Table on Flame Measurements of Minor Species

This table is part of the book entitled Applied Combustion Diagnostics, edited by K. Kohse-
Hoinghaus and J.B. Jeffries, for which Dave Crosley and I have contributed Chapter 2 on "Detection
of Minor Species with Laser Techniques". The table is intended to be a guide to the best papers for the
measurement of minor species concentrations in flames using laser-based diagnostics. Special emphasis
is placed on in-situ measurements (as opposed to sample-and-detect approaches), in particular on reports
of profile measurements obtained under laminar combustion conditions. In general, laser-induced
fluorescence is the preferred method when possible, especially when combined with absorption
measurements or other calibration schemes to yield quantitative profile data. For this reason LIF papers
are listed first, followed by citations to other approaches.

Please note: First observations of a species and first applications of a given technique are not
cited when more comprehensive and thorough investigations have subsequently been reported. For the
most often studied molecules - OH, CH, and NO - only a few of the many hundreds of LIF papers are
included. In contrast, essentially all of the papers are cited for species where few measurements are
known. Selected work on spectroscopy and imaging strategies is also listed.

Guide to abbreviations:

* Wavelengths (nanometers) are given in air, and
energies (wavenumbers) are given in vacuum.

ABS Absorption (see also CRD and TDL)

ASE Amplified Spontaneous Emission

CARS Coherent Anti-Stokes Raman Scattering
CRD Cavity Ringdown

2C-LIGS Two-Color Laser-Induced Grating Spectroscopy
2C-RFWM Two-Color Resonant Four-Wave Mixing
DFWM Degenerate Four-Wave Mixing

EM Emission

ICLAS Intracavity Laser Absorption Spectroscopy
LIF Laser-Induced Fluorescence

MP-LIF Multiphoton Laser-Induced Fluorescence
OA Optoacoustic

PAD Photoacoustic Deflection

PD Photodissociation

PTD Photothermal Deflection

POL Polarization

REMPI Resonance-Enhanced Multiphoton Ionization

TDL Tunable Diode Laser
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DETECTION

Wavelength (nm)'

(A) Species Containing H, C, and O

3p2P2s2S-1s2S 2 x 243 + 656

3528,3d2D-15 28

4p?p - 1528

4p2P2s28-152S 2 x 243 + 486

Transition Wavelength (nm)

3p2p - 2528 656

3525,3d?D-2p%P 656.3

4p?P - 2528 486.1

4p?p - 2528 486.1

Flame Measurements of Minor Species

FLAME

Premixed [P}
Diffusion [D]

H,-air [D]
Hy,CHy,CoHy-0,-Ar [P]
Hy-0, [P]
Hy-0,-Np,CoHy-0,-Ar [P]

CH,,CyHy,CHg-Op-Ar [P]

H,-0,-Ar [P]

H,-0, [P]

H,-0,-N, [P]
C,H,-0,-Ar [P]
H2‘02‘Ar [P]
H,,CH,4,C,H,-0,-Ar [P]
C3Hg-air [P]

H,-0, [P]
CH4'N2-02,AI' [P]
GH,-0, [P]
H,,CH,,C,H,-0,-Ar [P]
H2+N2/ air [D]
CH,-0,-NO,N, [P]

REFERENCE

Profile [P]
Detection [D]
Image [1]
Spectroscopy [S]

Gol & And 1985 [PI]
Gol 1988 [P]

Gol 1989a [P]

Gol et al 1990 [P]
Ber et al 1993 [P]
Luc et al 1983a [P]
Gol 1986 [P]

Sal & Lau 1986,1987 [P]
Sal & Lau 1988 [P]
Bit et al 1988 [P]

Gol 1988 [P]

Wes et al 1994 [P]
Agr et al 1995 [D]
Gas et al 1997 [P]
Ald et al 1984a [D]
Gol 1988 [P]

Bro et al 2001 [P]
Wil & Fle 1995 [P]



C atom

O atom

MP-LIF, ASE
2+1 REMPI

3+1 REMPI
2C-LIGS
DFWM, LIF

MP-LIF
2+1 REMPI
ASE

MP-LIF

MP-LIF, ASE

2+1 REMPI

Raman

3528 - 1528
2528 - 1528

2p2P - 1528
3p2P,2528-15 28
3p2P2528-152S

3p3P - 2p?3p
3p°D - 2p?3P
3p3P - 2p%3p

3p°P - 2p°P

3p3P - 2p°P

3p3P - 2p°P

3P, - 3P,

2 x 205
2x243

3 x364.7
2x243 + 656
2x243

2 x 280
2 x 287
2 x 280

2 x226

2 x 226

2x226

158, 227 cm’!

