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Abstract A new optical method to seed a flow with elemen-
tal metal species is described and demonstrated using laser
ablation. The unique ablation seeding approach is shown to
generate free gas-phase metals in their atomic form, without
the need for a spray or solvent. The technique can be used in
both reactive and non-reactive environments, which solves a
problem that has hitherto plagued the seeding of many flows.
The ablative seeding approach has the potential to become
a standard tool for chemical seeding, with a diverse range
of application from flow tracing to atomic absorption spec-
troscopy (AAS).

1 Introduction

Chemical elements are used in every industry in our soci-
ety and every current environmental problem has an inher-
ent chemical connection. Efficient chemical detection can be
achieved by laser spectroscopy, which permits non-intrusive
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measurements. Laser spectroscopy often requires the use of
a seeded chemical species, either directly as a flow tracer, or
indirectly in the calibration process [1, 2].

The study of flows is of great interest to many branches
of science and engineering. Despite the progress of compu-
tational modelling, experimental measurements remain fun-
damental to the study of fluid mechanics [3]. Key parameters
of interest include concentration, temperature, pressure and
velocity. A variety of laser-based measurement approaches
have been developed to measure these parameters. For flow
measurement, laser-induced fluorescence (LIF) is particu-
larly attractive since it offers strong signal and can be used
for all of the parameters listed above, most commonly for
species concentration.

For the LIF technique a suitable tracer species is typically
introduced into the flow [4]. For measurement in gaseous
flows, it is preferable for the seeded species to also be
gaseous to avoid large differences in Schmidt number and/or
Stokes number.

A number of gaseous species have successfully been used
as flow tracers using LIF. For example, iodine, nitric oxide
and acetone have been demonstrated to exhibit suitable opti-
cal properties [5—7]. Nonetheless, these species have a num-
ber of disadvantages that limit their use, including toxicity,
handling, predissociation and flammability.

Atomic seeding has the advantage of strong electronic
transitions. Sodium is one example that has been used for
both flow visualisation and velocity measurements, though
the necessity for heating (prevapourising) and its reactivity
can be a limitation [8]. Krypton has also emerged as a po-
tential flow tracer, with many benefits [9]. Nevertheless, it is
still in the early stages of development, with some inherent
limitations, so that it is too early to assess how widely it will
be adopted [3].
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Many metals in their atomic form have desirable spectro-
scopic properties, such as strong optically accessible transi-
tions, but are difficult to introduce directly. The seeding of
elemental metals into a gaseous flow is currently achieved
with nebulisers, which produce a fine spray of liquid sol-
vent (often water) into which a metal salt is dissolved [10].
This approach typically requires a heat source, such as with
a flame or plasma, to evaporate the solvent, though this is
unnecessary for some systems [11]. Furthermore, it is also
necessary for the metal salt to be converted to free atoms
before detection is possible. This approach limits the zone
of detection to regions of sufficiently high temperature, and
the evaporation process also introduces significant thermal
gradients.

An alternative approach for seeding atoms as a gas into a
flow is through the use of laser ablation, which has been
demonstrated in tokamak diagnostics [12]. Laser ablation
involves the removal of material from a surface by the rapid
heating provided by a focussed, pulsed, laser beam. This
process releases a mixture of free atoms, cations, anions,
electrons, molecules, particles and clusters. The release of
neutral atoms is of particular importance, and has broader
significance such as for thin-film deposition and the genera-
tion of atomic beams [13]. Such processes are generally per-
formed in low-pressure environments. The potential applica-
tion of laser ablation as a means to generate neutral metallic
atoms for use as a flow tracer has not previously been re-
ported. The present letter aims to demonstrate its feasibility
at atmospheric pressure.

2 Experimental details

To assess the potential of the laser ablation products as
a flow tracer, a laser ablator has been designed and con-
structed. The device consists of a metallic rod (& 10 mm)
mounted to a motorised threaded shaft. The second har-
monic from a Q-switched Nd:YAG laser is focussed to a
point on the rod. The laser energy required for ablation is
moderate, of order of millijoules per pulse. The motion of
the rod consists of a combined rotational and translational
motion, such that each laser pulse ablates a different point
on the rod.

For this work, the rod material was chosen to be indium
(In). Indium has a large oscillator strength and electronic
transition states that are optically accessible to tunable laser
sources. More importantly, indium has also been used as a
suitable thermometry species for two-line atomic fluores-
cence (TLAF) measurements [14—16]. If the seeded indium
could be used both as a flow tracer and for temperature mea-
surement, this would have great potential, since it would
avoid the need for an additional optical system. More gener-
ally, the principal presented in this work is relevant to other
metals and to a range of other applications.
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The indium products of the ablation process are trans-
ported from the ablator with the use of a carrier gas that
passes through the ablator. In this work, the carrier gas was
chosen to be natural gas (predominately methane). There is
scope for other carrier gases to be used, depending on the
purpose of the experiment. It has been observed that oxygen-
containing species in the carrier gas should be avoided. Both
air and carbon dioxide were observed to result in the final
concentration of neutral indium atoms being insufficient to
be detected. This can be explained by such species oxidis-
ing the metal atoms in the plasma generated by the ablation
process.

