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ABSTRACT

Laser-induced incandescence has emerged &s a promis-
ing technique for measuring spatially and temporally
resolved particulate volume fraction and size. Laser-
induced incandescence has orders of magnitude more
sensitivity than the gravimetric technique, and thus offers
the promise of real-time measurements and adds the
increasingly desirable size and morphology information.
Particulate matter emissions have been measured by
laser-induced incandescence and the standard gravimet-
ric procedure in a mini dilution tunnel connected to the
exhaust of a single-cylinder diesel engine. The engine
used in this study incorporates features of contemporary
medium- to heavy-duty diesel engines and is tuned o
meei the U.S. EPA 1994 emission standards. The engine
experiments have been run using the AVL 8-mode
steady-state simulation of the U.S. EPA heavy-duty tran-
sient test procedure. Results of the measurements using
the two methods are compared and the suitability of the
laser-induced incandescence for particulate mass mea-
surements in diesel exhaust is demonstrated.

William D. Bachalo
Artium Technologies

being placed on particulate matter emissions from vehi-
cles and other sources. From an operational point of
view, scot formation is not desired in most power plants.

The particulate emissions from diesel engines are in the
form of complex aerosols consisting primarily of scot and
volatile organics. There is limited information currently
available on the size and morphalogy of diesel particu-
lates: most measurements have been for concentration
only. However, soot itself has been studied inmore
detail. Most soot particles are agglomerates of 5to 30
nm diameter primary particles. Typical dimensions of
these agglomerates range from 10 to 1000 nm, but most
of the mass is log-normally distributed with mass median
diameters on the order of 100 to 250 nm {1,2]. These
dimensions of the diesel soot particles are very similar to
those obtained from atmospheric diffusion flames of gas-
eous hydrocarbon fuels {3-5]. As the particulate concen-
trations in the exhaust of modern diesei engines are
reduced, the agglomerate sizes are also being
decreased.

I

A significant portion of atmospheric particulates arises
from combustion of fuels in various engines and fur-
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utors to ambient particulate matter (PM} concentrations.
The main constituent of the particulates generated by
combustion is carbon. These carbonaceous particulates,
which are produced from gas-phase combustion pro-
cesses, are generally called soot, and those that form as
a result of direct pyrolysis of liquid hydrocarbon fuels are
generally referred to as coke or cenospheres.

The detrimental effect of scot particulates on human
health is a current concern and various restrictions are

Hydrogen 2.8
Mitrogen 0.5

Oxygen 4.9

M Sulfur 2.5%
L

Figure 1. Elemental composition of the typical diesel
particulate matter by mass.



Figure 1 shows the average composition of the typical
diesel exhaust particulate matter. Incrganic components
in the diesel exhaust are products of engine and compo-
nent wear, or are trace contaminants of the fuel and the
lubricant. The metals found in the particulaie matter are
primarily trace fuel contaminants such as animony,
arsenic, barium, berylliurm, cobali, and strontium. These
substances will vaporize in the combustion chamber and
then stick to particles in the exhaust stream [6].

For regulatory purposes, pariculate matter emissions
are defined as the mass of the matter that can be col-
lected from a diluted exhaust stream on a filter kept at
52°C. This includes the organic compounds that con-
dense at lower temperatures, but excludes the con-
densed water. Exhaust gas temperature, before the
exhaust is diluted, plays an important role on the amount
of adsorbed soluble organics; low exhaust gas tempera-
tures produce PM with more soluble organics than PM
measured from a high temperature exhaust {7].

This measurement gives the averaged PM emissions
over the time petiod during which the particulates are col-
lected on the filter. In spite of its drawbacks and limita-
tions, the filter technique is being used for diesel engine
and diesel fuel certification and testing. Since the ccl-
lected PM and other condensed material on the filter
aggregate, it is impractical to determine the particulate
size and size distribution.

Laser-induced incandescence (LI} has emerged as a

promising technique for measuring spatially and tempe-
rally resclved particulate volume fraction and size [8-18].
In Lil, the particulates are heated by a short duration
laser pulse. With sufficiently high laser energies, numeri-
cal modeis of the heat and mass transfer indicate that the
particulates reach peak temperatures of 4000-4500 K
[8,9,13,15,16]. The resultant incandescence, while of

short duration, can be readily detecied and processed tc
yield concentration and size information. LIl typically has
a temporal resoiution of 10 ns and can be used to per-
form both quantitative point measurements and 2-D pla-
nar visualization. LIl has orders of magnitude more
sensitivity than the gravimetric technigue, and thus offers
the promise of real-time measurements and adds the
increasingly desirable size and morphology information.

