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Abstract

This paper presents the first demonstration of the pulsed laser

ablation technique to seed a laminar non-reacting gaseous jet at at-

mospheric pressure. The focused, second harmonic from a pulsed

Nd:YAG laser is used to ablate a neutral indium rod at atmospheric

pressure and temperature. The ablation products generated are used

to seed the jet, as a marker of the scalar field. The neutral indium

atoms so generated are found to be stable and survive a convection

time of tens of seconds before entering the interrogation region. The

measurements of laser-induced fluorescence (LIF) with indium and

laser nephelometry measurements with the ablation products are both

reported. The resulting average and root mean square (RMS) of the

measurements are found to agree reasonably well although some differ-
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ences are found. The results show that pulsed laser ablation method

has potential to provide scalar measurement for for mixing studies.

1 Introduction

The mixing of two or more of gas streams is pivotal in many engineering

processes, and is particularly important in fast-reacting systems, such as

combustors [1]. For example, the turbulent mixing processes directly impact

on the amount of soot present within a flame and on the dimensions of the

soot sheets where they are found [2,3]. This is because the time-scales of soot

formation and oxidation are comparable with those of mixing [4]. Likewise,

the back-mixing of hot products is a technique used in certain combustors

to reduce pollutant emissions and to enhance thermal efficiency [5,6]. Infor-

mation regarding the mixing rates of these systems, such as concentration

fluctuations, is therefore crucial to advance the understanding and the control

of these processes.

Mixture fraction (ξ) is a particularly important mixing parameter, and

is a conserved scalar that represents the mass fraction of reactant(s) orig-

inating form the fuel stream. This scalar is used to reduce the number of

variables needed to describe the mixing processes and is used in many com-

bustion models, such as Conditional Moment Closure (CMC) and Laminar

Flamelets Model [7,8]. The measurement of mixture fraction in reacting flows

is usually conducted using one or more of the key fuel components through

2



the combination of intrusive sampling probes and gas chromatography, or

through temporally and spatially resolved laser based techniques.

Many difficulties are faced in accurately measuring the mixture fraction

in all parts of the flame. Both single-point and line laser-based techniques

have been used for the measurement of the key species, from which the

mixture fraction is deduced based on elemental conservation. Single-point

measurement data, however, are unable to provide instantaneous spatial in-

formation, such as gradients, which are highly desirable for understanding

turbulent flows and validating models [9]. Some two-dimensional mixture

fraction imaging techniques, such as laser-induced fluorescence (LIF) of fuel,

have been reported (e.g., [10]). The planar imaging of the fuel is inher-

ently difficult and has many challenges, such as the early dissociation of

the fuel on the rich side of stoichiometric, optically inaccessible electronic

transitions and the effect of differential diffusion [11]. Fuel tracers may be

used as an alternative to the direct measurement of the fuel species. The

most commonly employed tracer species for mixing studies include acetone,

3-pentanone or toluene, all of which are accessible using LIF. These tracers,

however, suffer from many systematic errors that limit their applicability to

the measurement of mixture fraction [11,12]. Krypton has recently emerged

as an exciting alternative [11,12]. Being a noble gas, krypton is very stable,

even in flame environments, and is therefore well suited for conserved scalar

measurements [11, 12]. The LIF of krypton, however, may present some

challenges as it involves a two-photon excitation process. Krypton also has
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the disadvantage of being expensive. Alternative tracers that have broader

applicability than that the existing ones are therefore desirable.

Pulsed laser ablation is a universal tool with wide spread application,

ranging from material surface processing to lithography [13–15]. The pulsed

laser ablation process involves the removal of material from a surface with

the use of a focused pulsed laser beam. The mechanisms associated with the

ablation process are complex and are strongly dependent on the properties

of the materials, as well as the parameters of the laser pulse. The laser

ablation process itself is the subject of intense investigation. However, most

of the current studies are motivated by the impact on the material surface

being irradiated, rather than the products being generated. Nevertheless,

there are also several reports on the generation of neutral atoms using laser

ablation of targets such as sodium [16], aluminium [17] and indium [18]. The

generation of neutral atoms is a topic of interest because of its importance

in the fields such as atom optics, tokamak diagnostics, and atom lithography

[16–18]. These studies, however, were typically conducted in low pressure

environments. Hence insufficient information is available from the literature

to assess its potential to be used to seed carrier gas at atmospheric pressure.

