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Abstract A new experimental method is described

enabling detection of hydroxyl radicals (OH) by laser-

induced fluorescence in high-temperature gas-phase reac-

tions. This is accomplished by means of a bidirectional

optical fiber probe, which is of interest for applications

where optical access is limited. An optical setup that allows

simultaneous excitation and detection of fluorescence using

one and the same fiber has been developed. Complications

resulting from coupling as well as laser-induced scattering

are addressed, and different fibers are compared with

regard to core material composition and geometric col-

lection efficiency. On this basis, a suitable fiber is identi-

fied, and OH detection and profile measurements are

demonstrated in a premixed laminar flame as reference

experiment.

1 Introduction

Free radicals play a fundamental role in reaction kinetics

underlying combustion, plasma chemistry, as well as

atmospheric chemistry. Detection of radical species is

challenging because of their high reactivity and ppm to ppb

concentrations levels, but can be accomplished by laser-

spectroscopic methods such as cavity ring-down absorption

spectroscopy (CRDS) or resonance-enhanced multiphoton

ionization (REMPI) [14]. A shortcoming of these tech-

niques is the requirement that the measurement has to be

performed in an optical cavity in the case of CRDS [23], or

the insertion of an ionization probe [2] or a molecular

beam nozzle [8] into the reaction medium in REMPI

measurements.

Laser-induced fluorescence (LIF) is a spectroscopic

method that features high sensitivity and potential for in-

situ quantification [3, 5]. In LIF, the laser wavelength is

tuned to a species-specific rovibronic transition of the atom

or molecule of interest, which is elevated to an excited

electronic state and might—after having undergone colli-

sion-induced intra- or intermolecular energy transfer pro-

cesses—eventually emit a fluorescence photon. The

fluorescence signal may be considered proportional to the

species’ number density, if quenching or predissociation

effects are accounted for.

In many applications, the use of LIF is hindered by the

necessity for optical access to the system. The common

detection arrangement necessitates at least two optical

ports, which cannot always be provided. As representative

examples, one might imagine a reactor the walls of which

consist of catalytically active (intransparent) material, a

reaction chamber encapsulated by a furnace, or high

pressure internal combustion engines. An alternative to

direct optical access is an optical fiber which can be used

for minimally-invasive in-situ detection even under harsh

conditions. An example for recent experiments is a LIF

sensor integrated in a spark plug in order to monitor the

mixing process prior to ignition in an internal combustion

engine via tracer LIF [20]. Though the excitation and

fluorescence light are separately guided through optical

fibers, eventually, optical access is again provided by

miniature viewports in the sensor head, and the authors

outline the optimization of the optical design with respect

to collection efficiency.

In contrast, the present approach regards the optical fiber

as a probe itself. Since common fused silica fibers are

chemically inert and show high temperature resistivity,
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they may be regarded as truly minimally-invasive probes

and can be inserted directly into harsh reactive environ-

ments. There have been reports on the design and optimi-

zation of fiber-optic probes for (Raman-) measurements

comprising separate fibers for delivering the excitation

laser and collecting the scattered radiation [17]. It is

pointed out that a single fiber ‘‘bidirectional probe design

should be highly efficient since the excitation and collec-

tion light cones overlap completely,’’ but the option is

dismissed due to the amalgamation of the exciting and

collected radiation. This aggravation is certainly a major

concern when Raman scattering is being probed since the

signal is inherently weak, and spectral decomposition of

fiber-induced Raman scattering and desired Raman signal

may not be possible. In contrast, fluorescence transitions

may readily be found which are red-shifted beyond the

vibrational Raman signature of the light-guiding material

(i.e. [1,000 cm-1) enabling spectral decoupling.

To the knowledge of the authors, this is the first dem-

onstration of experiments in which a single optical fiber is

used for bidirectional LIF excitation and detection under

harsh conditions.

