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First demonstration of optical fluorescence auto-projection tomography
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Abstract

A novel concept is introduced for application to chemical species tomography. The technique is based on fluorescence, using collimat
sources and detectors. It does not require a complex inversion step to calculate the distribution of the desired parameter. Suitable gase
fuels, dopants, and sources are assessed for potential use in a fuel imaging system within an internal combustion engine. The techni
has difficulty in meeting the temporal requirements in such a gas-phase application. However, first data are presented from liquid-pha
experiments that demonstrate the technique in operation. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction presented, in order to illustrate the principle of the technique
in operation.
A wide range of tomographic modalities have been de-
veloped over several decades, encompassing the classes of
hard-field, soft-field and emission techniques [1]. All of 2. Concept
these different classes have their various strengths and weak-
nesses in a range of applications. In particular, they all re- 2.1. General
quire an inversion calculation to reconstruct the distribution
of the parameter of interest [2]. In the case of X-ray fluorescence, Cesareo and Mascaren-
One particularly interesting option, which fits none of the has [7] have pointed out that collimation of both the stim-
above classes, is fluorescence tomography: the stimulationulation beam and the detector acceptance results in an un-
process has a ‘hard-field’ nature in that the only material ambiguous determination of the spatial region (hereinafter
affecting the traversal of the stimulation beam through the termed ‘space-point’ or ‘voxel’) from which the signal was
subject is that which is in the geometrical path, whilst the emitted. In their case, where they examined a relatively dense
isotropically emitted fluorescence clearly has an ‘emission’ host, significant attenuation of both the stimulation beam
nature [3]. The early development of such a system is re- and the fluorescence signals required additional complex-
ported here, with the first demonstration data. ity to calculate the distribution of the measured parameter.
As discussed elsewhere [4], spatial variation of air—fuel The need to account for the subject’s attenuation can be re-
ratio in an internal combustion engine is of great commer- moved by the selection of a species with lower absorption,
cial and environmental interest. Optical tomographic deter- for example gaseous fuels diluted in air. The resulting mea-
mination of this parameter has several potential advantagessurements can be used to determine the parameter of interest
over other techniques, such as Planar Laser-Induced Fluo-at a number of space-points followed by a simple calcula-
rescence (PLIF) [5,6], notably that optical access is required tion to obtain the distribution or ‘image’ required. We call
in one plane only. Hence, the fuel-air mixture is the target this property ‘Auto-Projection’, since it is pre-determined
subject for the present system development, and its specificby the geometry of the system. Each measurement is au-
requirements are discussed in Section 2. Subsequent experitomatically projected onto real space so an image can be
mental data (Sections 3-6) show that the temporal resolutionproduced without performing a difficult inversion step, as is
of this application is particularly demanding, with present used in conventional tomography.
stimulation sources. In Section 2.3, liquid-phase data are Hence, the term ‘Auto-Projection Tomography' (APT)
refers to the use of collimated sources and detectors to de-
"+ Corresponding author. termine unambiguously a parameter of interest at a number
E-mail addressh.mccann@umist.ac.uk (H. McCann). of geometrically defined space-points within a larger
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sample area 2.2. Automotive 8D

The original development of the OFAPT system discussed
here has been focused on a fuel imaging system for internal
combustion engines. PLIF is a widely used technique to
visualise fuel within an engine: a laser is formed into a sheet,
passed through the engine, and fluorescence is observed in
an orthogonal direction, typically with a CCD camera [6,8].

In the Stokes mechanism [9], incident photons are ab-

detector1 detector2  detector1 detector2 sorbed by molecules, resulting in emission of photons of a
. . longer wavelength (red shifted) than the absorbed photons.
timeslot 1 timeslot 2 This fluorescent emission is used to measure the subject’s

concentration via the relationship [10]:
Fig. 1. 2x 2 Auto-projection system.