In light of the above gaps in knowledge, the present paper aims to in-

vestigate the potential use of the pulsed laser ablation method to generation

an alternative flow tracer. Indium is chosen here as it has large oscillator

strength and has electronic transition states that are optically accessible to

tunable laser sources [19–21]. Indium has also been demonstrated to be a
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suitable thermometry species for two-line atomic fluorescence (TLAF) mea-

surements [22, 23], so that it would be of significant practical advantage if

the same seed species could be used for multiple simultaneous measurements.

Hence the main aim of the paper is to examine the feasibility of using pulsed

laser ablation method to generate indium atom, and to investigate the po-

tential use of indium-LIF approach to monitor the concentration fluctuation

within a jet. A secondary aim is to verify that spurious scattering from

the larger ablation generated products can be effectively suppressed from

the indium-LIF signal, since this is necessary for the indium-LIF approach

to be used concurrently with other measurement techniques, such as particle

image velocimetry (PIV). This verification is needed because, while the effec-

tive separation of indium-LIF from interference by scattering from soot has

been verified [24, 25], this verification has yet to be performed for particles

of micron size or larger, which are typically used for PIV seeding.

2 Methodology

The second harmonic of a Q-switched Nd:YAG laser is used to irradiate an

indium rod to generate ablation products, including indium atoms, parti-

cles, and clusters. The ablation products produced using the new seeding

approach are subsequently seeded into a laminar non-reacting jet. Neph-

elometry, using the scattered light signals from the ablation products, is

employed as an alternative technique to assess the concentration fluctuation
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of the jet. For this feasibility study, a laminar non-reacting jet is used in

the present study to avoid the complications of turbulence and the need for

temperature corrections.

Indium has two optically accessible transitions, shown diagrammatically

in Figure 1, which are typically used for TLAF temperature measurements

[24–26]. The Stokes process involves 410.18 nm laser excitation (52P1/2 →

62S1/2 transition), and the detection of the subsequent fluorescence (62S1/2

→ 52P3/2 transition) at 451.13 nm. The anti-Stokes process uses 451.13 nm

excitation (52P3/2 → 62S1/2 transition) and 410.18 nm detection (62S1/2 →

52P1/2 transition). These transitions are sensitive to temperature range typ-

ically encountered in practical combustion systems (800 – 2800 K) [27].

5 P
2

3/2

5 P
2

1/2

6 S 1/2

2
Stokes Anti−Stokes

2

1

0

Figure 1: The indium energy transitions employed for TLAF measurements.
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3 Experimental

3.1 Nozzle

The new seeding technique was assessed in a non-reacting, laminar jet in

co-flow using a similar nozzle arrangement reported previously [5, 6]. The

configuration consists of a central fuel jet (�10 mm) within an annular co-

flow (�110 mm). The fuel jet was delivered through the nozzle into an air

co-flow. The air co-flow has a fixed bulk velocity of ∼0.17 m/s and was used

to improve the stability of the jet. Stainless steel mesh and a perforated

plate were used to flow-condition the co-flow. A cutaway view of the nozzle

arrangement used is shown in Figure 2.
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Figure 2: Cutaway view of the nozzle arrangement used to generate a jet in

co-flow.
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3.2 Seeder

A 10 mm diameter indium rod of 99.99% purity was placed within an ‘ab-

lation chamber’ operating at atmospheric pressure. The rod was irradiated

by the focused, second harmonic output (532 nm) of a Q-switched Nd:YAG

laser. The resulting ablation products was transported from the chamber

by the carrier gas. The indium rod was mounted on a motorized rotating

shaft. This allows the indium rod to be moved in a combined rotational and

translational motion to expose a ‘fresh’ region of the rod to each ablating

shot.

Industrial grade ethylene gas (≥99.5% vol. C2H4) was used as the carrier

gas for this work. The carrier gas and the products from the ablation site were

passed through a ballast volume with a motorized stirrer to damp the pulse-

to-pulse variation in the generated indium, as a result of the pulsed ablation

source. The addition of the ballast volume has been found to reduce the

fluctuation in the signal intensity by three-fold. It is worth noting that the

ablation process produces indium species, ranging from neutral, free, single

atoms to particles of with a diameter of the order of milimetres. The ballast

volume was therefore used here to filter out the larger particulates within

the flow, as the indium-LIF signal may be susceptible to spurious scattering

from such product.
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3.3 Optical Arrangement

The optical arrangement consisted of three laser systems, as shown schemat-

ically in Figure 3. Two lasers were fired with ∼800 ns separation to produce

the 410.18 nm and 532 nm excitation beams required for the indium-LIF and

nephelometry measurements, respectively. An additional laser at 532nm was

focused to ablate the indium rod.