In what follows, we describe LIF detection using an

optical fiber probe in a bidirectional manner and demon-

strate LIF hydroxyl radical (OH) detection in a reference

experiment. Section 2.1 outlines experimental details of

the reference experiment, i.e. the premixed laminar flame,

where quantitative OH concentrations have been deter-

mined using a combination of conventional OH-LIF and

vibrational Raman scattering. Section 2.2 describes the

optical setup for simultaneous coupling and detection of

LIF, and discusses complications arising from laser-

induced scattering of high-energy laser pulses through

optical fibers. Section 3 focusses on the numerical deter-

mination of the collection efficiency and the effective

detection volume of bidirectional fiber probes based on

simple geometric considerations. Results are discussed in

Sect. 4, and first successful fiber probe OH-LIF detection is

demonstrated in the premixed laminar flame, which shows

good agreement with the conventional detection scheme.

2 Experimental

2.1 Characterization of laminar premixed flame

A laminar premixed stoichiometric methane-air flame was

used to generate OH radicals and served as a reference

experiment. The atmospheric premixed flame was

anchored at the outlet of a 6 mm tube, which could be

shifted vertically relative to the optic axis. Axial reference

profiles of OH concentration and temperature along the

burner’s symmetry axis in the exhaust fume region were

measured by means of LIF and vibrational Raman scat-

tering using a conventional lens-type optical setup. Ther-

modynamic equilibrium considerations allow for

quantification of OH concentrations based on the local

temperature in the post-reaction zone.

2.1.1 OH-LIF

The hydroxyl radical features electronic transitions in the

ultraviolet spectral region and has thus been excited using a

frequency-doubled dye laser (Sirah, Cobra-Strech), which

is pumped by the second harmonic of a Q-switched

Nd:YAG laser (Spectra-Physics, Quanta-Ray). Typical

dye-laser pulses are characterized by a pulse length of

*8 ns, a pulse energy of *1 mJ, and a nominal funda-

mental linewidth of 0.06 cm-1. The system was tuned to

the OH Q1(8) transition of the A2R - X2P (1–0) band at

283.553 nm (air) which shows only a weak temperature-

dependance with respect to the Boltzmann fraction fBðTÞ
for the expected temperature range [19]. Off-resonant

detection of the 1–1 and 0–0 bands at 306–325 nm allows

spectral separation of elastically scattered light of the

excitation laser. In the reference experiment setup (Fig. 1,

top), the LIF laser is reflected by a longpass dichroic mirror

(DM) and focused by a 15 mm lens (L, f-number f# ¼ 1:5)

into the flame detection volume (DV). The fluorescence is

collected by the same lens in a collinear manner, and after

Fig. 1 Schematic representation of optical setup for conventional LIF

and Raman measurements (top), and bidirectional fiber coupling and

detection (bottom). DM dichroic (longpass) mirror, L lens, LA micro-

lens array, P power-meter, F fiber, DV detection volume, SP
spectrometer
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having passed the dichroic mirror, it is focused onto a fiber

bundle coupled to a grating spectrometer (SP). The dis-

persed light is captured on a conventional CCD without

possibility for fast gating (hence the minimal exposure is

set by the readout time, 16 ms). Typically 1,000 individual

shots were recorded. The chemiluminescence-corrected

(due to the long exposure) LIF intensity may be assumed to

be a measure for the OH number density. The resulting OH

concentration profile above the flame’s reaction cone is

shown in Fig. 2 (blue markers). Quantification is obtained

by temperature measurements explained in the next

section.

