to the desired described in the final section, this time has been extended to
wavelength region around 517 nm. 200 ns to take the longer fluorescence lifetime at reduced

The home-built Raman shifter is a steel tube of 1m length pressures into account.
and 25 mm diameter filled with 10 bar hydrogen (Raman shift: ~ 2.3. Flame Conditions.To generate amplef&oncentrations
4155.296 cmt). The frequency-doubled laser beam is focused for the spectroscopic measurements, a standard welding torch

respect to typical collision times (of the order of 100 ps in
atmospheric-pressure flames) or to observe the complete
temporal decay of LIF signals.

In this study, we present measurements in thed@ly —
a1, band system using a combination of two different two-

2. Experimental Section
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TABLE 1: Estimated Flame Composition for the C;H,/O,
Flame Using an Adiabatic Equilibrium Calculation32

CO, 54.7 2H27.2 N, 14.4
£, 3.4 H,0.3 other<0.1

species, concn (%)
species, concn (%)

Brockhinke et al.

fluorescence spectrum at this excitation frequency. After slightly
changing the excitation wavelength, the process is repeated. This
next fluorescence spectrum is stored next to the first one. This
procedure results in a two-dimensional array, the “excitation
emission spectrum” (EES), in which the horizontal axis is

(Messer-Griesheim, APM GR. 3) is used. The nozzle is cooled excitation frequency and the vertical axis is fluorescence
with water to prevent overheating, which causes spontaneouswavelength. One example is shown in the bottom panel of
decomposition of the acetylene. This decomposition leads to Figure 3. This kind of display, directly correlating excitation
solid carbon plugging the nozzle and interfering with the laser and fluorescence, greatly assists spectral identification and can,

beam. Additionally, the welding torch sometimes tends to blow
out without cooling. It is operated with 1 slpm (standard liters
per minute) of acetylene premixed with 0.83 slpm of oxygen,
which equals a carbon-to-oxygen ration of C#0.4 and a
stoichiometry ofp = 3.0. Measurements have been performed
just above the inner cone of the flamehat= 5 mm above the

e.g., be used to identify interfering emissions as well as
contributions from background emissions and nonresonant
processes such as Raman scatteling.

The EES displayed in Figure 3 has been acquired in the
spectral range between 19 340 and 19 530%f@xcitation) and
between 546 and 573 nm (emission). A conventional excitation

nozzle. Here, gemissions are strongest. Additionally, temper-  scan has been calculated from this spectrum by integration along
ature and flame emissions are fairly uniform, allowing averaging the fluorescence axis and is displayed in Figure 3 as well (top
over a 2 mmlong region along the laser beam to improve the panel). All visible excitation lines could be assigned to transi-
signal-to-noise ratio. tions of the @Iy — &1, (0—0) and (+1) band system of £

The flame composition is calculated by assuming adiabatic |n fluorescence, the (01) and (+2) bands have been

equilibrium as a first approximation. To estimate the influence monitored. Line positions have been calculated using the data
of entrainment of ambient air to the premixed fuel/oxygen flow, given by Lloyd and Ewar$3

we measured the CH radical concentration in the methane flame  The most intense structure is the head of the P branch at
as function of stoichiometry. The best match between modeled 19 355 cnvt. For larger wavenumbers, rotational lines in their

and measured stoichiometry dependence was obtained at a valugnaracteristic triplet structure are visible. One particular feature
of 35 vol % air entrainment; details may be found in previous jn this progression is the “staggering” effect, which is due to
work 3! Results of the calculation of the flame composition using A-doubling and is commonly taken into account in simulations
this value are shown in Table 1. The flame temperature hasy ysing sets of different quantum mechanical constants for odd
been determined using the, @xcitation-emission spectrum  ang even rotational quantum numbers, respectielbove

(EES) shown in Figure 3 by integrating the fluorescence 19383 cm, the R branch can be observed as well. As is typical
intensity of 10 lines with different rotational quantum numbers  tor 3[1—3[T transitions a Q branch is not observed at all.

and plotting these values vs the ground-state energy. This
Boltzmann plot yielded a temperature of 218061 K and is
consistent with the level of air entrainment observed before.