The 410.18 nm beam required to probe the 52P1/2→62S1/2 transition of

the indium atoms was generated by a Quantel TDL 90 dye laser [22]. The

532 nm beam used for the nephelometry was generated from the second har-

monic output from a Q-switched Nd:YAG laser. These beams were directed

into a cylindrical telescope with a –25 mm lens followed by a +75 mm lens.

The thickness of the sheets was adjusted by a plano-convex cylindrical lens

with a focal length of +1000 mm. It is worth noting that these lenses are not

achromatic, leading to a slight difference in their focal lengths. The effect,

however, was found to be small over the measurement region. The sheets

were subsequently directed through a tank, filled with fluorescing dye, in

the same field of view as the nozzle. The fluorescence and scattering from

the tank were used for shot-by-shot correction of the laser energy and profile

variation across the sheets. The sheets were centred at ∼30 mm height above

the jet exit plane. The frequency-shifted indium fluorescence signal was de-

tected through a 10 nm bandwidth interference filter (centered at 450 nm)

using another ICCD camera, with a f#1.4 lens. The nephelometry signal was
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also detected through a f#1.4 lens onto an intensified CCD (ICCD) camera.

The gate width of the cameras was set as ∼100 ns and the timing of the

cameras was set to be prompt with the corresponding laser excitation.

The output of the second harmonic (532 nm) from a high powered, Q-

switched Nd:YAG laser was focused using a spherical plano-convex lens with

a focal length of +200 mm into the ablation chamber. The spherical lens

was affixed onto a rail system. The optimum distance between the lens and

the target (i.e. indium rod) was determined by translating the focusing lens

along the optical axis, at a fixed laser energy, until the maximum signal

intensity was observed. The beam area of the ablation laser on the target

used was estimated to be ∼7.3×10−4 mm2.

A centralized timing system, which consisted of a DG-535 Stanford Re-

search Systems pulse/delay generator, was used to synchronize the lasers,

the detection systems, and the computers.

4 Results and Discussion

Figure 4 presents the data obtained from a 300-shot averaged intensity of the

indium Stokes fluorescence obtained in the seeded jet, as a function of the

ablation laser energy. For the measurements, the LIF excitation laser fluence

and the carrier gas velocity were maintained at ∼0.1 J/cm2 and ∼0.76 m/s,

respectively. These parameters were held constant to ensure that the ablation

energy is the only variable. From Figure 4, it is apparent that the indium
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Figure 3: Schematic diagram of the experimental arrangement. BD, beam

dump; CT, cylindrical telescope; F, 450 nm interference filter; S, seeder; SL,

spherical lens; M1, high energy 532 nm mirror; M2, mirror; M3, dichroic

mirror; N, nozzle; T, tank.

fluorescence increases with ablation energy. This is to be expected since

the ablation of indium is a thermal process proceeding via the vaporisation

of the metal [14]. An increase in the energy results in the vaporisation of

more indium from the rod. The threshold ablation energy is ∼6×10−3 J per

pulse. The threshold ablation energy is the ablation laser energy at which

the indium fluorescence becomes detectable for the present arrangement. As

a consequence of the investigation being conducted at atmospheric pressure,

and also because of the long passage used to transport the ablation products,

it is not possible to directly compare the present value with previous studies

that were typically conducted at much lower pressures.
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Figure 4: Measured intensity of indium fluorescence as a function of ablation

laser energy per pulse.

It is also worth noting that tuning the laser off-resonance reveals that the

contribution of the laser-induced interferences to the indium fluorescence sig-

nal collected at all ablation laser energies is insignificant (typically less than

1%). This observation implies that the present optical arrangement is suf-

ficient to suppress the laser-induced interferences from the filtered ablation

products. This finding also shows that the inelastic nature of the technique

is insensitive to interferences from spurious scattering. This gives confidence

that the indium-LIF technique is appropriate for use in other particle-laden

environments, such as in the presence of particle seeding for PIV measure-

ments.