2.1.2 Raman temperature measurements

In measurements conducted by Battles et al. [1], it was

shown that local OH concentrations may be correlated to

the local temperature by assuming thermodynamic equi-

librium, an assumption valid in the product-gas plume

behind the luminescent reaction zone of the flame. In order

to calculate the equilibrium composition, the local tem-

perature was measured by means of vibrational Raman

scattering. Lapp et al. [4, 16] suggest several methods to

deduce temperature from vibrational Raman signatures of

nitrogen in air-fed flames. The same detection setup as

described in the previous paragraph (and shown in Fig. 1,

top) was thus employed, but a continuous-wave Nd:YVO4

laser (Coherent Verdi V10, 532 nm) was used providing a

7 W beam at right-angles to the collection optics, and N2

spectra were recorded for exposure times of 30 s. Using a

continuous-wave source under steady-state conditions

permits high laser powers to be used without risk of

inducing optical breakdown or the need for pulse stretch-

ing. The polarization plane could be rotated using a

k=2-plate which allows for polarization-separated mea-

surements as proposed by Gruenefeld [6]. Raman scatter-

ing occurs predominately perpendicular to the laser’s

polarization direction. If the laser-polarization is tuned to

be parallel to the detection optical axis, no Raman signal is

captured while unpolarized fluorescence and chemilumi-

nescence is seen (Fig. 3, top). The difference spectrum

yields the pure Raman signal (Fig. 3, bottom). The vibra-

tional Raman temperature was then determined by com-

paring the area of the 1  0 band to the 2  1 band and

using Boltzmann statistics. The integral Raman vibrational

band intensity Iv (i.e. the sum of all rotational lines within a

vþ 1 v band) is [18]:

Ivþ1 v /
ðvþ 1Þ
k4

R Qvib

exp �EðvÞ
kB T

� �
ð1Þ

v being the vibrational quantum number, kR the Raman

wavelength, Qvib the partition function, and EðvÞ the

molecular energy term.

The resulting temperature profile is also depicted in

Fig. 2 (red markers) together with the OH concentration.

The experimentally determined temperature maximum of

*2,200 K agrees well with the expected adiabatic flame

temperature. To obtain local OH concentrations for cali-

bration thermodynamic equilibrium calculation was per-

formed with CHEMKIN [13] based on the standard
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thermodynamic database provided with the program (v.

4.0).

2.2 Fiber coupling and laser-induced scattering

When optical fibers are used to transmit high power pulsed

laser (UV-)radiation coupling, transmission attenuation and

inelastic scattering of the fiber material need to be taken

into consideration.

The bottom part of Fig. 1 shows the optical setup adapted

for bidirectional fiber coupling and detection, which is a

modification of the arrangement described in the first sec-

tion. The coupling lens is chosen such that the numerical

aperture (NA) given by its focal length and the laser diam-

eter corresponds to the numerical aperture NA of the fiber.

At the same time, this assures that the fluorescence response

returned through the fiber is completely captured. A tri-axial

fiber coupler stage permits positioning of the fiber end-face.

Coupling high-intensity laser-pulses into optical fibers

may lead to surface or bulk breakdown processes of the

fiber material, such as optical breakdown occurring at

the fiber entrance or exit surface [22], or re-imaging of the

focal point within the fiber leading to bulk damage [7, 21].

In addition, optical breakdown of the gas-phase in front of

the fiber surface would spoil every spectroscopic investi-

gation, as the waist of the Gaussian beam is on the order of

several microns, resulting in high peak intensities for

pulsed lasers. With respect to this problem, the focal spot

intensity distribution was homogenized using a micro-lens

array (LA in Fig. 1) designed to yield an almost flat-top

intensity distribution and a focal waist of the size of the

fiber diameter [22]. The fiber end-faces were polished

using 1 lm polishing paper.

Step-index multimode fibers made of fused silica (SiO2)

with fluorine-doped claddings are commercially available

and suitable for UV transmission. They posses high-damage

threshold intensities, and are characterized by their OH-

content (referred to as high-OH and low-OH) as well as the

amount of trace impurities. High-OH fibers show better UV-

transmission characteristics than those with low OH-content.

The fiber material’s inherent, fabrication-induced impurities

and defects may lead to undesired fluorescence, additional

Raman bands, color-center formation, and photodegradation

effects [10–12, 15]. Stimulated Raman scattering and non-

linear effects become important only for longer fibers or

higher laser intensities [11].