Ir = 2.303x IoK¢recx, ecx < 0.05 (1)

subject of limited absorption. In the optical domain this can wherelg and I (MW mm~2), are intensities of the inci-
be achieved by exploiting the fluorescence of the species ofdent and emitted light, respectively; the fluorescence prop-
interest to measure its concentration. The spatial intersec-erties of the species are given by extinction coefficient,
tion of a particular source beam and the acceptance aperturél mol—! cm~1) and quantum efficiencyr; c is the concen-
of a particular detector define a unique space-point, from tration of the subject (moti!) andx is the path length of
which any signal contribution must have originated, if no the stimulation beam through the space-point (ckh)js a
other source was active during the measurement. Thus,combined geometrical and optical factor, which represents
APT allows ‘true’ 3-dimensional mapping if the excita- the collection efficiency for the emitted photons.
tion beams do not lie in a single plane. In such a case the The Stokes mechanism has been exploited [11,12] to
3-dimensional image results from direct measurements andmeasure species such as OH;, @nd NO in flames, by
not by stacking of separate 2-dimensional ‘slices’. A system the laser excitation of particular electronic transitions, and
with N independently controllable sources adddetectors wavelength-resolved detection.
will provide N x M space-points. In the remainder of this In PLIF engine studies, the fluorescent species is often the
paper, all stimulation beams and detector apertures lie in afuel or a dopant contained in the fuel [6]. The large num-
single plane. ber of pixels of CCD cameras and the short, high power
An Optical Fluorescence Auto-Projection Tomography laser pulse ensure adequate spatial and temporal resolutions
(OFAPT) system with two sources and two detectors re- of the images captured. However, the orthogonal optical ac-
guires two measurement periods to resolve four space-pointscess required is intrusive in the sense that severe modifi-
(see Fig. 1). During the first period, Source 1 is active while cations to the engine are necessary: large glass inserts are
both detectors are sampled; in the second period Source Zlaced between the cylinder head and the engine block al-
is active while both detectors are sampled. lowing the laser sheet to pass through the top of the com-
Even moderate values bfandM can resultin large num-  bustion chamber; an elongated piston with a window in
bers of space-points. Provided there are sufficient distributedthe centre is used with a mirror to provide the CCD with
space-points, then interpolation between the space-pointsa ‘through-piston’ view of the laser sheet. The result is a
will allow the parameter calculation of the entire subject.  complex opto-mechanical solution which is difficult to im-
The parameter reconstruction step [1] of more conven- plement even on research engines. The image framing rate
tional tomographic modalities is more complex since each of PLIF systems is severely restricted by the low repetition
detector is sensitive to path-integrated contributions acrossrates (0.1-100 Hz) [5] of the lasers. Nevertheless PLIF sys-
the subject for hard-field modalities, or contributions from tems do resolve real space-points.
the whole of the subject (in principle) for soft-field modali- The degree of optical access required for an OFAPT sys-
ties. tem can be low compared with PLIF, as the excitation and
Critical requirements for an OFAPT system are that the detection beams can lie in the same cross-section plane of the
fluorescence properties of the subject are well known, andengine cylinder. Using optical fibres [13] to deliver the light
that the stimulation sources have to be operated sequentiallyto and from the combustion chamber can decrease intrusion
during the acquisition of data for a single image. The fun- further. A series of sequentially operated light sources at a
damental issue in developing this technique is the trade-off suitable wavelength will allow an OFAPT system to operate
between the need for spatial and temporal resolution on theat an increased framing rate. The ideal is to capture conse-
one hand, and the requirement to have a suitably strong anctutive frames, each with a temporal resolution &fctank
guantifiable fluorescence signal on the other. This is devel- angle (CA) rotation, for an engine running at say, 1000 rpm.
oped further in Section 5. In such a case, the time available for the operation of each
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Fig. 2. Liquid-phase OFAPT apparatus.

of the N sources and the measurement of each space-point
iS (167N) ps. Fig. 4. Measured distribution of dye concentration.