-~Particutate-matter-emissions-have-been-measured-by-LI

methods are compared and the suitability of LIl for partic-
ulate mass measurements is discussed.

BACKGROUND

SOOT PARTICULATE FORMATION IN COMBUSTION -
The formation of soot particulate, i.e. the conversion of a
hydrocarbon fuel with molecules containing & few carbon
atoms into a carbonaceous agglomerate containing
some millions of carbon atoms in a few milliseconds, is
an extremely complex process. This process involves a
transition from gasecus to solid phase where the sclid
phase does not exhibit any unique cherical and physicai
structure. The accepted mechanism for this process is
as follows (see, €.g. [19-22]):

The hydrocarbon fuel goes through pyrolysis or partial
oxidation during combusticn and forms small hydrocar-
bon radicals from which small hydrocarbons, particularly
acetylene(s), are formed. Reaction of C 4 species {(e.g.
diacetylene) with C, species (acetylene) produce a C 4
species which can form an arcmatic structure through
isomerization. It is also possible to have C3Hg dimeriza-
tion with subsequent isomerization to an aromatic struc-
ture. The formation of larger aromatic rings occurs
mainly via an acetylene addition mechanism. Coagula-
tion of these larger aromatic ring compounds is proposed
to account for the formation of primary soot particles.
The smallest of these particles, when observed under the
electron microscope, are about 1.5 nm in diameter, corre-
sponding to a molecular mass of about 2000. These pri-
mary particles then pick up molecules from the gas
phase promoting surface growth, whose rate is one of the
determining factors in final soot concentration. The final
size of the soot particles results from coagulation of pri-
mary particles to larger aggregaies. A schematic repre-
sentatian is given in Figure 2.

EXHAUST PARTICULATE MEASUREMENTS — For reg-
ulatory purposes, the particulate matterin the exhaust is
measured by collecting the PM on a filter in a dilution tun-
nel. This measurement gives the averaged PM emissions
over the time period during which the particulates are col-
lacted on the filter. For exhausts containing lower concen-
trations of PM, the collection time could be very long for
collecting enough PM for reasonable measurements. In

and the standard gravimetric procedure in a mini dilution
tunnel connected to the exhaust of a single-cylinder DI
research diesel engine. The engine used in this study
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spite of its drawbacks and limitations, the filter technique
is being used for diesel engine and fuel certification and
testing. Since the collected PM and other condensed
material on the filter stick together, it is almost impractical

heavy-duty diesel engines and is tunsd to meet the U.S.
EPA 1994 emission standards. The engine experiments
have been run using the AVL 8-mode steady-state simu-
lation of the U.S.EPA heavy-duty transient test proce-
dure. Results of the measurements using the two

to determine the particulate size and size distributon.
However, the soluble organic fraction can be extracted
from the collected matetial and analyzed for its chemical
compasitian.
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Figure 2. A schemaiic representation of soot formation
in combustion [19].

One of the principal instruments for particulate size mea-
surements for particulates within an aerodynamic diame-
ter range of 0.01 to 1 um has been the differential
mobility particle sizer (DMPS). This device separates
charged particles according to their aerodynamic size
using an electric field. Separated particles are then
counted using a condensation nucleus counter which
yields a number-weighted size distribution. Since the
response time of the instrument is on the ordercofa
minute, it is not suitatle for transient measurements [23].

A fairly new instrument capable of measuring particle
sizes in the 0.04 to 10 im range is the electrical low-pres-
sure impactor (ELPI). Particulates are first charged and
then passed through a cascade impactor, which segre-
gates them intc a number of bins (size rangss). Changes
in the current deposited an each impactor stage yield the
transient concentrations of particles of the corresponding
asrodynamic size [23].

ticle sizing than volume fraction measurements. Mare
impartantly, for agglomerated soot particles (which are
definitely not spherical), it has become increasingly clear
in the last few years that the appreach of applying Mie
theory by assuming spherical scot particles results in
large errors [24-27].