In Fig. 4, the back-scattering spectra of two fibers char-

acterized by low and high OH-content are shown. Both

samples have the same geometrical properties (core diam-

eter of 500 lm, length 1 m) and comparable pulse energies

are transmitted (indicated in the legend) at a laser wave-

length of 280 nm. The Raman spectrum of vitreous fused

silica features phonon and defect bands at wavenumbers

\1,200 cm-1 (corresponding to 290 nm here) [15]. These

are to a large extent blocked by the dichroic mirror but are

still clearly seen for both fiber types. Above 300 nm (cor-

responding to 2,400 cm-1), two distinct features are

observed. The high-OH fiber has a nearly feature-less

spectrum except for a dominant peak around 312 nm

(Raman shift 3,714 cm-1, FWHM 112 cm-1) which is to be

attributed to the vibrational Raman band of the OH-groups

[15]. Naturally, the OH Raman peak is red-shifted by the

same frequency from the excitation wavelength as the OH

fluorescence band (xe ¼ 3; 738cm�1 in the OH X2P state)

and thus interference renders the high-OH fiber less suitable

with respect to the detection of OH radicals. On the other

hand, the low-OH fiber is characterized by broadband fea-

tures the origin of which have not been unambiguously

identified but might be attributed to fluorescence by trace

species originating from the production process or color-

center formation upon high-power UV transmission [11, 12].

It has to be mentioned that scattering depends strongly on

accurate coupling alignment indicating that also the high-

index fiber cladding (usually F-doped silica) may contribute

to characteristic spectral features.

The same characteristic fiber scattering spectra (i.e.

prominent OH Raman peak for high-OH fibers, and

broadband fluorescence for low-OH fibers) have also been

observed for excitation at 355 nm.

3 Geometrical considerations on collection efficiency

On the one hand, it is desirable to predict the detection

efficiency’s dependance on fiber parameters (like fiber

diameter or numerical aperture), as well as to assess the
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size of the detection volume and the spatial resolution. On

the other hand, one would like to compare quantitatively

the detection efficiency of an optical fiber probe to a con-

ventional lens-type optical setup. The following section

outlines an approach to describe the irradiance distribution

IðxÞ, and the detection solid angle field XðxÞ of an optical

fiber and to determine numerically the collection efficiency

C which is going to be defined in Eq. (2).

An expression for the number of fluorescence photons

Nph upon laser-excitation may be given by

Nph ¼
B12 Im s

c
n V fBðTÞA21 seff

X
4p

ð2Þ

where for simplicity, a two-level system is assumed, and

B12 is the Einstein coefficient of absorption (in m3 Hz J-1

s-1), Im the spectral irradiance of the laser (in W m-2 Hz),

s the pulse length (in s), c the speed of light, n the number

density of the probed molecule (here OH) in the electronic

ground state (in m-3), V the detection volume (in m3),

fBðTÞ the temperature-dependent Boltzmann fraction, i.e.

the portion of molecules in the rovibronic level being

excited, A21 ¼ 1=srad, the Einstein coefficient for sponta-

neous emission (in s-1) with radiative lifetime srad, seff (in s)

the effective lifetime of the laser excited state accounting for

non-radiative decay (quenching and predissociation), and

X is the collection solid angle.

Equation (2) holds for an infinitesimal volume dV , and

hence the total number of fluorescence photons collected

for an arbitrary optical system is found by spatial

integration

Nph ¼
Z
V

dNph ¼
Z
V

oNph

oV
dV ð3Þ

where oNph=oV ¼ BIsc�1n fB AseffðX=4pÞ is readily found

from Eq. (2). In a homogenous environment, the only

parameters showing a spatial dependance are IðxÞ and

XðxÞ=4p if absorption is neglected for the time being. It is

convenient to assume cylindrical coordinates xðr;u; zÞ, so

that we can define the detection efficiency

C :¼
Z
V

IðxÞ XðxÞ
4p

dur dr dz ð4Þ

as a quantitative measure for the number of collected

photons for different optical setups (for convenience we

only consider the irradiance I instead of the spectral

quantity Im).