3s2S - 2p2p
Electrons

Electrons
3p2P - 2528
Scattered beam

3p°P - 35°P
Electrons
3p°P - 35°P

3p3P - 3538

3p°P - 35°S

3p°P - 35S

Electrons

Scattered light

656

656

910

910

845

845, 777
777

845

H,-0, [P]

H,-0, [P]

CH,/air [D]
CH,,C,H,,CyH4-0O,-Ar [P]
H,-0,-Ar [P]

H,-0, [P]

H,-0,-N, [P]

C,H,-0,-N, [P]
CH4,C2H4‘air [P]
C,H,-0, [P]

C,H,-0, [P]

CH4-N,-N, [P]

H,-0, [P]
H,,CH4,C,H,-0, [P]
H,-N,0 [P]
CH,4,C,H,4,CyHg-O,-Ar [P]
CHy-air [P]

CH,4-O,-Ar [P]

C;Hg-air [P]
CH4-N,-O,,Ar [P]

H,-air [D]

CH4-0, [P]

H,-0, [P]

H,-0, [P]

H,-0O, [P]

H,-O, [P]

CHy/air [D]
CH,4,C,H,4,CyHg-O,-Ar [P]
CH4-O,-Ar [P]

H,-0, [P]

Gol 1989 [P]

Gol 1984 [P]

Smy & Tjo 1990a [P]
Ber et al 1993 [P]
Tjo & Coo 1983 [P]
Gra et al 1993 [P]
Gra & Tre 1993 [P]

Wes et al 1991a [P]
Tjo & Smy 1988 [D]
Ald et al 1989a [P]

Ald et al 1984b [P]
Miz & DeW 1984 [P]
Gol 1987 [P]

Mei et al 1988 [P]
Wes & Ald 1990b [P]
Ber et al 1993 [P]
van et al 1993 [I]

Fei et al 1994 [P]
Wes et al 1994 [P]
Gas et al 1997 [D]
Gol & And 1985 [PI]
Dye & Cro 1989 [S]
Wys et al 1989 [D]
Ald et al 1989b [P]
Agr & Ald 1994 [D]
Gol 1984 [P]

Smy & Tjo 1990a [P]
Ber et al 1993 [P]

Fei et al 1994 [P]
Das & Bec 1981 [D]



ICLAS
ASE, gain
DFWM

ICLAS
DFWM

POL
PD

LIF, ABS

)
2pllD-2p3P
3p°P - 2p°P
3p°P - 2p°P

d’l, - a1,

A%A - X7,
B2%p - X1,
A%A - X7,

A%AB2T-X1

B2 - X,

158, 227 cm’!

630, 636
2x226
2 x226

514.5
516.5
514.5
509-517
514.5
473.7
248

248
617.3

1610-1620 cm!

516.5
516.6
516.5
282

266, 355, 532

266, 292

427

390

425

431-435
427.4

431

435.4

434 .4, 387.2
390

387

Absorption
3p°P - 35°S 845
Scattered beam

a1, - a1, 516.5
563.5
516.5
555-565
563.5
513

e311 3ur 250-400
Dlz+ xz:;“ 232

Absorptlon

w3 beam

Scattered beam

Polarization change

d’1, - a1, 516.5
473
560

A%A-X70 431

B2 - X1, ?

A%A-X71 423-432
427428
431.0
486
431

A%AB2L-XMI, 432,392

B2 - X1, 390
431

Hy-0, [P]
H,-air [P]
Hy-0, [P]
Hy-air [P]

CHgO, [P]
CHyO, [Pl
CH,-O, [P]

CH,0, [P]

CH,-N,O-N, [P]
CH,,...-0,-N, + NO [P]

CyHg0, [P]

C3Hg0, [P

CH,-0, [F]
CHy-0, [P]
CH,-0, [P]
GH,-0, [P]
GHy-0, [P]
CHy-0, [P]

GH4O0-N; [P]
CyH,-0,-Ar [P]

GHy-0; [P]

CH,,CH,0-NO,-0; [P]

CH4-0, [P]

CH,-0, [P]
CH,/air [D]

CH,,CyHy, Clig-Oy-Ar [P]
CH,-O,N, [P]

C;Hg-air [P]

CH,-O,-Ar + N,O,NO,.. [P]

CyHyair [P]

Tee & Bec 1981 [D]
Che & Kov 1994 [D]
Bro & Jef 1995 [D]
Krii et al 2000 [P]

Vea & Hen 1972 [D]
Bec et al 1974 [D]
Jon & Mac 1976 [D]
Bar & McD 1977 [D]
Van et al 1983 [P]
Wil & Pas 1997 [P]
Bro et al 1998 [D]
Bro et al 1998 [D]
Har & Wei 1981 [P]
Att et al 1983 [D]
Nyh et al 1994 [D]
Kam et al 1997 [D]
Nyh et al 1995a [P]
Ald et al 1982 [P]
Ben & Ald 1990 [P]
Gol & Kea 1990 [P]

Bon & Shi 1979 [D]
Bra et al 1991 [P]
Cat et al 1984 [D]
Koh et al 1984 [P]
Nor & Smy 1991 [P]
Ber et al 1993 [P]
Ber et al 2000 [P]
Luq & Cro 1996 [P]
Wil & Fle 19940 [P]
Pau & Dec 1994 [T}



CoO

ABS
REMPI
DFWM
2C-RFWM
CRD

TDL
EM

MP-LIF

MP-LIF, ASE

LIF
2+1 REMPI

cizt - x,

A%A - X,
D21, - X211,
A%A - X,
B2 - X1,
A%A - X711,

B2 - X1,

c?ct - x1,

A%A - X1,

Bzt - xlzt

Clr* - xlg+
Bzt - xl¢+
(2,0) band

Bt - xlgt

365

389.5

387.4

364

316.1
314-317
310-314
430.4-431.3
312.1
426.1-426.5
387-394
430
420-431
387

388.3
314.0-317.0
314.5

314.5

317

426

2 x230

2 x 217.66
2 x 230
4300 cm !
2 x 230

cxtt-xm,

A%A - X1,

Cizt - xM,

Absorption
Electrons

Scattered beam

A%A - X1,
Absorption

Absorption

CBA - X1,

Bzt - 4ll1

Cle+ - Alln
B't* - 4l
(1,0) band
Electrons

405

> 420
320-460
404
314.4
431
314.5

426

300-500

484
451-725
451-725
484

451

484

475
350-550
480-725
2100 cm’!