By combining the elastic scattering and extinction tech-
niques it is possible to obtain the soot particulate mor-
phological parameters. Koyl (28] describes an in situ
pariculate diagnostic technigue based on the Rayleigh-
Debye-Gans polydisperse fractal aggregate scattering
interpretation of absolute angular light scattering and
extinction measurements. Using the proper particle
refractive index, the method yields particie volume frac-
tion, fractal dimension, primary particle diameter, particle
number density, and aggregate size distribution [28].
However, the technique is camplex {the absolute scatier-
ing cross-section must be measured as a function of
scattering angle) and is limited to laminar cases (laminar
flames and laminar gas flows) and cannot be used in tur-
bulent enviranments.
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NON-INTRUSIVE SOOT/PARTICULATE MEASURE-
MENTS — In combustion research soot volume fraction
measurements are important for studies of soot forma-

tinn _radiation .processes, and for monitoring post-flame .

“Figure 3. Schematic of the Ll setup at NRC 181

LIl uses a pulsed focused laser beam to provide an

‘instantaneous (about 10 ns) energy source. Several mJ

particulates. Light extinction is a commonly used diag-
nostic technique for measuring soot volume fraction.
However, it suffers from the drawback of measuring a
line-of-sight average, and while tormographic reconstruc-
tion can be used to calculate soot profiles in radially sym-
metric flames, this is not possible under turbulent flow
conditions. Elastic scattering of light has been wideiy
investigated for soot measurements but the fact that the
signal is proportional to the sixth power of the particle
diameter means that the technigue is more useful for par-

of energy 1s Used 10 rapidly neal partculaies 1o el
evaporation temperature. The soot particulates radiate
incandescence as they cool back to the ambient temper-
ature, which is about 1500 to 2000 K in flames, and is
much less in a diesel exhaust. The incandescence signal
is collected and imaged anto a detector as a function of
time. This signal is proportional to the particulate volume
fraction over a very wide dynamic range and it is also
possible to determine the particulate size [18]. It can be
used in any environment, inciuding laminar and turbulent



flames and exhaust gas streams. The schematic of the _ ) .
LI setup at NRC is shown in Figure 3. Figure 4 shows a Table 1. Research Engine Configuration
comparison of measurements of soot valume fraction in a
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Figure 4. Comparizon of soot volume fraction -
deter?nined by LIl to radial profiles from Abel Maximum Power | 44.67 kW (60 bhp) @ 1900 rev/
inversion of line-of-sight extinction data at 40 Cutput min
mm above the burner in a laminar diffusion
flame of ethylene and air [18].

A Kistler 6121 high-temperature pressure transducer was
mounted in the research engine fo measure cylinder
pressure. The fuel injector was instrumented with a Wolff
halli-effect needle-lift sensor so that the start and the end
of fuel injection could be determined. The engine crank-
shaft position was determined by an AVL 360C/720S
high-resolution optical crank angle encoder.

EXPERIMENTAL

TEST ENGINE AND EXHAUST EMISSION MEASURE-
MENTS — The engine used in this work is a single-cylin-
der research version {Ricardo Proteus) of a Volvo TD123
heavy-duty truck engine. The engine is a direct-injection
type and had a displacement volume of 2 liters. Major
enging configuration data are shown in Table 1. The
research engine incorporates many features of contem-
porary medium- to heavy-duty diesel engings. It is tuned
to meet the U.S.EPA 1394 emission standards.

A heated probe was mounted after the exhaust surge
tank to sample the gaseous emissions. The emissions
instrumentation {Rosemount, model NGA 2000) con-
sisted of a chemiluminescent oxides of nitrogen (NO,)
analyzer, a flame ionization total hydrocarbon {HC) ana-
lyzer, a non-dispersive infrared carbon monoxide {CO)
analyzer, a paramagnetic oxygen (O5) analyzer, and a
non-dispersive infrared carbon dioxide (CO5) analyzer for
measuring the CO5 concentration in the dilution tunnel. A
non-dispersive infrared CO ; analyzer (Horiba, mode!
MEXA-211GE) was used to measure the CO, concentra-
tion in the engine exhaust.

The speed and the load of the research engine were con-
trolled independently by a dynamometer and a fuel con-
trol system. To simulate a turbo charger, externzlly
compressed and dred air, controllable for temperature
and pressure, was supplied to the engine. The exhalst
system was fitted with an orifice downstream of the

exhaust port, which, together with the exhaust back pres-
sure valve, provided a cylinder pressure pumping loop
similar to that of the multi-cylinder parent engine. A mix-
glﬂsaironénaadepfgvi?jisdt C‘Qr%pré;?ﬁii;geofiﬁzsg;ﬁaﬁg a mini~diiution tgnnel‘using filtered and dried' air.lThe flow
gases before sampling. rate of the dilution air was regulated to maintain a tem-
perature of 52 °C. A particulate sampling line was
installed in the dilution tunnel and connected to a 47 mm
particuiate filker and a velume meter. A computer running
a data acquisition software reccrded engine control

parameters and emission values. A total of 60 data paints
were recorded in duration of 5 minutes. Averaged values
of spead, power, fuel consumption rate, temperatures,

A separate probe was used to sample the particulate
emissions. The temperaiure of the particulate probe was

Filtered lubricating oil was delivered to the engine by
external pump. The temperaiure of the engine oil was
controlled to 80°C. The engine coolant temperature was
controlled at 80°C.



pressures and exhaust emission concentrations were
used in the calculation of compacsite emissions.