In the fluorescence direction (i.e., at fixed excitation wave-
number), three strong emissions are observed. Two belong to
the P and R rotational lines from the excited level. As in
excitation, Q lines are not observed. For increasing rotational
guantum number, the distance between the P and R lines in

3.1. Excitation-Emission Spectra.For the LIF excitation emission increases, forming a distinct parabolic shape that is
scans, the camera is operated in the following mode: The laserclearly visible in Figure 3. However, the strongest feature in
is kept at a defined excitation frequency for a given number of all fluorescence spectra is the{@) band head visible at 563
laser pulses. At the end of this time, all signals on the array are nm, which results from lines populated by rotational energy
summed along the direction of the spatial extension, retaining transfer (RET). A quantitative analysis of energy transfer effects
the spectral dispersion. This produces a one-dimensional (both RET and VET) will be presented further below.

3. Results
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Figure 3. Conventional excitation spectrum (top) and excitatiemission spectrum (bottom) in the range between 19 340 and 19 530 At
visible lines could be assigned to transitions in tABEg— &[T, (0—0) and (+-1) band system of £
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Figure 5. Raw data image from the streak camera after excitation of
. ) . the triplet (0-0) R11(28)/RA(27)/Rs3(26). Clearly visible is the LIF from
Figure 4. Power dependency of the, €ignal for a laser beam diameter  {he girectly populated levels and the RET populated band head. White
of 380 um. lines indicate the boundaries of the integration ranges for the time-

At excitation wavenumbers above 19490 dnthe (1-1) resolved analysis in Figure 6.
band can be excited as well and the spectrum becomes MO hserved that small soot particles undergo vaporization at
congested. The intensity is significantly weaker, because evenrelatively low laser fluences=(0.2 J cm?, corresponding to
at flame temperatures the majority of the molecules remains in 30 MW cn12).38 Therefore sattjrated LIE is not an option for
the vibrational ground state. In fluorescence, emissions from o ' e . .
the (1-2) band are shifted by 1.8 nm toward lower wavelengths quantlta_tlve measurements in sootlng or near-sooting f_Iames.
in comparison to those of the{0) band detected before. Again, 3.3. Time-Resolved Measurementsigure 5 shows a typical
the band head is the most prominent feature. It is located at'@W image obtained by the streak camera. Due to the narrow
561.2 nm for the (+2) band in emission. Additional EES have line spacing in @ and the relatively large bandwith of the
been measured for wavenumbers up to 20 150c#l visible picosecond laserx(1 cni), all three states in one triplet are
emissions could be unambiguously assigned to the Swan band&§Xcited simultaneously. In this case, the-() R11(28)/RA27)/
of C,. Other author$-4found evidence of PAH or laser-induced ~ Rs3(26) transitions in the Swan bands have been probed. The
incandescence of soot in their Gpectra. We found no such vertical axis in Figure 5 shows 'Fhe time sgcceeding the exciting
contributions, probably due to the different excitation wave- laser pulse, whereas the horizontal axis corresponds to the
lengths and detection band-passes as well as the different flamevavelength of the detected radiation. The two bright emissions
composition in our investigation. at_5_ll z_;md 516 nm are due to fluorescence in _theOQOoand