CH,4-0,-NO,-N, [P]
CHy-air-N, [P]
CH4-0, + NO [P]
CH4"02,air [P]
CHy4-O,-air [P]
CHy4-O, [P]
CH4,C2H4-air [P]
C,H,-0, [P]
CH,4,C,Hy-air [P]
C,H,-0, [P]
C,H,-0, [P]

CHy-air, C,H,-0O, [P]
CH,4-0,-Ar [P]
CHy-air [P]
CH4-O,-N, [P]
CH,4+N,/0,+N, [D]
CH,4-0,-N, [P]
CH4-0,-N, + N,O [P]
CHjy-air [P]

CH,/air, C,H,/air [D]
C,H,-0, [P]

CHy-air [P]

CO-air, CHy-air [P]
CO,CHg-air [P], CO-air [D]
CH,4-O,-Ar [P]

C;Hg-air [P]

CHy/air [D]

CH4-0,-N, [P]

CHy-air [P], CHy/air [D]
Cell

CO-Ar-H, [P]
CH,4-O,-Ar [P]

Wil & Fle 1995 [P]
Ngu & Pau 1996 [I]
Juc et al 1998 [P]
Lugq et al 2000 [D]
Cho & Dea 1985 [D]
Jef et al 1986 [D]
Tjo & Smy 1988 [D]
Jok et al 1986 [P]
Tjo & Smy 1988 [D]
Wil et al 1992 [P]
Hun et al 1995 [D]
Eve et al 1999 [P]
Tho & McI 2000 [P]
Mer et al 2001a [P]
Lugq et al 2001a [P]
Mer et al 1999a [P]
Der et al 1999a [P]
Der et al 19990 [P]
Mer et al 2001a [P]
Pet & Oh 1999 [P]
Bas & Bro 1961 [S]

Ald et al 1984c [P]
Hau et al 1986 [I]

Sei et al 1987 [I]

Tjo & Smy 1989 [D,S]
Wes et al 1994 [P]
Eve et al 1996 [P1I]
Gas et al 1999 [P]

Lin et al 2000 [D]
Wes et al 1990 [S]

Kir & Han 2000 [I]
Tjo & Smy 1989 [D,S]



OH

2+1 REMPI

3+2,3 REMPI

TDL

LIF, ABS

LIF

LIF, DFWM
ABS

OA

Clzt - xlp+
Alll - X'zt
(1,0) band

(2,0) band
(3,0) band
W) -wy

Bzt - xlp*

A%t - xn;

At - X,

A%t X,
Akt . xu

At - XL,

2x217.5 Electrons

3 x 430-470 Electrons

2020-2213 cm™!  Absorption

2128 cm’!

2028,2034 cm’!

2173,2169 cm’!

2020-2100 cm’!

4344 cm 1

6412 cm’!

2143 cm’! w3 beam

2143 cm’!

2x230 Polarization change

282.9 A%t - x, 308
306-309 306-309
285.6 314
310 310
309.3 307.1, 312.5
310-312 A%t - X 310-312
313.3 319.5
281, 306, 612: Five excitation/detection strategies
282 315
278.8, 283.6 305-385
248-310: Three excitation/detection strategies
287.9 295-340
248.5 295
282.6-283.5 295-395
281.4,306.4 ALt - X, 308.9
308.6 Absorption

306.9

307.4-313.7

308.0, 309.3 Pressure wave

CH,,CH,y,CHg-0,-Ar [P]
CH4-0,-Ar [P]
CH,-O,-Ar [P]

CH-air [P]

CH,/air [D]

CHj-air [P]

CyHy/air [D]

CH,-0,-Ar + CF,Br,... [P]
C,Hy-air [P]

CH-air [P]

CH,-air [P]

C;Hg/air [D]

CO-0, [P]

C3H8-air [P}
H,-0,,H,-N,0 [P]
CH,/air [D]
CHg-O°N; [P]
CyHg-0,-N; [P]
H,-O,-Ar [P]
CHy-0, [P]
H,-O,-Ar [P]
CH,-air [P]
CH,,CyHy/air [D]

CH-air [P]
CH_-air [P]

H, +N,/air [D]
C;Hg-O, [P]
NH;-0,-N, [P]
CH,-air [P]
H,-0, [P]
CH4'02-N2 [P]