The detection of the neutral indium atoms, despite being generated and
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transported from an ablation site that is remote from the nozzle, indicates

that the species is not sensitive to reactions or self-collision. It is also noted

the signal intensity is not significantly affected when the path length of the

seeding pipe is increased. Such character of the neutral indium atoms is

advantageous, as this suggests that the species may be generated at a con-

venient location upstream from the interrogation region.

Figures 5(a) and 5(b) present the typical single-shot fluorescence and

nephelometry measurements, recorded simultaneously, for the carrier gas

with a nozzle exit velocity of ∼1.61 m/s. For the measurements, the indium-

LIF and the nephelometry excitation laser fluence were maintained at∼0.1 J/cm2

and ∼0.45 J/cm2 respectively. The images presented are corrected for back-

ground, darkcharge, detector attenuation and sheet profile corrections. By

appropriate image processing software, these images are also spatially matched

using a four-point matching algorithm and morphed based on the cross-

correlation of a target to ensure sub-pixel matching. The in-plane spatial

resolution of these matched images is ∼0.29 mm per pixel. From the figures,

it is clear that the indium LIF image is relatively more uniform in comparison

with the nephelometry image, the latter of which exhibits a few spots of high

intensity due to the presence of large particles or aggregations. This high-

lights the advantage of atomic over particle seeding in scalar measurements

and also helps to explain the differences in the quantitative comparisons,

discussed below.

To assess the feasibility of the technique to map the concentration profile
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Figure 5: Typical simultaneous single-shot (a) indium-LIF, and (b) neph-

elometry images. Laser propagates from left to right.
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of the jet, the average radial profiles C̄(r, z) of the indium-LIF are derived

from 300 single-shot measurements and are compared with the those obtained

from the nephelometry measurements. The C̄(r, z) for both techniques are

compared at 3.0 and 4.5 nozzle diameters downstream from the exit plane,

as shown in Figures 6(a) and 6(b). The C̄(r, z) is calculated via the following

equation, whereby Ci(r, z) is the ith single-shot measurement and N is the

number of images recorded [28,29]:

C̄(r, z) =
1

N

N∑
i=1

Ci(r, z) . (1)

From Figure 6(a), it is apparent that the average profiles of the measure-

ments are quite uniform through the jet. Such distribution is to be expected

for the potential core region and has been widely observed by others in similar

flow fields. This observation suggests that, on average, both the indium-LIF

and the scattered light signal from the particulates are representative of the

concentration profile of the jet issuing from the nozzle. From Figure 6(b),

it is also clear that the profiles of the measurements exhibit a central re-

gion where the concentration is still uniform at 4.5 nozzle diameters above

the exit plane, caused by the tip of the potential core at this height. This

finding is consistent with the results of previous studies (e.g., [30]), in which

the potential core of jet issuing from a pipe is generally expected to last five

nozzle diameters downstream from the exit plane. Furthermore, this length

is greater for a laminar flow, and with a co-flow, than for a free jet.

From Figures 6(a) and 6(b), it is apparent that there are small but sig-
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Figure 6: The average radial profiles C̄(r, z) as obtained from 300 instanta-

neous measurements at z/d: (a) 3.0 and (b) 4.5 nozzle diameters above the

exit plane. Open circles: indium-LIF. Closed triangles: nephelometry signal.
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nificant differences between the LIF and the nephelometry profiles. That

is the indium-LIF signal decreases with radial distance at a slightly greater

rate that the nephelometry signal. The slight disparity of the profiles may

be explained by the possible departure of the trajectories of the particles

from those of the molecular field or the effects of molecular quenching on the

indium-LIF signal.

The extent to which the ablation-generated particles fail to act as flow-

tracers has been evaluated on the basis of their Stokes number (Sk):

Sk = ρpUd2
p/18µL , (2)

which characterises the particle response time to the fluid flow time asso-

ciated with an eddy of scale L. Here, ρp corresponds to the particle density,

which is taken to be the 7200 kg/m3 on the basis of an assumed composi-

tion of indium oxide [31], µ is the absolute viscosity and L is assumed to be

the nozzle diameter d. Calculations reveal that to act as a flow tracer, viz.