3.1 Fiber probe collection efficiency

A first-order estimate for the radiation field IðxÞ behind the

fiber endface is found by assuming the light emanates from

a point source [i.e. IðxÞ ¼ C=x2] and is isotropically

distributed over the solid angle defined by the numerical

aperture HNA ¼ arcsinðNAÞ. According to Gauss’ diver-

gence theorem, integrating IðxÞ over a closed surface yields

the total radiative power P within the volume enclosed by

the integration surface, i.e. P ¼
R

IðxÞ dS. After integration

over HNA, the constant is found to be C ¼ P=2pð1�
cos hNAÞ so that the radiation field can be readily expressed

as

IðxÞ ¼ P

2pð1� cos hNAÞx2
: ð5Þ

Determining the effective collection solid angle XðxÞ of the

fiber is a purely geometrical problem. The solid angle of an

arbitrary surface S seen from a point x in space may be

defined as

XðxÞ ¼
Z

Sðx0Þ

X � dx0

X3
: ð6Þ

The integration is performed over Sðx0Þ with dx0 ¼ nS dSðx0Þ
normal to Sðx0Þ and X ¼ x0 � x. In the present consider-

ation, the surface S corresponds to the fiber end-face.

Optical rays impinging on the surface at an angle which

is greater than the critical acceptance angle of the optical

fiber hNA will be reflected and not contribute to the effec-

tive collection solid angle. In mathematical terms, this

condition is readily expressed in terms of the angle

\ðX; dx0Þ, i.e. only if \ðX; dx0Þ\hNA does the surface

element dx0 contribute to the integration. Thus, we may

rewrite Equation (6) as a conditional integral:

XðxÞ ¼
Z
S

X � dx0

X3
:

\ðX;dx0Þ\hNA

ð7Þ

Knowledge of IðxÞ and XðxÞ (Fig. 5) now allows for

determining the effective detection volume and the col-

lection efficiency C by means of evaluating integral (4).

3.2 Conventional lens-type collinear detection

It is of interest to compare the above result to the collection

efficiency for a conventional LIF arrangement such as the

lens-type collinear setup presented in the prior Sect. 2.1.

This may be accomplished by considering that the collection

solid angle is essentially constant over the detection volume

seen by the collection lens [i.e. XðxÞ ¼ X0 = const], so that

C ¼
Z
V

Iðr; zÞ X0

4p
du r dr dz

¼ X0

4p

Zaf=Dlens

z¼�af=Dlens

Z1

r¼0

Z2p

u¼0

Iðr; zÞ du r dr dz: ð8Þ
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The inner two integrals corresponds to the radiant power P

which is constant along the optical axis z, and the inte-

gration along z may as a first order estimate be performed

over the depth of field 2 a f=Dlens (a, detection aperture;

Dlens, diameter of the lens).

4 Results

4.1 Collection efficiency and detection volume

of bidirectional fiber

In Sect. 3, the fiber’s excitation and detection distribution

were determined, shown in Fig. 5, so that the resulting

detection efficiency C may be evaluated for different fiber

geometries. It turns out that C=P (normalized by the total

radiant power P) amounts to � 1� 10�5 m for the fiber

dimensions used in experiments presented here (NA = 0.22

and diameter Dfiber ¼ 500 lm). It is of interest to compare

this value to the collection efficiency for a conventional

LIF arrangement such as the collinear setup presented in

Sect. 2.1. This results in C=P ¼ 4� 10�5 m for the pre-

sented optical setup. This implies that we can expect LIF

intensities of the same order of magnitude for the lens-type

LIF reference experiment as for the fiber probe measure-

ments which is confirmed by results presented below.

Evaluation of integral (4) further yields that 50 % of the

LIF signal is collected from an area within a distance of

1.0 mm from the fiber endface. This corresponds roughly

to the length of the cone of maximum collection solid angle

given by D=2 tan hNA = 1.1 mm. At the same time, 90 % of

the LIF photons are collected from an area within 6.4 mm

distance from the fiber face. The detection volume and the

spatial resolution is hence in the range of several mm and

scales as the fiber diameter. Calculations also have shown

that the collection efficiency C scales linearly with

increasing fiber diameter as well as typical NAs [multi-

mode step index fiber (MSIF) with non-silica cladding

NA = 0.37, all-silica MSIF NA = 0.22, single-mode fiber

(SMF) NA = 0.13, and large mode-area photonic crystal

fiber (PCF) NA = 0.04].