2.3. Liquid-phase OFAPT experiment 2.4. Other fields of interest

The OFAPT technique was demonstrated by making Fluorescence imaging has been widely used in a range of
space-point measurements within a liquid subject. Nine fields, from biomolecular sciences to chemical engineering.
cells were assembled into a<33 grid. Each cell was filled ~ Typically, these studies also require multi-plane optical ac-
with water, and a small quantity of rhodamine 6G dye was CE€SS, although their temporal requirements are much less se-
added to some cells to provide an inhomogeneous distri- Vere than the internal combustion engine case. Furthermore,
bution to be imaged. The maximum concentration of dye in cases where liquid-phase systems are studied [14,15], the
was limited to yield an absorption of 3.5% per cell. The signal yield is much larger as seen from Eq. (1).
measurement of each space-point was made by placing the
laser and a Hamamatsu H5783-03 Photo Multiplier Tube
(PMT) module at 90 to each other and aligning them to 3. Fluorescence spectra
the centre of the particular cell under examination (see Fig.

2). In this case a total of nine measurements are required to3.1. General
characterise the distribution.

The multiple wavelength output of a Laser Physics The fluorescence of several chemical systems has been
Reliant 150M Argon ion laser was filtered by an inter- studied, ranging from 3-pentanone diluted in iso-octane, to
ference filter centre=515nm; Full Wave Half Maximum a range of commercial gasolines. In the selection [16] of a
(FWHM) = 10 nm) delivering 0.6 mW at 514 nm, a suitable fluorescing species the following properties must be consid-
stimulation source for rhodamine 6G. The detection filter ered:
was made from OG550 glass (550 nm long pass). e £(A), absorption of the incident beam.

The system was calibrated by placing an object in each e ¢g()), conversion efficiency of absorbed photons to fluo-
cell and measuring the system response for each space-point. rescence photons.

A matrix containing these space-point system response fac-e Magnitude of the Stokes red shift.

tors is then used to calculate the normalised space-point dyes Emission dependence upon temperature and pressure.
concentrations for data measured with an unknown dye e Fluorescence quenching by oxygen.

distribution. e Re-absorption.

Figs. 3 and 4 show the real and measured dye concen- The extinction coefficient and quantum efficiency are
tration distributions. The errors observed when comparing functions of excitation wavelength, and their product ef-
the real and measured distributions are dominated by thefectively determines the realistic range within which the
scattering of the laser by the cell walls and the poor colli- stimulation system must operate. The red shift exhibited by
mation of the PMT detectors. The observed signal strengthsa species must be sufficient to allow filtration of the emitted
for a normalised dye concentration of 1 wad nW which and/or stimulation light, thereby minimising any elastically
is 2 orders of magnitude greater than obtained during the scattered stimulation light seen by the detection system.
gas-phase experiments (see Section 6.2). Pressure, temperature, oxygen quenching and re-absorption
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may significantly influence the detected fluorescence inten- T20le . _ . . . ,

. R b . d ib hani h b h Properties of typical aromatic [18] species found in gasoline, along with
sity. Re-absorption describes a mechanism whereby pho-3 ;¢ ianone [17] data for comparison
tons fluoresced from a molecule are absorbed by another . — — —
molecule present in the subject. The majority of informa- Aromatics Boiling point’C Quantum efficiency
tion which may be gathered from an engine study will be Benzene 80 0.07

at the maximum compression of the cylinderl(MPa for Eor"ulerl;e 111316 00-1178
. . . thyl benzene .

a spark ignition engine) and high temperaturelQ0 K). Metaxylene 138 017
Para-xylene 138 0.40

3.2. Dopants Ortho-xylene 144 0.19
1,3,5-Trimethylbenzene 170 0.12
If the fuel i m f a non-fluor in 1,2,4-Trimethylbenzene 148 0.41

the fuel used is composed of a non-fluorescing base 3 Pontanone 102 0.0025

and a fluorescing dopant, then the dopant must be readily
soluble in the base and have a similar boiling point. Such
a fuel will allow the desired absorption to be achieved by
controlling the dopant concentration.