Sk<<1, it is necessary for the particle diameters dp to be of order ∼1.6 µm.

While the size distribution of the ablation-generated products is not known,

there is indication that the nephelometry signal (as evident from the instan-

taneous nephelometry images) is dominated by particles of size greater than

this and with, at best, a partial response to the flow. Further evidence can

also be found by comparing the width of the measured potential core region

by the two techniques in Figures 6(a) and 6(b). The width of the potential

core region extends to r/d≈0.45 and 0.40 for the nephelometry signal, and
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0.30 and 0.20 for the indium-LIF signal, at z/d=3.0 and 4.5. The width

measured by the nephelometry technique is much larger than expected for

a potential core. Together, these findings indicate that size of the ablation-

generated particles is more likely to be the main cause for the discrepancy

between the nephelometry and the LIF signals, than the effects of molecular

quenching.

It is also important to note that while nephelometry is a well established

technique for concentration measurements [28,29,32], the signal can only be

assumed to be directly proportional to the total number of particles in the

measurement region if the particle size distribution is constant. Nevertheless,

any variations in particle size are likely to be smoothed out in the mean image.

The C̄(r, z) for the nephelometry measurements is non-dimensionalised by

dividing the C̄(r, z) with the summation of the C̄(r, z) at each measurement

locations.

To further assess the feasibility of the techniques to map the concentration

profile of the jet, the RMS of the measurements, C̃(r, z), is calculated as:

C̃(r, z) =
1

N

(
N∑

i=1

(
Ci(r, z)− C̄(r, z)

)2) 1
2

, (3)

The results for the C̃(r, z)/C(r, z) for the nephelometry and indium-LIF

measurements, recorded at 3.0 and 4.5 nozzle diameters downstream from

the exit plane, are shown in Figures 7(a) and 7(b). From Figure 7(a), it

is clear that the RMS of the two techniques are typically lower than 2%
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Figure 7: The RMS of the radial profiles C̄(r, z) as obtained from 300 instan-

taneous measurements at z/d: (a) 3.0 and (b) 4.5 nozzle diameters above the

exit plane. Open circles: indium-LIF. Closed triangles: nephelometry signal.
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and are observed to display a region of uniformity across the jet, which is

to be expected when measuring a laminar jet. The RMS of the techniques,

albeit low, is mainly associated with the fluctuation in the amount of seeded

species within the measurement region. It is worth noting that the RMS

of the nephelometry signal is found to be 33% higher than the indium-LIF

signal. This is a result of the inherently polydispersed nature of the ablation

products size. The use of such non-uniform ablation products would increase

the RMS of the nephelometry measurements, since the larger particles scatter

the radiation more efficiently that the smaller ones [28]. From Figure 7(b),

it is found that the RMS of the indium-LIF and the nephelometry signals

increases in the shear layer. Nonetheless, it is noted that the distribution of

the RMS for both techniques is still below 2% at the potential core of the

jet. Again, the RMS of the nephelometry signal is found to be ∼15% higher

than the indium-LIF.

5 Conclusion

This paper presented the first demonstration of pulsed laser ablation tech-

nique to seed a laminar non-reacting gaseous jet at atmospheric pressure.

The neutral indium atoms generated have been found to be stable and sur-

vive a convection time of tens of seconds before entering the interrogation

region. A comparison of the laser-induced fluorescence (LIF) of the indium

with the nephelometry measurements of the ablation products, both gener-
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ated by the pulsed laser ablation technique, revealed good agreement, given

the high Stokes number of the ablation products. That is, the slightly wider

spread of the ablation particles over the indium gas is consistent with the

nephelometry signal being influenced by particles with, at best, a partial

response to the flow. Likewise, the higher root mean square (RMS) of the

ablation products is consistent with the particulate nature of the nephelom-

etry marker. Future work, however, is required to evaluate the effects of

molecular quenching. This paper has also shown that the spurious scattered

signal from the particulates larger than ∼1 µm can be effectively suppressed

from the indium LIF signal, thus confirming the suitability of the method for

use in other particle-laden environments, such as in the presence of particle

seeding for particle image velocimetry (PIV). These results demonstrated the

feasibility of using pulsed laser ablation to provide scalar markers for mixing

studies. Nevertheless, further work is required to quantify the performance

of indium as a scalar marker.
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