3.2. Saturation Effects. To ensure working in the linear ~ originating from the directly popula_\ted level, Wlth the former
excitation region, the power density was adjusted by combining P€ing partially overlapped by Rayleigh scattered light. All other
a Fresnel rhombus and a Rochon prism. Additionally, different €missions visible in this image are due to ﬂuore.scence. from
focusing conditions have been used to produce beam crossStates populated by energy transfer fact that is readily
sections of varying diameter at the target region. This allowed deduced because they reach their maximum intensity more than
a high dynamic range and reproducible adjustment of the powerl ns after the excitation laser pulse. Especially pronounced_ is
density over more than two decades. Figure 4 shows the powerthe P band head visible at 516.8 nm. The reason for detecting
dependency of the Gsignal for a laser beam diameter of 380 fluorescence in the 80) band instead of the 61) band used
um (excitation in the @1y — &%, (0-0) P branch head at N the EES spectra is the S|gna_l-to-n0|se ratio: The Franck
19 355 cn1?, detection of the complete fluorescence in the (0 Condon factor for the (80) band is more than 3 times as large
1) emission band). It is evident that the transition is very easy as that of the (61) band?” Because Rayleigh-scattered light
to saturate, and even at mild focusing conditions, deviations ¢an easily be identified and compensated in the time-resolved
can be observed for energies abovend0This corresponds to ~ SPectra, this is no disadvantage for the quantitative evaluation
a power density of 3.5 MW cn?, a threshold value that  discussed below.
corresponds well to results published beférén our experi- For a quantitative analysis of these images, vertical profiles
ments, we never observe complete saturation, probably due toare taken (the integration regions are indicated in Figure 5).
spatial and temporal wing effects in the laser beam profile. To Figure 6 shows the corresponding temporally resolved curves,
maintain an acceptable signal strength while ensuring that where the top panel depicts the wavelength-integrated fluores-
saturation and vaporization of soot particles do not play a cence. In this case, the decay is dominated by quenching. To
significant role, the power density was kept below 3.5 MWem  take the instrument response function and the temporal width
for the quantitative concentration measurements reported below.of the laser pulse into account, a single-exponential has been

A few decades ago, saturation spectroscopy was suggesteditted to the experimental curve using a deconvoluting fit
for the detection of gconcentrationd® This approach leads,  algorithm38 Errors have been determined using a rigorous error
however, to two problems. The general problem of saturated analysis®® For fluorescence from the = O vibrational level,

LIF is the complicated quantification due to the wing effects we determined a quenching lifetime of (20%760) ps. This is
mentioned before. Additionally, even though saturated LIF significantly longer than the quenching lifetimes of other
circumvents the problem of quenching and energy transfer in radicals: Under the same conditions, a lifetime of 1150 ps has
the excited state, rotational redistribution in the ground-state been measured for CHand a laskin*® simulation for time-

still leads to a significant effect of the collisional environment resolved OH-LIF gives a quenching lifetime of 1140 ps (in this
on the measured quantum efficiency. Another problem consistscase, temperature and collisional environment have been
of the formation of G by vaporization of soot particles. Dasch calculated with Gseg* using the NASA-method).

laser energy / pJ
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Figure 7. lllustration of the data evaluation method. To fit peaks with
Gaussians, the measured spectrum must be corrected for the RET
induced slope.

to the excitation laser pulse. Therefore, we describe an alterna-
tive, more accurate way to determine total RET in the next
section.

The same method has been applied to data measured after
(1—1) excitation. Analysis of the fully wavelength-integrated
decay curves yields 171% 200 ps for the fluorescence decay
(corresponding to a quenching ratekef= (5.8 £ 0.7) x 10°
s71). Biexponential fit of fluorescence from only the directly
populated level yields lifetimes afi = 270+ 110 ps and, =
1470+ 500 ps. From this, the rate for the total RET can be
estimated tdger = (3.14 2.3) x 10° s~ L. The quenching rate
is slightly higher than that measured for thle= 0, whereas

Figure 6. Time-resolved LIF after (60) excitation. Top panel: .
wavelength-integral fluorescence in the{® band. Bottom panel: the rate for the total RET remains unchanged. However, the

emission from direct populated levels (integration ranges are marked values obtained from (i1) measurements have larger errors

in Figure 5). Analysis is done by an iterative numerical devonvolution due to the significantly lower LIF intensities. _
to obtain lifetimes® 3.4. Rotational Energy Transfer (RET). Additional infor-