3-Pentanone (§H100) is often used in PLIF studies to o )
dope iso-octane (§1g). Research grade or High Perfor- The excitation spectra for a number of gasolines were

mance Liquid Chromatography (HPLC) grade iso-octane determined, see Fig.. 5. The gasoline;s were cﬁluted in'lo
does not fluoresce [6,8]. Hansen [17] has determined theParts of HPLC grade iso-octane. A typical gasoline contains

extinction coefficient, quantum efficiency and emission of aPProximately 35% aromatic hydrocarbons. These compo-
3-pentanone. The variation of these properties with tem- nents can be studied and the fluorescence properties of each

perature, pressure, and oxygen quenching, have been stud®sSessed [18]. _ , ,
ied [6,8] and found to be favourable for combustion stud- | "€ data in Table 1 show that gasoline contains species
ies in which iso-octane is the base fuel. (This is a com- with quantum efficiency 2 orders of magnitude larger than

monly used fuel in engine and combustion research and de-Nat of 3-pentanone. The higher fluorescence signal from
velopment.) It is worth noting that the peak absorption of SuPer’ grade gasoline, compared with ‘Normal" in Fig.

3-pentanone occurs at 285 nm (FWHM5 nm) and peak 5, is due.to the h|gher arpma}tlc.pontent. The red shift
emission at 430nm (FWHM 120 nm), displaying suffi- observed in these species is S|gn|f|caqtly smaller than for
cient Stokes shift to be useful. Since the quantum efficiency 3-Pentanone. The fluorescence properties of a full gasoline
is effectively independent of wavelength, the excitation spec- MX{Ure in a combustion environment have been found to

tra will have the same shape as the absorption spectra. Thid€ l€ss favourable than for 3-pentanone [16], i.. in terms of
is provided for comparison with the excitation spectra of ©XY9en quenching, re-absorption, pressure and temperature
gasoline in Fig. 5. Excitation spectra represent the ability effects. A severe decrease in emission was experienced at

of a species to absorb incident photons and relax the excesdhe elevated pressures in a running engine.
energy by fluorescing photons, as a function of excitation

wavelength. They may be measured using a fluorimeter with ) )
a fixed emission wavelength and scanning a range of exci-4- Assessment of the technological options

tation wavelengths.

3.3. Gasolines

4.1. Sources
7 180
6| 1 160 The nature of the optical sources for stimulation of fluo-
1 140 rescence is the most critical aspect of OFAPT system design.
51 1120 The source requirements for an OFAPT system are:
4] 1 100 e Multiple sources

Sequential operation

Wavelength in a suitable range

Adequate power

Fibre coupling for engine application

The requirement for sequential operation can be achieved

220 270 120 370 20 70 520 by a number of discrete sources centrally controlled, one
wavelength / nm source scanned over multiple light channels, or one source

divided equally into a number of light channels with inten-

Fig. 5. Excitation spectra of_gasoline compared with _the'absorption sity modulation of each channel. For the gas-phase engine

of 3-pentanone [17]. 2nd/-axis 3-pentanone molar extinction coef- L .

ficient/Imol-*cm=t. (A) Super with no additives, (B) Super with application, a_n OFAPT _syStem with 10 SOlerceS must be able

2 x additives, (C) Normal with & additives, (D) Normal with no addi- {0 operate with a maximum pulse duration of |17 (see

tives, (E) 3-Pentanone (2ngdaxis). Section 2.2).