Apart from the fiber diameter’s influence on collection

efficiency, one has to consider that thinner fibers permit

less transmitted radiant power P due to the core material’s

threshold damage. Hence, it can be expected that P is

roughly inversely proportional to the square of the fiber

diameter Dfiber. This leads to the conclusion that the

number of detectable fluorescence photons Nph / P C
scales as D3. This trend is confirmed by including results of

the measurements conducted by Hsu et al. [9] who have

investigated damage thresholds of various fiber types and

sizes (Table 1). The D3 scaling is confirmed for fibers of

which different sizes have been investigated, i.e. the multi-

mode fibers. It can also be seen that single-mode and large

mode-area photonic crystal fibers, which are both charac-

terized by a small (mode-)core diameter, are less suitable

due to their small collection efficiency as well as attainable

pulse energy.

4.2 LIF OH detection using bidirectional fiber probe

in harsh environment

In Sect. 2.1, conventional measurements of the OH con-

centration and temperature profiles in a stoichiometric

methane-air flame were outlined. OH-LIF was also per-

formed using the fiber probe technique described above by

traversing the fiber endface perpendicular to the flames’s

symmetry axis. Figure 6 shows the OH-LIF spectra (A2R
- X2P 1  1 and 0  1 band) for the two LIF arrange-

ments, as well as the non-resonant fiber scattering back-

ground (dashed lines). Three conclusions may be drawn:

first, the OH-LIF spectrum is unaffected by the presence of

the fiber probe, meaning that quenching effects are not

observed in the spectrum; second, the inelastic fiber scat-

tering, which was the same when the fiber was inside or

outside the flame, is exceeded by the OH-LIF signal; third,

one finds a comparable LIF signal intensity—the conven-

tional LIF spectrum being scaled by factor of 1/2 in the

figure—for both optical arrangements as predicted by the

above collection efficiency considerations.

The OH concentration gradient was scanned using the

fiber probe, the outcome of which is included in Fig. 2. The

OH profile is resolved and in good agreement with the
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reference experiment. The relatively large error bars of the

LIF measurements shown for the fiber in Fig. 2 (conven-

tional measurement error bars of similar order but omitted

for clarity) are due to flame fluctuations and shot-to-shot

fluctuations of the laser which could not be corrected for by

the averaging power-meter used.

At first glance, it might be surprising that the fiber

withstands the excessive flame temperatures. This may be

explained by assuming an equilibrium between convective

heat transfer _Qconv ¼ a AðT � TgasÞ from the hot product

gases to the fiber, and heat losses due to conduction _Qcond

and radiative cooling _Qrad ¼ e rAðT4 � T4
0 Þ (r is the Ste-

fan–Boltzmann constant). An emissivity of 0.9 has been

assumed for fused silica, and the heat transfer coefficient a
has been evaluated from a Nusselt number correlation of

the flow field (cylinder in cross flow). It turns out that

conduction losses are negligible and an equilibrium tem-

perature of T � 1,400 K is found. Nevertheless the phys-

ical intrusion of the fiber close to the reaction zone disturbs

the flow field and thus the flame cone which causes slightly

biased results at low heights.

5 Conclusion

Detection of OH-LIF has been demonstrated using a bidi-

rectional fiber probe technique with the potential for min-

imally-invasive measurement under harsh conditions.

Reference experiments have been performed (OH-LIF and

Raman) in order to characterize a stoichiometric methane-

air flame serving as a reference experiment. An optical

setup has been presented which permits simultaneous

coupling into the fiber and detection of the backscattered

fluorescence signal. The detection efficiency and the

dimensions of the sample volume have been characterized

numerically using geometrical considerations. All-silica

optical fibers may be found which are suitable for simul-

taneous UV-radiation transmission and detection of fluo-

rescence, which is red-shifted beyond the vibrational

Raman signature of the fiber (i.e. [1,000 cm-1). OH-LIF

was detected and the OH concentration profile in a laminar

premixed flame could be reproduced.
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Data for Etrans corresponds to 150 ps pulses at 532 nm and is adapted from [9]. The normalized detection efficiencies C=P for the respective fiber

parameters were numerically determined as described in the text

310 315 320 325
0

100

200

300

400

Wavelength (nm)

F
ib

er
 L

IF
 C

o
u

n
ts

 

 

310 315 320 325
−100

0

100

200

300

C
o

n
v.