mation about RET was obtained from time-integral measure-

Using the known pressure and temperature a quenching ratements with the nanosecond laser system. Figure 7 shows a
of k= (4.9+0.2) x 10® st or (1.46+ 0.3) x 1070 cm? measured spectrum after{0) P»»(27) (and the two adjacent
molecule’l s~ can be calculated. This value is nearly twice as triplet states) excitation. Clearly visible is the LIF signal from
large as that recently reported by Smith et*alin several the directly populated states at 556 and 562.5 nm as well as the
hydrocarbor-air flames (8x 1071 cm?® molecule’? s71), but broad background with the distinct P band head at 563.8 nm
very similar to rates measured in a diamond depositing dc-arcjetcaused by RET.
(1.44 x 10710 cm® molecule! s71).43 This shows that, in To determine the total fluorescence from the directly popu-
contrast to the findings of Smith et 4&,C, quenching rates  lated level, the baseline induced by RET has been approximated
significantly depend on the collisional environment. Their and subtracted and the remainder has been fitted assuming
recommendation of a fixed value seems valid only for flames Gaussian shapes with a width determined by the spectrometer
of very similar chemical composition. settings. This strategy already compensates for the back-transfer

To extract rates for the RET process, we used an indirect of population to the directly populated level by RET and is
method. The bottom panel of Figure 6 shows a biexponential sketched in Figure 7. By comparing this value with the integral
deconvoluting fit to the decay of only the laser coupled states. fluorescence, we can quantify the fraction of LIF from the initial
Initially, the fluorescence decays very fast with a lifetimerpf ~ levely for each spectrum. The dependence oh the rotational
= 2804+ 100 ps. In contrast, the second lifetime is much slower quantum number is shown in Figure 8 for the €I, ' = 0
(2 = 1520+ 350 ps). Close to the excitation laser pulse, the state. A pronounced dependence of the total RET on the
fluorescence decay curve will be dominated by all population quantum number of the initially excited state is observed: for
removal processes: quenching, VET and RET. Re-populationJ < 30 only 9% of the fluorescence stems from the directly
plays a role only at later times, because it involves several populated level. For higher quantum numbers this fraction nearly
consecutive collisions. As will be shown in section 3.5, VET doubles forJ" around 50.
does not play a role in thé = 0 state. Therefore, the fast initial In a time-averaged spectruny, relates to the rates for
decay will be dominated by RET. Using the simple relation quenchingkg and total rotational energy transflger by the
1/t1 = kg + kret we determine a rate dker = (3.1+ 1.3) x following equation:
1 s1 for the total RET.

It should be noted that this approach to determine the total _ ko
RET rate is only a crude approximation because the decay n kQ+ Keet
curves might be tainted by fluorescence from adjacent levels
and there might be some effects of back-transfer RET even closeThis equation has been used to determine the rates for total
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Figure 8. Dependence of the fraction of fluorescence from the directly E}'%ﬁ;e (i'_ l':)lltgr?;%i?]ce spectrum after excitation of the P band head
populated level (and therefore of total RET) on the quantum number )
of the initially excited state for several transitions in the P band. . . . . . . . .

e,
TABLE 2: Dependence of RET Rates on the Rotational iy 7oty il
Quantum Number in the C, d®Ily ' = 0 State® ; e :?:,i?:tzz?ent
J K10 s J K10P st %o D D“ah 1
~ ] .
24 4.98 39 3.49 e .l p L )
25 4.86 40 3.67 g b A= 5
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31 4.93 P o
aThe relative error for all values iak = 0.2 x 1C°. EDD v
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RET listed in Table 2. Even though there is a difference in
absolute values between the rates determined by the time-_. ) )

lved measurementietr = (3.1 + 1.3) x 1¢° s~ 3) and Figure 10. Absolute concentration pro_flle of An a low-pressure
reso T : ’ propene/oxygen flame with C/© 0.5. Solid symbols: measurements.

those determined by the procedure outlined abéyer(= (4.7 Open symbols: comparison with a CHEMKIN I simulation using the
+ 0.2) x 1 s 1 for values around’ = 27 level), they agree  Richter mechanisr?

within the error margins. It should be noted that the method to
determine RET from the static_: spectra is much more accuratefor the 1y — &°I1, (0—0) transitions used for the quantitative
and not as prone to systematic errors because it already takegoncentration measurements described in the next section.