+ 80

w

+ 60

N

L 40
L 20

gasoline fluorescence / arbitrary units
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The sequential operation and UV wavelength required for 4.1.3. Pulsed lasers
the stimulation of 3-pentanone (28525 nm) present con- The Nd:YAG and excimer lasers [5] used in conventional
siderable difficulty in identifying a suitable OFAPT source. PLIF studies produce very intense (10—100 mJ) short (10 ns)
In the gasoline case, fluorescent species are normally presenpulsed outputs at a wavelength suitable for 3-pentanone ex-
(although generally less well understood than 3-pentanone),citation. However they operate at a typical repetition rate of
which yield strong signals upon stimulation over a wider 1 Hz with a maximum of 100 Hz, which is 2 to 3 orders of
range of wavelengths. Sources in the range of 300-500 nmmagnitude slower than required for theQA frame rate tar-
may be considered for the stimulation of gasoline, as seenget. Typically,Ep =10 mJ in this case. For comparison with
in Fig. 5. an OFAPT system comprising, say 20 sources, the equiva-
For OFAPT, the critical parameter for any source is the lent Ep of PLIF is 500uJ, since the light is delivered to the
total energy deliveredip, for each fluorescence sampling whole cross-section rather than to individual space-points.
period. We use this parameter below, for a sampling period A Ce:LiCAFv [21] laser pumped with a copper vapour
of 17us, to compare sources and assess the power requirelaser can yield up to 450 mW average power output at a
ments for an internal combustion engine OFAPT fuel imag- wavelength of 288.5 nm with a repetition rate of 7 kHz and
ing system (see Section 6.2). However, it is important to con- a 8 ns pulse length, yieldingp = 64 p.J. Whilst the require-
sider the possibility of saturating the fluorescent emission, ment of a copper vapour laser and custom built non-linear
or the detector during, the stimulation peri&g.is provided optical apparatus is significant, this option has promise if
only for the ease of comparison between different sources. in-fibre multiplexing can be achieved.
Frequency-quadrupled Nd:YAG lasers are capable of
producing high average powers with repetition rates above
4.1.1. Discharge lamps 5kHz [22]. Operating at 1 kHz an average power of 2.8 W
Deuterium lamps [19] provide broadband emission from was obtained at 266 nm i.&p=2.8mJ. As this laser is
200 to 400 nm. A complex drive circuit is required for se- not presently available as a commercial product, a custom
guential operation of multiple lamps. Optical filtering would non-linear optical setup must be constructed. Nevertheless,
be necessary to remove the visible component of the lamps’the Ep value for this source is very attractive.
output.
Higher power Xenon discharge sources could be imple- 4.1.4. Continuous wave lasers
mented as a single source scanned over a number of fibres Gas lasers at suitable wavelengths are 325, 442 nm (HeCd)
or coupled to multiple fibres. Scanning could be achieved and 300, 457, 488 nm (Argon ion). These lasers can deliver
using a rotating mirror. Alternatively a multi-faceted approximate powers of 1 mW to 1W, yieldirgp =17 nJ
opto-mechanical chopper rotating at approximately 90Hz to 17uJ. Electro-optic or acousto-optic deflectors may be
could modulate multiple fibres coupled to one lamp. The used to scan the laser over a number of fibres. Such de-
scanning and chopping solutions would both result in a flectors are commercially available along with the necessary
complex opto-mechanical construction along with a signifi- high-frequency drive electronics. Electro-optic deflectors ca-
cant insertion loss. Neglecting insertion losses, we calculatepable of producing deflections in the region of 1 mrad/kV
that these sources yieleh =340 nJ. have been demonstrated [23] and should be suitable for use
down to 300 nm. Acousto-optic deflectors are available for
use down to 360 nm.

4.1.2. Semiconductor sources Blue frequency-doubled lasers producing 15mW at
Semiconductor sources offer a more convenient method430 nm Ep =255nJ) are commercially available [24] and
of providing the sequential source operation required in an have very similar characteristics to the blue laser diode
OFAPT system. Unfortunately there are no semiconductor presently under development by Nichia [20]. This laser may

devices available at present capable of providing UV radia- be modulated directly.
tion for the stimulation of 3-pentanone.
Blue laser diodes [20] have been reported by Nichia, yield- 4.2. Optics
ing 50 MW at 410 nm. These could be considered for usein a
final system but the schedule for commercial availability of 4.2.1. Launch
the diodes is not clear. These devices proniise- 850 nJ. The characteristics of the launch optics will depend
LEDs are low cost, low power discrete sources, available greatly on the source and modulation technique selected.
in the blue region with nominal wavelengths of 430 and The ideal performance of the launch optics would be to
470 nm, FWHM of 40 nm, and approximately 2 mW power provide a collimated beam with a known path across the
output. Although difficult to couple to fibre efficiently, they subject. The total fluorescence signal within the field of
are convenient to drive sequentially. Pulsed operation with view of the detection system is independent of the source
a low duty cycle can allow an increase in the available peak cross-section area. Therefore a badly collimated beam can
power by a factor of 10 or so. We calculde = 340 nJ for be tolerated, within the limits of the system spatial resolu-
these sources. tion and the detector field of view.
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4.2.2. Receive *
The collection optics are required to gather fluorescence "
from defined space-points distributed over the entire subject. 20
The optics for each detector must therefore have a limited 25
field of view. The degree of restriction will define the spatial
resolution and the magnitude of any measurements made