Table 2. AVL 8-Mode Steady-State Simulation ofEPA
Transient Test Procedure

Speed Weighting

Mode (rpm) Load (%) Factor

1 600 0 35.01

2 743 25 6.34

3 873 83 2.91

4 1016 84 3.34

5 1900 18 8.40

6 1835 40 10.45

7 1835 69 10.21

8 1757 95 7.34

To establish a link of the results from this work to those
obtained with the EPA transient test procedure, the AVL
8-mode steady-state simulation test procedure was

adopted [29]. The engine operating conditions and the
weighting factors of this test procedure are listedin Table
2. The engine speed in this test procedure varieswidely,
from low idle speed (600 rpm) to rated speed (1900 rpm).
The load also varies widely from 0% to 95%. The low idle
condition is weighted heavily in the test procedure. In cal-
cuiating the composite brake specific emissions, the
weighting factor (WF) at each mode is used in the follow-
ing equation:

N Z (Emission Rate), xWF.

BSE (1)
> (Brake Power), xWF,

The emission rates in the equation are caloulated from
measured emission concentrations and fuel consumption
rates.

To make the engine experimental results relevant to
multi-cylinder production engines, an effort was made to
run the research engine at operating conditions as
closely as possible to the “parent” production engine. The
research engine manufacturer supplied the speed and
load mapping of the multi-cylinder “parent” engine. Using
this information, engine speed, torque, intake manifold
temperature, intake manifoid pressure, intake airflow,
engine brake torque and_exhaust_back pressure were

determined. Further details of the engine and the con-
ventional particulate measurements are given in [30-32).
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Figure 5.  General layout of the LIl exhaust particulate
matter measurement system.

The beam was then focused with a cylindrical lens to
form a sheet through the probe volume. The beam inten-
sity profiles in the procbe volume were measured with a
Coherent BeamView sysiem. These profiles were used
to ensure that the laser fiuence was just beyond the satu-
ration threshold for raising most of the soot particles to
the evaporation temperature.

The L1 signal from the centre of the laser sheet was

imaged at 0.5:1 magnification with an achromatic 31.5
mm diameter lens of 80 mm focal length onto an optical
fibre of 600 mm diameter, which transmitted the incan-
descence signal to the photomultipliers. The imaging

system was arranged such that the imaging axis was at
an angle of 35x to the plane of the laser sheet. Thus the
sample voiume in the flame was a slanted cylinder of
diameter 1.2 mm whose mean length was 2.1 mm.

The LIl signal was recorded by three photomultipliers,
equipped with narrowband interference filters centered at
402 nm (36 nm FWHM), 551 nm (18 nm FWHM), and
781 nm (19 nm FWHM), respectively. Prompt signals
from the photomultipliers, 10 ns duration and at the LI

signai peak, were recorded and subseguently transferred
to a computer for further analysis, Multipulse averages
were acquired, with 400, 500, or 1000 samplas per aver-
age,-depending-upon—the-particulate load: Between 3

and 5 averages were collected during each trial, and
three trials were performed for each of the eight engine
mades.

LI MEASUBEMERNT SYSTEM.. Tha | |Laystam that was .

described previously [18], Figure 3, has been modified for
dissel exhaust particulate matter measurements. Briefly,
a pulsed Nd:YAG laser, operating with 16 mJ/pulse at 20
Hz and 1064 nm, was used to heat the particulates to
their evaporation temperature. A half-wave plate to rotate
the plane of polarization in combination with a thin film
polarizer angle-tuned to fransmit horizontally polarized
radiation was used to contrel the laser energy.