re-population of the initially excited level into account. 3.6. Flame MeasurementsThe energy transfer measure-
3.5. Vibrational Energy Transfer (VET). In addition 10 anis in the previous sections show thatiCthe ¢IT, state

rotatlon_al energy transfe_r, CO.”'S'O”S mlght_ Iea_ld toa transfer of gy hinits a relatively long quenching lifetime and the shape of

population to adjacent vibrational levels via vibrational energy the spectra is determined by fast RET. For quantitative measure-

izinsfere(lzzggl. Vli';‘l(nat:de tﬂg\;\éafgded.';ﬁcg:)tgn(t"salW]'fglyh.: hi ments it is, therefore, necessary to integrate over a complete
) Is relatively w re imp Y Tor ONY e mission band to obtain strong signals and to minimize effects

excited rotational staté®.In contrast, VET toward states with by RET. Excitation in the (60) band and detection in the {0

Isor:/(\; (3\:”62) err%yHA(Ueii;a#Z):?)Sf EETlfhqughar_rg)t)e tP:;th 35 ?(;aen 1) band is advantageous due to the high Frar@kndon factors
P involved?” the fact that VET does not play a role in the excited

30% of the fluorescence detected in time-averaged experimentss,[a,[e and because fluorescence sianals are not affected b
is due to states populated by VET. 9 y

Figure 9 shows a fluorescence spectrum detected afterinterfering emissions and scattering processes in thé)Band.

excitation of the P band head of the«(1) transition at 19 490 Because collider-specific data are not available for C
cmL. The strong fluorescence at wavelengths below 557 nm Simulation and compensation of energy transfer effects on
corresponds to the (12) emission band and therefore originates duantitative measurements is not yet possible, even though the
from the directly populated vibrational level. In contrast, all numerical models for this do exiét. Therefore, absolute
emissions in the range between 558 and 563.5 nm can beconcentration measurements by LIF are possible only if they
attributed to the (6-1) emission band, which was populated by are calibrated by a different technigue. Due to the narrow width
VET. The partial spectral overlap between the-2) and the of C, concentration profile (see Figure 10), the collisional
(0—1) emission bands has been taken into account by extra-environment does not change significantly with height and
polating the spectral shape of the band populated by VET. Our variations of the quenching rate can be negleéte@he
analysis shows that the total VET in th&[ §}; state of G under combination of the outstanding features of LIF (high spatial
these conditions is only 5.6% and is therefore much weaker resolution) with those of CRDS (easier quantification due to
than for other small molecules. VET will be even less important its insensitivity to collisionally induced processes) proved to

height above burner / mm
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be advantageous. This approach has already been used by oth&r. Summary

groups in different e_”""‘?”me”*?'-““ _ Excitation—emission spectroscopy yielded two-dimensional
Although a detailed inspection of the flame chemistry maps containing all excitation and all emission spectra in the
concerning @ formation and destruction is beyond the scope spectral range between 19 340 and 20 150%@xcitation) and
of this paper, quantitative Zzoncentration profiles have been 546 and 573 nm (emission) and allowed unambiguous assign-
exemplarily measured in a one-dimensional low-pressure pro- ment of all transitions in this spectral region to thdlg —
pene/oxygen flame (C/G= 0.5, close to the soot formation gy, (0-0) and (1) Swan bands of £ Interference-free
threshold) that has already been thoroughly characterized beforgyetection was possible in the Q) fluorescence band. We
using a combination of optical (LIF, CRDS) and intrusive gpserve that transitions of the Swan bands are easy to saturate
diagnostics (MBMS, molecular beam mass spectrometry using gnd that the power density has to be kept below 3.5 MWZm
both REMPI and electron impact ionizatiot¥)!¢ For the LIF to ensure working in the linear excitation regime.