An additional problem to consider is the dependence of b /

the signal magnitude upon the space-point-to-detector dis- //
32 space-points

8 space-points

16 space-points

1o (10™).

tance. This can be expressed within the factor K (Eq. (1)), os
in terms of the proportion of the isotropically emitted vl v — - - " " "
fluorescence collected. If a conical collection scheme is Fuel Conc (stoichiometry)

employed, the space-point-to-detector distance dependence

is reduced. However, the space-point size and hence SpaEig. 6.1¢/1o per space-point vs. Fuel Concenteration, with the path divided
tial resolution of the system then become functions of the into various numbers of space-points (total path absorption 5%).
space-point-to-detector distance.

400 K will give a total path absorption of 10% & 285 nm)
with a 19% dopant to fuel ratio; this is typical [6]. Note also

o that the fluorescence yield of any other species in the above
‘The minimum resolvable power levels of the detectors c5icylation will scale simply in the ratio of the quantum
will directly influence the total stimulation power required efficiencies, neglecting any quenching effects.

to perform the species concentration measurements with the T following assumptions have been made:

desired resolution and signal to noise ratio. Each detector, N light is scattered during traversal to or from the fluo-
and associated amplifier must have a sufficient bandwidth rescing space-point.

to allow sampling during the active period of each source, , The stimulation and detection of a space point are orthog-
with appropriate noise suppression. Good temporal resolu- 5451 to one another.

tion with gas-phase subjects puts a considerable premium, The fluorescence source is a point in the centre of the
on low-noise detection technology. space-point.

e Fluorescence saturation is not reached.

e The extinction coefficient for 3-pentanone is dominant.
For the gas-phase case, it should be noted thalrthe

) _ ) . values in Fig. 6 are of the order of 19 which indicates

The factors influencing the intensity of observed fluo- that a very intense source<{ W) would be necessary in

rescence have.been m_corporatgd Into a ca]culatmn SCh_em%rder to apply this technique for 3-pentanone/iso-octane in
which, for a given optical configuration, yields the ratio the present case

of fluorescence intensity to excitation intensity/(p) see

Eq. (1). For the purposes of illustration, the total path ab-

sorption of a stoichiometric homogenous mixture was de-

fined as 5%, which is a reasonable value for various cases.
The path was divided into space-pointsr(=8, 16, or 32)

and the absorption of each space-point determined for the
above conditions using the following relationship between

path and space-point transmissions.

4.3. Detectors

5. Calculation of fluorescence intensity

6. Experimental work
6.1. Single point liquid-phase

As a preliminary step to gas-phase experiments, a sim-
Y ple system was established to measure the fluorescence of
Tspacepoint = (Tpath) ™" (2) a liquid-phase sample contained within a cuvette (Fig. 7).

Fig. 6 showdf/lp for a measurement of a space-point at
the centre of an 80 mm diameter combustion chamber, us-

ing a 1.5 mm diameter collection lens and iso-octane doped Lens ﬁ::fs
with 3-pentanone &g =0.0025). The concentration of Fuel sample
3-pentanone is fixed by the space-point absorption obtained Function w in cuvette
from Eq. (2) above. Generator ls':._,gur:.tce Glass filter
With knowledge oflg/lg, and the minimum resolvable Lens
power of the detection system, the stimulation power re-
Fibre Optic

quired to perform the fuel concentration measurements with

the desired accuracy and resolution can then be determined.
To view the above in the context of the present application,

it should be noted that a stoichiometric mixture at 1 MPa and Fig. 7. Liquid-phase fluorescence system.
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10 035 Table 2
. Liquid fluorescence results
. 03

+ | LED emission Light Subject Fibre Signal captured
A Sample emission [°* 8 Light diameter (tm) (photonfvs)
g, 2nd axis $
2 °z o LED Gasoline 500 1027
E° z LED Gasoline 200 86
E. ot § D2 3-Pentanone 500 6
S o & D2 Gasoline 500 216