Ber et al 1993 [P]
Tjo & Smy 1989 [D]
Tjo & Coo 1984 [P]
Sch & Han 1981 [P]
Mil et al 1993 [P]
Ngu et al 1993 [P]
Ska & Mil 1995,1996 [P]
Dan et al 1996 [P]
Wan et al 2000 [D]
Ups et al 1999 [D]
Far et al 1985 [P]
Mag et al 1995 [P]
Nyh et al 1995b [D]

Kai et al 1986 [P]
Koh et al 1988 [P]
Smy et al 1990 [P]
Car et al 1991 [P]
Car & Lau 1994 [P]
Luc et al 1983b [P]
Koh et al 1984 [P]
Lau & Gol 1989 [P]
Koh et al 1990 [P]
Pur et al 1992 [P]
Sei & Han 1993 [I]
Ngu et al 1996 [P]
Ngu & Pau 2001 [D]
Bro et al 2001 [P]
Kro et al 1993 [D]
Cho et al 1982 [P]
Cat 1982 [P]

Gol 1984 [P]

Ros et al 1984 [P]



HCO

PTD
PTD, PAD

CARS, DFWM

DFWM

CRD
CRD, LIF, ABS

2+1 REMPI
EM

LIF

TDL

41 vy Iy +
DFWM,2C-LIGS 4 II,-X Eg

LIF

2+1 REMPI

1+1 REMPI

ALt - x,
At - x,
wy - @

W) -wy, A-X
A% - x,

A%t - X7,

VEOMED €18
A%t X7,
(2,0) band

D - X1,

A'm,- X'}

v3 band

B4 - X'

3p24" - X'

3pUAI- X240

309.0
309.2

3065 cm*!

3065 cm™!,311.2
306.4
306.4-309.3
284.9

308.6

309.7

309.7

308.6, 309.2
312.2

302.4, 304.0
6420 tm!

6421 cm’!

2 x 243-247

370415
405

2040 cm’!
405

245

258
258.4
258.5
254
2x3974

208-222

Beam deflection
Beam deflection

w3 beam

Scattered beam
Polarization change

Scattered beam

Absorption
Absorption, 4 - X
Absorption
Electrons

ALt . X,

a1 ¥ ly +
AT, - X TE;

Absorption
Scattered beam

B4 - X4’

Electrons

Electrons

261-352

370415
423

276-284
340-380
< 360

280-400

C3Hy-air [P]
CH,-air/air [P)
CH,air [P]
CH-air [P]

C,H,-0,,C3Hg-air [P]

CH,-ir [P]
H,-N,0 [P]

Hy-air [P]

CsHg-air + SO, [P]
H,-air + SO, [P]
Hy-air [P]

CH,air [P]

H,,CH,-air[P],CH,/N,/0,[D]

CH,-air [P]
CHj-air [P]
Photolysis
H,-0, [P]

CH,-He plasma
CH4-H,-Ar plasma
Photolysis
Vaporized jet

CH,0; [P]
CH,-Or-N, [P]
CHy-air-N, [P]
CH-air [P]

CH -2ir [P]
CH4-O5-Ar [P]
CH,,C,H,-O,-Ar [P]

CH,,CyH,,CoHg-O5-Ar [P]

Photolysis

Kiz et al 1984 [P]
Ros & Gup 1984 [P]
Att et al 1990 [P]
Ber et al 1992 [P]
Nyh et al 1993 [P]
Suv et al 1995 [D]
Lof & Ald 1996 [D}
Rei et al 2000 [D]
Mis et al 1996 [P]
Rad et al 1999 [P)]
Rei et al 1999 [D]
Che et al 1998 [P]
Mer et al 1999 [P]
Ups et al 1999 [D]
Aiz et al 1999 [D]
Col et al 1991 [S]
Bas & Bro 1953 [S]

Bal et al 1994 [S]
Rai & Jef 1997 [P]
Mat et al 1988 [S]
But & Roh 1992 [D]

Jef et al 1990 [P]
Dia et al 1998 [P]
Naj et al 1998 [1]
Bom & Kap 1999 [1]
Naj et al 2001 [I,P]
Ber et al 1988 [P]
Coo et al 1988 [P]
Ber et al 1993 [P)
Son & Coo 1992 [S]