 L
IF

 C
o

u
n

ts
 / 

2

Fiber LIF (0.7 mJ)
Conv. LIF (1.1 mJ)

Fig. 6 OH-LIF spectrum of fiber probe and conventional lens-type

optical setup LIF spectrum (scaled by a factor of 1/2 and shifted for

clarity). The dashed line is the background including chemilumines-

cence and fiber scattering. For fiber probe LIF measurements a low-

OH fiber was used

Radical detection in harsh environments 25

123



pressure (1–10 atm) methane flames: fluorescence modeling and

experimental validation. J. Quant. Spectrosc. Radiat. Transf.

54(3), 521–537 (1995)

2. T.A. Cool, Quantitative measurement of no density by resonance

three-photon ionization. Appl. Opt. 23(10), 1559EP–1572EP (1984)

3. J.W. Daily, Laser induced fluorescence spectroscopy in flames.

Prog. Energy Combust. Sci. 23(2), 133–199 (1997)

4. M.C. Drake, M. Lapp, C.M. Penney, Use of the vibrational raman

effect for gas temperature measurements, in Temperature, ed. by

J.F. Schooley (American Institute of Physics, New York, 1982)

5. A.C. Eckbreth, Laser diagnostics for combustion temperature
and species, volume 7 of Energy and engineering science series
(Abacus Press, Tunbridge Wells, 1988)

6. G. Gruenefeld, V. Beushausen, P. Andresen, Interference-free

UV-laser-induced raman and rayleigh measurements in hydro-

carbon combustion using polarization properties. Appl. Phys.

B Lasers Opt. B61(5), 473EP–478EP (1995)

7. D.P. Hand, J.D. Entwistle, R.R.J. Maier, A.Kuhn, C.A. Greated,

J.D.C. Jones, Fibre optic beam delivery system for high peak

power laser piv illumination. Meas. Sci. Technol. 10(3), 239

(1999)

8. N. Hansen, T.A. Cool, P.R. Westmoreland, Recent contributions

of flame-sampling molecular-beam mass spectrometry to a fun-

damental understanding of combustion chemistry. Prog. Energy

Combust. Sci. 35(2), 168–191 (2009)

9. P. Hsu, A. Patnaik, J. Gord, T. Meyer, W. Kulatilaka, S. Roy,

Investigation of optical fibers for coherent anti-stokes raman

scattering (CARS) spectroscopy in reacting flows. Exp. Fluids

1–16 (2010)

10. H. Imai, H. Hirashima, Intrinsic- and extrinsic-defect formation

in silica glasses by radiation: proceedings of the first pac rim

meeting on glass and optical materials. J. Non-Cryst. Solids 179,

202–213 (1994)

11. P. Karlitschek, G. Hillrichs, K.F. Klein, Photodegradation and

nonlinear effects in optical fibers induced by pulsed uv-laser

radiation. Opt. Commun. 116(1–3), 219–230 (1995)

12. P. Karlitschek, G. Hillrichs, K.F. Klein, Influence of hydrogen on

the colour center formation in optical fibers induced by pulsed

UV-laser radiation. Part 2: all-silica fibers with low-OH undoped

core. Opt. Commun. 155(4–6), 386–397 (1998)

13. R.J. Kee, F.M. Rupley, J.A. Miller, M.E. Coltrin, J.F. Grcar, E.

Meeks, H.K. Moffat, A.E. Lutz, G. Dixon-Lewis, M.D. Smooke,

J. Warnatz, G.H. Evans, R.S. Larson, R.E. Mitchell, L.R. Petzold,

W.C. Reynolds, M. Caracotsios, W.E. Stewart, P. Glarborg, C.

Wang, C.L. McLellan, O. Adigun, W.G. Houf, C.P. Chou, S.F.

Miller, P. Ho, P.D. Young, D.J. Young, D.W. Hodgson, M.V.

Petrova, K.V. Puduppakkam. Chemkin 15101 (2011)
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