’ 005

1

o 0 o ’ a PMT. Lamps with smaller apertures are available and are

500
Wavelength / nm

four times brighter. Intensities can be further increased by
Fig. 8. Spectral analysis of blue LED and gasoline fluorescence. pulsing the lamps at a low duty cycle, allowing an addi-
tional increase up to seven times in lamp intensity. Although
a small-aperture, pulsed, fibre-coupled deuterium lamp will
o ) give a reasonable fluorescence signal with 3-pentanone, the
The system was operated with either a bright blue LED or @ jnensity is too low for implementation into a real system

Deuterium lamp. Effects of scattered light were minimised e the measurement space-point may be located in the
by inserting appropriate glass filters, and using perpendicu- .anire of the combustion chamber.

lar source and detection light paths. Fluoresced light could 5| the liquid-phase experiments were conducted with

be delivered to the photomultiplier tube by either a 200 or g, jgentical optical arrangement and detection system (Fig.
500pm diameter fibre optic. 7). The results from the liquid-phase experiments (Table
2) show that the intensity of the 3-pentanone fluorescence
was much weaker than that of gasoline, as expected. The
geometrical coupling in the liquid-phase experimental sys-
The signal obtained from a gasoline sample, diluted in tem s significantly higher than would be expected in a
iso-octane and stimulated by a blue LED, was directly rea| system where the space-point-to-detector distance may
confirmed to be fluorescence by performing a spectral he the radius of a combustion chamber40 mm). The
analysis of both the source and the emitted light using a space-point-to-detector distance in the liquid-phase experi-
computer-controlled scanning monochromator. The spectrament was approximately 8 mm, implying a signal reduction

in Fig. 8 show the red shifted fluorescence signal comparedsactor of 25 if the distance is increased to 40 mm.
with the LED spectrum.

As expected, increased emissions were observed at highe
gasoline concentrations. The LED peak emission wavelength
of 460 nm corresponds to a weak absorption region on the
gasoline excitation spectrum, as shown in Fig. 5. A shorter
wavelength source would yield a stronger fluorescence sig-
nal per unit of stimulation power. Blue LEDs are capable
of producing fluorescence from gasoline, but are unlikely to
provide sufficient fibre-coupled power for an OFAPT sys-
tem where the gaseous sample concentration is 3 orders o
magnitude lower than for a liquid, and the measurement
space-point is distant from the collection lens. Alternatively,
more intense blue sources, as discussed in Section 4.1, may
provide a desirable solution.

6.2. Gasoline

6.4. Single point gas-phase

A single point gas-phase gasoline experiment was per-
formed using a pressure vessel fitted with windows (see
Fig. 9). The vessel was heated to 2000 ensure complete
vapourisation of the fuel. The multiple wavelength output of
a Laser Physics Reliant 150 M Argon ion laser was filtered
Py an interference filtegentre= 458 nm, FWHM of 10 nm)
delivering laser light at 457 nm to the subject. This wave-
length although not ideal for absorption by gasoline (see

Vaporised fuel

Heated vessel
6.3. 3-Pentanone W
Laser, |

A deuterium lamp provided UV radiation at 28325 nm 457nm
to stimulate 3-pentanone. The lamp output was filtered us-
ing a glass UGS filter to remove wavelengths longer than
410 nm. A suitable dopant concentration was determined by
performing a number of transmission tests using a Cath-
odeon J18 deuterium lamp, a Cathodeon C710 power sup-
ply, a Bentham M300EA monochromator and a Newport
1830-C power meter. Weak fluorescence was observed withFig. 9. Experimental apparatus for single point gas-phase measurements.

>

Optical
chopper

4™ 6mm aperture and 475nm long pass filter

PMT module

Lock-in H PC

Reference signal
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-

7. Discussion and conclusions

-
N W

BN § - Air -o-Nitrogen

2
/

A tomographic system based on the OFAPT concept has
been shown to resolve chemically specific information for
real space-points and determine the distribution of the mea-
sured parameter using a simple calculation, viz. P multipli-
cations for P pixels. The critical factors governing the suc-
cessful operation of such a system are that the fluorescent
properties of all the chemical species within the subject are

i i _ ' ' : well known and that sufficient stimulation can be sequen-
015 02 025 03 035 04 045 05 tially delivered to each space-point.
Pressure / MPa Desirable properties for the fluorescing species are high
Fig. 10. Emission from gasoline at elevated pressures in air and nitrogen quantum efficiency, suitable concentration levels to control
environments. absorption, sufficient Stokes shift, low dependence on other
parameters and low re-absorption. The stimulation beam is
exponentially attenuated by the subject, therefore the con-
Fig. 5) will provide sufficient information to quantify gaso- ﬂicting requ_ireme_nts of fluorescenge stimulation and beam
line fluorescence over a range of stimulation wavelengths. Ntensity uniformity across the subject must be met. If ab-