HO,

IcH,

3CH,

C,0

B4 - X4 222-263 Photolysis Coo & Son 1992 [S]
TDL A4 - X4 758 Absorption Flow reactor Oh et al 1993 [S]
ICLAS A4 - X4 615.5-615.8 Absorption CH,-air [P] Che 1995 [D]
615.8 CH,-air [P] Loz et al 1997 [P]
615.8 CH,-O,-N, [P] Loz et al 1998 [P]
CRD A%24" - X0 615 Absorption CH,-N,-0, [P] Sch & Rak 1997 [D]
614.9 CH,-0,-Ar [P] Mcl 1999 [P]
TDL vy band 1117.5 cm! Absorption Photolysis Thr & Tyn 1982 [D]
2v; band 6625.8 cm’! Photolysis Joh et al 1991 [S]
Flow reactor Taa & Oh 1997 [S]
LIF b'B, - a'4, 538 b'B, - al4, 450-650 CH,-O, [P] Sap et al 1990 [P]
ICLAS b!B, - al4, 612.4 Absorption CH,-0,-N, [P] Che et al 1997 [P]
612.4 CH,-0,-N, [P] Loz et al 1998 [P]
590-593,640-645 CH,-0,-N, [P] Der et al 1999¢ [P]
CRD b'B, - a'4, 622 Absorption CH,-O,-Ar [P] Mcl 1998,1999 [P]
3+1 REMPI 4 states - X 3B1 385-430 Electrons Flow reactor Iri & Hud 1992 [S]
241 REMPI fl(3p),1~(4p)-3'( 3B1 311.8, 269.4 Electrons Flow reactor Iri et al 1992 [S]
LIF q1- X%t 250-312 qr-x2%t 400-600 Photolysis Hsu et al 1992,1993 [S]
ABS AI- X2%ct 3000-4200 cm™  Absorption Discharge Car et al 1982 [S]
2+1REMPI  3po?MI(?) - X2£+ 2 x 272-283 Electrons Photolysis Coo & Goo 1991 [S]
EM qr-x2%t 250-300 Discharge Som et al 1995 [S]
LIF AL - X3 588-689 A%, - X3¢ ? Photolysis Pit et al 1981 [S]
TDL v; band 1971 cm’! Absorption Photolysis Yam et al 1986 [S]



CH,

CH,0

HCCO

GH,

2+1 REMPI

DFWM
PD
CRD

LIF

3+1,2 REMPI

TDL

CRD, LIF

LIF

LIF, PD

TDL

3p24; - X24;

§2Ai - gZAi
B24; - X%4;

B24; - X24;

U3 band

3py93pz - i1‘41
Us band

Al4, - X4,

2x 3335

216.5
217

205
3125

352.5
338.1

353.0
369.2-369.7
353.2

355

339.2
353.1-353.6

3 x 445-470
2868-2872 cm’!
2937 cm’!
368-373

284.8-299.3
215.9

1935-1980 cm’!

1273,1298 cm’!

Electrons

Absorption
Scattered beam

CH 424 - X11,
Absorption

A4, - X4,

Electrons
Absorption

Absorption
BYI- X%
C,da, CA

w3 beam

Absorption

427

395-550
> 360
?

> 380
> 375
425
380-500
360-550

375-425

330-650

CH,/air [D]
CH,-0, [P]
CH,,C,H,-0,-Ar [P]
CH,-0, + NO [P]

CH,,CHy,CyHg-O5-Ar [P]

Flow reactor

CH4-0, [P]

CHy-air [P]

CH4-air, C3H8-air [P]
CHy-air [P]

CHy-air [P]

CH,/air [D]

Dimethyl ether-air [P]
CHy-air [P]

CHg-air [P]

CH-air [P]
QH4'N2-Af-air/ air [P]
CHjy-air [P]
CoHy,CoH,.-air [P]
Flow cell

Cell

Cell

CH4-N,-0, [P]

Photolysis

GHy-0, [P]
CyH,/air [D]
CH,-C,H,-air [P]
C,H,/air [D]

Smy & Tay 1985 [P]
Mei & Koh 1987 [P]
Coo et al 1988 [P]
Etz et al 1992 [P]
Ber et al 1993 [P]
Hei et al 1994 [S]
Etz et al 1993 [P]
Sic et al 1995 [P]
Far et al 1996 [P]
Des et al 1996 [P]
Sch et al 1997 [P]

Har & Smy 1993 [P]
Pau & Naj 1998 [1]
Bom & Kap 1999 [1]
Kle et al 2000 [I]
Boc et al 2000 [I]
MCcE & Pfe 2000 [P]
Shi et al 2001 [P]
Bur et al 2000 [T}
Bom & Dou 1987 [S]
Cli & Var 1990 [S]
Tol & Mil 1998 [D]
Lugq et al 2001b [P]

Bro et al 1999 [S]

Rai et al 1989 [P]
Far et al 1984 [D]
Luc et al 1986 [P]
Tol & Mil 1994 [P]



CoH;

CH,0

CH,0H

CH;0,

C,Hj allyl

CH,

TDL
CRD

LIF

REMPI

2+1 REMPI

LIF

2+2 REMPI

1+1 REMPI

TDL

2+2 REMPI

C¢H; phenyl CRD

CeHg

Raman
1+1 REMPI

CH, wag
A4 - X%

A%4, - X2E
7-X2E

B24'(3p) - X4

Sy - So

3524, - X24,
D,C,B- X%4,
V11 band
3524, Ryd-X

ZB1 _ 2Al

4] band

895 cm’!
415-530

290-300
297.6
292.8
315-328

2 x 430490
2 x 450470

Absorption
Absorption

A%, - X?E
Electrons

Electrons

243-251, 2 x 460-505

428

2 x 485-515
2 x 488-513
238-250
795-823 cm’!

2 x 485-535

504.8

992 cm’!