A sar'h'p'ling- ééH for pr-c')du-ci'r"}g énd”acquirin.g the LI signal

was inserted between the dilution tunnel and the filters
used for gravimetric sampling. This cell {Fig. 5) provided
one window for introducing the laser beam and signal col-
lection, a second window for passing the laser beam to a
beam dump, and & third window orthogonal to the laser
beam for viewing and alignment. The laser sheet was
centered 2 mm from the end of the tube carrying the
exhaust from the dilution tunnel. The LIl data was



~for-standardized particulate matter measuremenis-in-dig=—————tunnel-connected-to-the-exhaust-of-a-single-eylinder-BI

recorded simultaneously with the gravimetric sampling, to 26
provide a direct relationship between the two measure-

msnis of PM. | -
2.0+

RESULTS AND DISCUSSION

Hepeatability of the LIl measurements of the particulate
matter in the exhaust of the single-cylinder diese! engine
is shown in Figure 8. Each bar represents the mean of 3
to 5 multiple averages acquired during a single trial. At
engine modes 1,2,6, and 8, all three LI measurements
collapse into single points. The largest spread is at 1 — -
engine mode 4. At all modes, however, LIl repeatability 20
has been far superior to filter mass measurements. T . T T T T . .

111

0.5

LIl Measurement, au

Figure 7 shows the plet of LIl measurements of particu-
late versus filier mass measurements. The good correla-
tion between the two measuremenis demonstrates the
capabilities of the LIl system. The scatter observed in
Fig.7 could be caused by several factors. One of the most
significart ones is the amaunt of the secluble organic frac- ]
tion of the diesel particulate matter at a given engine ] B
mode. It should be noted that LI produces signals at
much lower particulate concentrations than other tech-
nigues, an advantage with modern cleaner diesel

engines,

Engine Mode

Figure 6. Repeatability of LIl measurements of exhaust

particulate matter at different engine modes.

The soluble organic fraction in the diesel particulate mat-
ter could vary from 5 to 40% by mass depsnding on the
sampling train and the engine operating conditions,
among other variables. The residence time of the particu-
late matter, through the sampling systern just before it is
captured on filtler, as well as the temperature of the
sxhaust gas beiore it is diluted ptays an important role in
the amount of unburned hydrocarbeons in the exhaust
stream adsorbed into the particulate matier. The stan-
dard gravimetric filter measurements include the mass of
the adsorbed organics in the mass of the particulate mat-
ter. Howsver, in LIl measurements, the organics
adsorbed into the particulate matter evaporate very rap-
idly as the laser puise starts heating the particulates
within the probe volume. Thus the LIl signal contains only
the information proportional to the mass of the carbon in
the particulate matter (neglecting any effect of the trace
metals In the particuiates may have).

0.1 =

LIl Measurement, au

0.01 e o
10° 10°

Gravimetric Filter Measurement, ppmX1 of

Correlaticn betweean the LIl measurements
and the standard gravimetric filter
measurements of the exhaust particulate
matier. Data cover the measurements made
at all of the 8 engine modes.

Figure 7.

CONCLUDING REMARKS

Particutate matter emissicns have been measured by LI

These results confirm the suitability of the LIl technique and the standard gravimetric procedure in a mini dilution

research diese! engine. The engine experiments have
been run using the AVL 8-mode steady-siate simulation
of the U.S. EPA heavy duty transient iest procedure A

sel engine exhausts. Recent work by other groups has
demcnstrated, althcugh without comparison to standard
techniques, the suitability of LIl for soot mass concentra-
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Nat;onal Research Ccuncn of Canada has been used for
the LH measurements. Results of the measurements
using the two methods are compared and it was shown
that:

vehicle [33] and in an environment similar to that of a gas
turbine exhaust [34].

1. The repeatability of the LIl measurements is far bet-
ter than the repeatability of the standard gravimetric
filter technique.



2. Tne LIl measurgments show good correlation with
the filter mass measurements over a wide range of
operating conditions and particulate levels.

In additicn, LIl is capable of real-time pariculate matier
measurements which covers any engine transient opera-
tion. The wide dynamic range and lower detection limit of
LIl make it a potential standard instrument for particulate
matter measurements. LIl has also the potential to give
information about the size and morphology of the particu-
late matter. Use of LIl also provides a significant time
advantage both in the collection and processing of data,
aver the gravimetric procedurs.
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APPENDIX
LIl THEORY - HEAT TRANSFER TO AND FROMSOOT PARTICLES

The numerical modeling of the fransient heating and sub-
sequent radiation and cooling of soot particles exposed
to short duration {10 ns) laser pulses is briefly described
below. The approach is similar to that used by several
authors [9, 13, 15, 16}. Our approach most closely fol-
iows that of Hofeldt {13] and only the differences between
the two modeis will be emphasized.

Np just touching primary particles of diamster dp {24].
This approach has also been recently adopted by Mewes
etal[15].