Measurements were taken in both air and nitrogen atmo- sorption or r(_a-absorptlpn effects are S|gn|f|cgnt, e_lddmonal
spheres at pressures from 0.1 to 1 MPa (see Fig. 10). Notec_omplexn.y will be required to retrieve the desired mfprma—
that a fixed volume of fuel was used, effectively weaken- tion. In this case the advantages of making space-point mea-
ing the mixture at increased pressures, i.e. the fluorophoreSurements will have been diminished, as the received signal
concentration was fixed while the pressure was increased Will not only be dependent on the value of the measured pa-
At pressures greater than 0.5 MPa the fluorescent signal wada@meter at the space-point, but also the path integrated con-
not large enough to distinguish from the scattered signal. C€ntration of the absorbing and re-absorbing species along
Fluorescence signals were compared with 475 (GG475) andthe two paths: from the source to the space-point and from

495 nm (GG495) long pass filters to confirm the emission € Space-point to the detector. _
was located in the 460-480 nm region. The Ep value (Section 6.2), required for the combustion

The data in Table 3 were taken with 0.82 mW of stimu- €ngine system does not include the losses associated with
lation power reaching a homogeneous subject with a fuel the use of fibre coupled launch and detection schemes which
concentration of & stoichiometry and at a total pressure &re convenient for an engine application. The gasoline emis-
of 0.1 MPa. The detector was positioned 60 mm from the Sion discussed in Section 6.2 was found to be too weak in
space-point with a useable area of 28 fnifhe stimulation th_e case where the d_etector acceptance is determined by cou-
path length viewed by the detector was 4cm (se pling into a 50Qum fibre. Therefore hlghe_r power an_d/or _
Eq. (1)). shorter quelength sources are needed_ if the techn|.que is

Ignoring any additional quenching resulting from in- Fo be apphe_d to a fibre cpupled c.ombu.stlon chamber imag-
creases in pressure these results indicate that to measurdd @pplication. The optimum stimulation wavelength for
fuel concentration at a space-point 40mm from a 2mm 9asoline is at its peak absorption of 330nm (see Fig. 5).
diameter detection lens with 5mm spatial resolution and At Present, ideal light sources meeting the above require-
0.1x stoichiometry fuel concentration resolution, a mini- Ments do not exist for OFAPT combustion chamber gaseous
mum Ep of 165nJ would be required at this wavelength. fu€limaging. Deuterium lamps are not powerful enough for
However the pressure effects must not be overlooked. TheiMPlémentation into an OFAPT system for this application.
fluorescent emissions from a fixed quantity of fuel in a Existing blue laser sources are not optlmqlly Suited to the
vessel at various pressures were measured (see Fig. 1O)q1bsorpt|on spectrum of gasoll_ne. Blue semiconductor lasers
Each data point is a mean value of multiple experiments, @PPéar promising in the medium term. In the longer term,

the standard deviations of the data being 12% of the meanPUlSed lasers may provide a possible solution. There are
signal or smaller. many advantages in the use of a 3-pentanone dopant. How-

ever, its low quantum efficiency prevents its use with low

intensity sources of light. The fluorescence of gasoline is
Table 3 less quantifiable than that of 3-pentanone. Gasoline fluores-
Gasoline experiment: measured power levels cence will not Only vary from one batch to another but is
likely to suffer from quenching and re-absorption especially
at high pressure.
igzteerrgg‘s’irotr? fuel injection 2‘;2 OFAPT does appear feasible with presently available light
Emission after 70 157 Sources for applications Wl_th Igss demandmg imaging rate

requirements or stronger yielding subjects.

-

Fluorescence emission normalised to
emission in an air atmosphere at 0.1MPa.
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