S1 1By, - S "4y, 233-262

S1 - So

Electrons

Absorption

Electrons

Absorption

Scattered light
Electrons

330-420
350-400
320-400

455.5, 477.7

Photolysis
Photolysis

CH4-0,-N,-NO, [P]
CH4-0,-N,-NO, [P]
CHg-air [P]

Flow reactor

Flow reactor
Photolysis
Flow reactor

C,H,-air [P]

Flow reactor
Photolysis
Flash pyrolysis
Photolysis

Flow reactor

Photolysis

Molecular beam

Kan et al 1990 [S]
Pib et al 1999 [S]

Wil & Fle 1994a [D,P]
Wil & Fle 1995 [P]
Naj et al 2001 [I,P]
Lon et al 1986 [D]

Dul & Hud 1986 [S]
Bom et al 1986 [S]
Joh & Hud 1996 [S]

Tic et al 1998 [I]

Hud & Dul 1985 [S]
Sap & Wei 1987 [S]
Blu et al 1992 [S]
Hir et al 1992 [S]

Hud & Dul 1985 [S]

Yu & Lin 1994 [D]

Get et al 1992 [P]
Ich et al 1988 [S]



C;H, benzyl LIF
n+1REMPI  ?- X2B,

tropyl 2+1 np,nf - X2E,

(B) Nitrogen-Containing Species

N atom MP-LIF 3p*D - 2p34s
ASE 3p“D - 2p34s
CN LIF, ABS B2t - x%¢t
LIF B2t -x2ct
DFWM B2t - X2¢t
CRD B2t - X%t

124,,22B,-1B,

432-459
425-460
498-518

124,,22B,-12B,
Electrons

2 x 415-590 Electrons

2 x 211 3p“D - 35 %P

2x211 3pD - 354P

384.2 Bt -x%t
386

421.7; 386.4

388.5 B2Lt - x2ct
454.5

386.7

309-315, 330-335

421.7

388.5

356.5

388.3

388.1

386.0-388.5 Scattered beam
388.3 Absorption
384.8

10

464-538
450-500

870

870

388.3

?

388
380-390
384-387
?

388

388
365-505
389

420
320-460

Flow reactor
Photolysis
Flow reactor

Flow reactor

H,-0,-N, + NH,.. [P]
H,-0,-N, + NH,.. [P]
NH;-H,-0, [P]
NH;-0, [P]

C,H,-N,0 [P]
CH,,CH,0-NO,-0, [P]
CH,-NO-0,, CH,-N,0 [P]
C,H,-0,-Ar [P]
CH,-N,O-N, [P]
H,-O,-Ar + HCN [P]
CH,-N,0 [P]
CH,-NO,-O, [P]

CH,-0, + NO [P]
CH_-air [P]
CH,-0,-NO,-N, [P]
CH,-0, + NO [P]
H,-C,H,-0,-N,-NO [P]
CH,-0,-N, [P]

CH,-0, + NO [P]

Oka et al 1982 [S]
Fuk & Obi 1990 [S]
Hof & Hud 1985 [S]

Joh 1991 [S]

Law et al 1990 [P]
Bit et al 1991 [P]
Wes et al 1991b [P]
Agr et al 1990 [P]

Bon & Shi 1979 [D]
Bra et al 1991 [P]
Zab 1992 [P]

Mor 1982 [D]

Van et al 1983 [P]
Mil et al 1984 [P]
Jef et al 1986 [D]
Zab 1991 [P]

Etz et al 1992 [P]
Hir & Tsu 1994 [I]
Wil & Fle 1995 [P]
Juc et al 1998 [P]
Tsa et al 1995 [D]
Lugq et al 2001a [P]
Mer et al 2001b [P]



NH

NO

LIF, ABS

LIF

ABS
DFWM
POL

2C-RFWM
CRD

LIF, ABS
LIF

A3 - X3%

A3 - X3%

A3 - X3%
A3I - X3%
A3 - X3%

A3 - X3¢
AT - X3¢

ATt - X,
VEOREED €1 8

335.4

337

336

302.6, 332.7
338.8

338.2

336

332.7

333.1
333.2-333.6
333.6-336.2
333.5-337.7
333.8

236.7
214.3
225.8
225.5
225.5
226.0
225.5
225.9
225.6
225.95-226.15
225.6
226.0
226.4
225.4
247.9
225.5
226
225.5
225.6

A - X3¢

A3 - X3¢

Absorption
Scattered beam

Polarization change

Scattered beam
Absorption

ALt - XL
At - X

11

337.3
337

336
337
338
336

258
252.2
235-250
234-237
234-237
285-400
239
230-300
Several \’s
240-270
234-237
228-273
248

245
226-260
234-237
245
234-237
230-400

CH,-N,0 [P]
CH,-N,0-Ar [P]

CH,,CH,0-NO,-0, [P]
CH,-NO-0,, CH,-N,0 [P]

CH,-N,0 [P]

CH,-O,-Ar + N,O,NO,.. [P]
C,H,,C,H,;-0,-N, + NO [P]

NH;-0,-N, [P]
NH;-0,-N, [P]
NH;-0, [P]
NH,-0, [P]
NH;-0, [P]

CH,-0,-N, + N,0 [P]

NH3-02—N2, CH4—air [P]

H,-O,-Ar + NO [P]
CHy-air [P]
C,Hg-0,-N, [P]
C,H4-0,-N, [P]
CH,4-0,-N, [P]
CHy/air [D]
CH-air [P]
CH,4-0,-N,,Ar [P]
CHy4-0,-N, [P]
CH,4-0,-N,,Ar [P]
CH4-0,-N, [P]

CH,/air + NO,NH; [D]
CH,-0,-N, + CH,Cl,.. [P]