The heat transfer energy balance eguation is:

2K (T-T)rN,d; LM, odm

The previous LIl numerical modeling has assumed the
particles to be eguivalent spheres and calculated the
absarption from Mie theery [8, 9, 13, 16]. In recent years

=
[ (Dps +G Ay ) M, dt
1 dr
+CIIrm.’ - _6-]r NP dng pS C.s‘ EZO (A1)

T TaS oCoTE Cloar tTa Vie tTeuTy e o squivaret
spheres intreduces large errors in calculating the scatter-
ing and absorption of real soot particles [24, 25, 26, 27]
(and references contained therein), and that soot absorp-
tion is well described by Rayleigh theory, provided that
the primary particle diameter is within the Rayleigh limit
(significantly smaller than the light wavelength).

The equations describing the soot heat transfer pre-
sented here are for a maore realistic soot morphology in
that we assume the soct particles to be agglomerates of

The first term, C,q, is the abserbed laser energy, where,
in the Rayleigh limit, the absorption cross section C is
given by:

N, d) Elm)
Oz (A2)

This will certainly be true in our expetiments since we are
clearly in the Rayleigh limit, having used 1064 nm laser
excitation.



The second term involves heat transfer to the surround-
ing medium for a particle in the transition regime between
continuum and free molecule (Knudsen) heat transfer.
Since the mean free path in the gas is typically much
larger than the soot particle diameter, the particle is
largely in the free molecule limit, and thus the heat trans-
fer coefficient is independent of particle size. G is a
geometry dependent heat transfer factor, equalio 8 #
(a{g+1)) where fis the Eucken factor (5/2 for monatomic
species), a is the accommoedation cosfficient, and g=c/c,
(= 1.40 for air). A value of a~0.9 has generally been
adopted in previous work {9, 13, 16].

The third ferm is heat ioss due to evaporation of the soot
and is given by:

dﬂ— p_snDzd_D

dt 2 dt
BTN,
=-nN,d; RI 7 (A3)
L 2mM (1) Y2 Dy
B RT5 ZDAB

Again the flux of carbon vapour is dominated by the free
molecule regime (the first term in the denominator of Eq.
A4} and is independent of pariicle size. The soot vapour
pressure has generally been calculated using fixed val-
ues of the heat of vaporisation H, and soot vapour molec-
ular weight My,. We have used the temperature
dependent values of these quantities Pg(T), My(T) calcu-
lated using empirical relationships in solving the equa-
tions.

The fourth term, representing radiative loss for a single
primary particle, can be approximated as:

qrad = 4ﬂ: NP d;’ GSB T4 E('m) (A4)
’ K 600

where the expression in parentheses is evaluated at
some average wavelength, 600 nm in this case. This
appreximation, inciuding the selection cof evaluation
wavelength, is not limiting since soot particle heat loss
due tc radiation is insignificant compared to the other
heat loss terms.

The particle equivalent sphere diameter dependence
{Deg) in the denominator of Egs. A2 and A4 is the equiv-
alent sphere diameter given by D’cg=N, - o and it
reflects the dependence of heat transfer and the flux of
evaporating soot an this soot size in the continuum limit.
Since the soot particle diameater is very much less than
the gas mean free path these continuum terms are not
important and for soot evaporation have been neglected
in much of the earlier modelling [2, 16]. In our approach,
these equations constitute a coupled set of differentiai
equations for D and T that have baen solved numerically
using a Runge-Kutta integration routine. From this solu-
tion we can calculate the time history of the Lli signai
using the relationship:

1 he -
IO = 275;5 h {e kT _1} TN, dp K, (M dk
dmrd, E{m)
where K, =WJ?TMM (A5)

The LIl signal /is a function of T, dp Np, time (1), and
laser fluence (F). To calculate values of /{0 compare with
experiment we must integrate / over the range of laser
fluence values encountered in the laser sheet. Since our
probe vaolume only occupies a small region of the sheet
the distribution of laser fluence is essentially constant in
the plane of the sheet. However, there is a distribution of
fluence across the thickness of the sheet (i.e. along the
LIl viewing axis). This can be described by

M.l

F{x)=F, exp{w%] (AB)

wherg w, is the sheet half width and Fy is the peak flu-
ence at the centre of the sheet. {(F.f) can then be inte-
grated across these fluence values to give a signal I5(8)
that can be cormpared to our experiments. The prompt
and integrated LIl signal for a given laser fluence can be
obtained by the appropriate time integration of I5(#).