measurements it is advantageous to choose a temperature- our measurements show a relatively large quenching lifetime
insensitive line (in the region between 700 and 2300 K) with (around 2 ns, rate (1.4% 0.3) x 10710 cm?® molecule' s77)
sufficient line strength. Spectral simulations using the equations 3nq dominant effects of energy transfer on shape and intensity
of Phillips*for the line positions and of Kovat&or the Hal- of the acquired spectra. A pronounced dependence of the total
London factors showed that the line triplet located at 19 376.5 RET on the guantum number of the initially excited state is
cmt (consisting of the B(28), P2(27) and Bs(26) transitions)  gpserved: fod < 30 only 9% of the fluorescence stems from
ideally fulfills these requirements. the directly populated level. For higher quantum numbers this
For concentration measurements, the nanosecond-laser setufraction nearly doubles fa¥ around 50. In contrast to the strong
described in section 2.2 has been used. Fluorescence intensitieRET, vibrational energy transfer (VET) in théldy(v' = 1)
have been averaged over the spectral range between 547 andtate of G is significantly weaker. At our experimental
567 nm (i.e., the complete {0l) emission band) to obtain a  conditions, only 5.6% of the observed fluorescence is due to
strong signal and are normalized to the laser energy. Absolutelevels populated by VET witi\y = —1.
concentrations are calculated using CRDS calibration measure- Exemplary spatially resolved profiles in a low-pressure
ments in the same, well-characterized fldfngsing literature propene/oxygen flame are presented and are compared to model
values of the goscillator strength? With CRDS, quantitative  calculations. Significant discrepancies are observed in both the
concentrations can be determined without additional calibration absolute values of the,Gind the global shape of the profiles
measurements and without the need to take collisionally inducedobserved. Although demonstrated here for a single flame
processes into account. However, CRDS suffers from the condition, this comparison suggests that dbemistry is not
disadvantage of being a line-of-sight technique and has only aadequately reproduced in current reaction mechanisms and either
moderate spatial resolution. Therefore, LIF has been used tothat major G-decomposition paths are missing or that their rate
determine the centerline profile in the flame. To calculate mole constants are significantly underpredicted. Considerably more
fractions, the temperature profile of the flame has been takendetailed investigations are necessary, where thpr@files in
into account!® flames of different fuels and stoichiometries are measured. At
For this experiment, spatial resolution was limited by the any rate, the energy transfer studies in the present paper suggest
magpnification of our imaging optics and by the spectrometer that caution is warranted.
slit width (750 um) to about 0.38 mm. Figure 10 shows an )
absolute, spatially resolved concentration profile. Th@i©file Acknowledgment. We thank A. Bilter for his software to
is very narrow with a fwhm of 0.8 mm and is nearly symmetric. Simulate line positions in £spectra and M. Kbler for CRDS
This indicates that £might be a good marker for the flame measurements used to calibrate the concentration profiles.
front. The peak mole fraction of 4.2 10-8is reached relatively ~ Support of the DFG (contract BR 1843/5-1) is gratefully
close to the burner surfach € 1.2 mm). acknowledged.

For comparison, the flame has been modeled using CHEMKIN
Il simulations based on the Richter mecharfi$that has been
optimized to study fuel-rich chemistry (with an emphasis on (1) King, A. S.; Birge, R. TAstrophys. J193Q 72, 19-40.
precursors for aromatic hydrocarbons and soot) (see Figure 10).110(2) Williams, B. A.; Pasterack, LCombust. Flamé 997 111, 87—
These simulations predict a completely different behavic_)r with '(3) Gaydon, A. G.The spectroscopy of flam€hapman and Hall:
an asymmetric profile that falls off gradually after a maximum London, 1970. A

— iti (4) swamy, K. S. KAstrophys. J1991, 373 266-270.

arou.ndh 24 mm. A(_jdltlonally, the Odl_)ser(;/ed peak r;lo'e (5) Sorkhaby, O.; Blunt, V. M.; Lin, H.; Ahearn, M. F.; Weaver, H.
fractions are only two-thirds of those predicted. Integrated over . Arpigny, C.; Jackson, W. MPlanet. Space Scl997, 45, 721-730.

the complete flame this means that we measure nearly 1 order (6) Kimata, R. S.; Izumiura, HPlanetary Nebulae: Their #lution

of magnitude less £than predicted. and Role in the Uniersg International Astronomical Union: Paris, 2003,;
69-70.
(7) Kohse-Hainghaus, KProg. Energy Combust. Sdi994 20, 203—
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