CHjy-air,C;H ¢-air [P]
C,Hg + Ny-air [D]
CH4-0,-N, [P]
CHy/air, C,Hg/air [D]
C;3Hg-air + NO [P]

And et al 1982a [P]
Sal et al 1984 [P]
Bra et al 1991 [P]
Zab 1992 [P]

Cop et al 1989 [P]
Wil & Fle 1994b [P]
Wil & Pas 1997 [P]
Cho et al 1982 [P]
Rak et al 1990 [P]
Dre et al 1995 [D]
Suv et al 1995 [D]
Rad et al 1997 [D]
Der et al 1999b [P]

Cho et al 1983 [P]
Cat et al 1988 [P]
Hea et al 1992 [P]
Rei et al 1993 [P]
Rei & Lau 1994 [D]
Bat & Han 1995 [I]
Smy 1996 [P]

Ngu et al 1996 [P]
Par et al 1996 [D]
DiR et al 1996 [I]
Tho et al 1997 [D]
Mok et al 1997 [D]
Sic et al 1998 [P]
Des et al 1998 [P]
Sch et al 1999 [I]
Rav et al 1999 [P]
Gas et al 1999 [P]
Rav & Lau 2000 [P]
Ata & Har 2000 [P]



NF

NS

NH,

N,O

HCN

1+1 REMPI
2+2 REMPI
TDL

Raman

DFWM

POL

ICLAS

LIF

LIF

ABS

OA
CARS
ICLAS

TDL

LIF
CRD

Dt - X,
ALt - X
ALt - X
vo band

(3,0) band

vo band
ATt - XM,

ALt - X2,
plct - x3¢
clct - x1

r

A%, - X2B,

A%4, - X?B,
A%4, - X?B,

W mwy
A4, - X?B,

3v3 band
Several bands

Alg - Xzt

X!zt overtones

193.0-193.7
270-317

2 x 452
1850-1925 cm’!
5400-5650 cm’!
~ 1875 cm’!
226

226.5-227.1

528

230-232

571-662
647.1

600

598
602.7
598

630

3220 cm’!
597.3

6535-6600 cm’!
4922-5108 cm’!

193.1, 194.0
434-572

Dt - X1,
Electrons
Electrons
Absorption

Scattered light

Scattered beam

Polarization change

Absorption

cxt - xI,

A%4; - X?B,

Absorption

Pressure wave
w3 beam
Absorption

Absorption

Alg"- X'zt
Absorption

12

208.0

237.1

516-824

540-550
f)

> 620

200-285

C3H8-02 [P]
H,-air-N,O [P]
CHy-air [P]
CHy-air + NO [P]
Cell

H,-N,0 [P]
H,/0, + N, [D]
CH,4-0,-N; [P]
H,-N,0 [P]

Photolysis

CH,-N,0 + SFq,.. [P]

NH,-N,0,0, [P]

NH;,H,,CH4-N,0-N, [P]
CH,4,CH,0-NO,-0, [P]
CH,4-O,-Ar + N-fuels [P]

NH;-0O, [P]
NH;-0,-N, [P]
NH;-0, [P]

Photolysis

CH4-0,-N, + N,O [P]

Cell
Cell

Cell
Cell

Wod et al 1988 [D]
Mal & Smy 1982 [D]
Roc et al 1982 [P]

Fal et al 1983 [D]
Son & All 1997 [D]
Van et al 1986 [P]
Van et al 1992a [S,D]
Far & Rak 1999 [S,D]
Lof et al 1996 [D]

Pod et al 1997 [D]

Jef & Cro 1986 [D]

Cop et al 1984 [D]
Won et al 1987 [P]
Bra et al 1991 [P]
Wil & Fle 1997 [P]
Gre & Mil 1981 [P]
Cho et al 1982 [P]
Smi et al 1983 [D]
Dre & Wol 1984 [D]
Der et al 1999b [P]

Mih et al 1998a [S]
Mih et al 1998b [S]

Bar 1979 [S]
Rom & Leh 1993 [S]



HNO

NCO

NCN

NO,

NH,

LIF

ICLAS

LIF

LIF

LIF

OA
PTD
DFWM

MP-LIF
DFWM
POL
CARS
TDL

)
0
0
0
A’B, - X%4,

Cl4;- X4,

é IE",§1Ai-):( IA1
BlE",Cl4{-X'4,

W) - Wy
vy band
UI+U4, U3+U4

570-640
617.8-619.0
618, 642-644
618, 642-644

465.8
435-512
466.4

439
314.7-315.2

315-320

450-470
453

485-520,575-620

490
474.4

2 x 305
2 x 302-308
2 x 307-310
3334 cm’!
925-928 cm’!

5005-5047 cm’!
vy +us, 2v3 bands 6529-6678 cm™!

Al - X4

Absorption

A%t - X,

B2 - X711,
A%, - X3,

?
?
Pressure wave

Beam deflection
Scattered beam

A4, - X4,

Scattered beam
Polarization change

w3 beam
Absorption

13

> 640
> 620

430-443
435-465
440
466
365

330 - 440

> 510
500-600

720

Pyrolysis
Pyrolysis
CH,4-0,-N, + N,O [P]
CH,-0,-N, + NO [P]

CH,-N,0 [P]
CH,-N,0 [P]

CH,-0,-Ar + N,O,NO,.. [P]

C,H,-0,-N, + NO [P]
CH,-N,0 [P]

Discharge

CH4-0,-N,-NO, [P]
CH,4-0,-N,-NO, [P]
CHy-air + NO, [P]
CHy-air + CH;NH, [P]
C;3Hg-air + NO, [P]

NH;-0, [P]
NH;-0, [P]
NH;-0, [P]
Cell
Cell
Cell
Cell

Dix & Nob 1979 [S]
Dix & Nob 1980 [S]
Loz & Che 2000 [D]
Loz et al 2001 [P]

And et al 1982b [P]
Cop et al 1984 [D]
Wil & Fle 1994b [P]
Wil & Pas 1997 [P]
Jef et al 1986 [D]

Smi et al 1989 [S]

Bar & Kir 1978 [D]
Wil & Fle 1995 [P]
Ten et al 1982 [D]

Ros et al 1982 [D]

Man et al 1992,1996 [I]

Wes & Ald 1990a [P]
Geo & Ald 1993 [D]
Nyh et al 1995b [P]
Dre & Wol 1984 [D]
Nec & Wol 1989 [S]
Mih et al 1998b [D]
Web et al 2001 [D]



(C) Halogen-Containing Species

HF

CCl

CF

CHF

CF,

FCO

CF,0

CF,

CF;H

DFWM

LIF

LIF

LIF

LIF

CRD

LIF

TDL

TDL

TDL

(1,0),(3,0) bands

A2A - X210

A'B, - X4,

AMIA") - X2

(m, 7") system

vy band

v3, 2v4 bands

vy band

870, 2500

270-285
277.8

224
223.3

492.4
492.4

233
250

316-338

216
211.0
1250-1275 cm’!

1250-1280 cm’!

1075-1100 cm’!

Scattered beam

A2A - X1

A'B; - X4,

Absorption

(n, ") system

Absorption

Absorption

Absorption

14

278.4
278

254
255

> 515
> 515

290
334

?
330-410

Cell

CH4+C,H;Cl + He/air [D]
CH4-0,-N, + CH;Cl,.. [P]

CH,-0, + CHF;,.. [P]

CH,4-0, + CHF;,CH,F, [P]
CH4-O, + CHF;,CH,F, [P]

C,F4-0, [P]
CH,-O, + CHF;,CH,F, [P]

Photolysis

C,F4-0, [P]
CoF4-0, [P]
CH,-O,-Ar + CF,Br,.. [P]

CH4‘02—AI + CF3BI',.. [P]

CH4-O,-Ar + CF;Br,.. [P]

Van et al 1992b [D]

MCE et al 1994 [P]
Dev et al 1998 [P]

Esp et al 1997 [D]
Esp et al 1999 [P]

Esp et al 1997 [D]
Esp et al 1999 [P]

Dou et al 1996 [P]
Esp et al 1999 [P]

How et al 2000 [S]

Dou et al 1996 [P]
Esp et al 1997 [D]
Dan et al 1996 [P]

Dan et al 1996 [P]

Dan et al 1996 [P]



CF,H, TDL

(D) Other Species

Ar 3+1 REMPI
Si 2+1 REMPI
PO LIF

1+1 REMPI
S, LIF

DFWM
SH LIF
SO LIF
Si0 LIF
SO, LIF

v3 band

3p4s 4s' - 3p0 IS

4p 3P - 3p?3p

B2t - X711,
A%t - X1,
B2Lt -x I,

3y - 3y -
BT, - XL,
B3, - XL,

VEOLED €1

B3y - X3¢

Allm-xlgt

A'B, - X4

1075-1120 cm’!

3x3144

2 x 406-410

324-327
245.6-247.8
302-334

296.0
309.6
309.6

323.7

266.5

227.5-232.9
231.0
231

266.5

Absorption

Electrons
Electrons

B2t - X1,
ALt -xI,
Electrons

BL, - X%,
Scattered beam

ATt - X7,
B3r - X3¢

A3 - x3%

A8, - X4,

15

325.0
240

302.5

328.0

283.4

232
237
238

279.3

CH4'02'A1' + CF3BI', [P]

CH,/air [D]

Discharge
Discharge
C,H,-air [P]

H,-0,-N, + H,S [P]
C3Hg-air + SO, [P]
H,-air + SO, [P]

H,-0,-N, + H,S [P]

H,-O0,-N, + H,S [P]

CH,-0, + SiCl, [P]
H, +Ar+SiH,/0, +Ar [D]
H,-0, + HMDS [P]

H,-0,-N, + H,S [P]

Dan et al 1996 [P]

Smy & Tjo 1990b [P]

Zac & Jok 1990 [P]

And et al 1984 [D,S]
Won et al 1986 [D]
Smy & Mal 1982 [S]

Mul et al 1979 [P]
Mis et al 1996 [P]
Rad et al 1999 [P]

Mul et al 1979 [P]

Mul et al 1979 [P]

Hyn 1991 [S]
Zac & Bur 1994 [P]
Glu 2001 [P]

Mul et al 1979 [P]
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