The pulsed nature of the laser ablation process causes
the concentration of indium leaving the ablator to be time-
dependent. This effect was damped out by passing the car-
rier gas containing the indium through a ballast volume
~100 times larger than the ablation chamber. When com-
bined with a motorised stirrer, a homogeneous mixture of
indium in the carrier gas was achieved. With this damping
approach, the signal level is independent of the time delay
between the ablation and fluorescence lasers. A further ad-
vantage of this arrangement is that the velocities in the bal-
last volume are sufficiently low to cause the larger particles
to settle to the floor, so filtering them from the carrier gas
stream.

The total seeding system comprises approximately 4 me-
tres of pipe, as outlined in Fig. 1. The average residence
time of indium-containing gas between the ablator and the
nozzle is 22 seconds. This indicates that the neutral in-
dium atoms produced are insensitive to reactions and self-
collisions. Self-collisions would be problematic because in-
dium dimers would be formed, which would not be detected
with the LIF scheme adopted. Noteworthy too is that the en-
tire ablator system operates at approximately atmospheric
pressure.

Excitation of the neutral indium atoms was performed at
410.18 nm by an Nd: YAG-pumped dye laser. The laser beam
was shaped into a sheet of 12 mm height and 0.2 mm thick-
ness. Detection was with an intensified CCD camera through
a 450-nm bandpass filter (with 10-nm bandwidth). Further
details of the laser system are similar to those reported pre-
viously [15].

For the purposes of this feasibility study, the flow mea-
surements were conducted in both a laminar non-reacting
jet and a turbulent non-premixed flame. The challenges pre-
sented by the turbulence and reactions in such a flow restrict
the applicability of many existing seeding methodologies,
since many tracers undergo reactions in the flame front. Fur-
thermore, even non-reacting tracers, such as alumina, are
still affected by the flame front through changes in optical
properties as a function of temperature [3]. The demonstra-
tion of the ablation technique under these demanding condi-
tions highlights its advantages.
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Fig.1 Schematic diagram of the ablation seeding system and the opti-
cal arrangement. BD: beam dump; CT: cylindrical telescope; M: mech-
anism to move the target; SL: spherical lens; 7 target; W: window

In the non-reacting case, a simple 8-mm diameter jet of
natural gas was used. For the turbulent flames, the burner
was an axisymmetric bluff-body burner, which has an outer
diameter of 50 mm with a concentric jet diameter, d, of
3.6mm [17]. The exit velocity of the fuel (natural gas) was
39 m/s.

3 Results

Figure 2 shows a single-shot fluorescence image of neu-
tral indium atoms seeded into the non-reacting jet with the
laser ablation technique. The size and location of the im-
age are shown in relation to the jet diameter, d. This image
clearly demonstrates that indium fluorescence is possible in
the non-reacting ambient temperature jet flow. Noteworthy
is that despite the ambient temperature and pressure con-
ditions, signal from the indium atoms is achieved with the
laser ablation seeding technique.

Figure 3 shows a series of typical single-shot fluores-
cence images of neutral indium atoms seeded into the flame
with the laser ablation technique. The images are reported
at three different heights (z) above the jet exit plane, non-
dimensionalised by d as indicated by the vertical label.
These images clearly demonstrate that, despite the presence
of reactions, the seeding is suitable for imaging instanta-
neous turbulent structure that is present in many fluid me-
chanical processes.

No claim is made that the indium imaged in the flame
(Fig. 3) acts as a conserved scalar marker. Indeed, the pres-
ence of reactions would likely prevent indium from being a
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Fig. 2 Instantaneous image of indium fluorescence in a laminar
non-reacting flow
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Fig. 3 Typical instantaneous images of indium fluorescence in a tur-
bulent non-premixed flame recorded at various heights above a bluff—
body burner

conserved scalar across the reaction zone. To assess this is-
sue is beyond the scope of the present work. Nonetheless,
these results demonstrate that signal is possible despite the
long residence times, considerable convection distances, and
regions with significant mixing with the surrounding air and
combustion products. Previous investigations with nebulis-
ing seeding have shown that the indium does not survive the
high temperature oxidising side of the reaction zone, where
it is consumed, but covers the critical regions up to, and in-
cluding, stoichiometric [16]. Importantly, the present images
also show that ablation seeding offers the distinct advantage
over nebuliser seeding, in that it delivers indium in its atomic
form in the low-temperature, non-reacting potential core re-
gion of the jet (0 < z/d < 3.3). This is not possible with
established TLAF seeding approaches, which deliver the in-
dium salt dissolved in solution [15].

The signal-to-noise ratio (SNR) is of particular impor-
tance for flow tracer measurements. In the potential core of
the jet, the SNR is approximately 30:1, whilst downstream
this value falls to approximately 10:1. It is also worth noting
that tuning the fluorescence laser off-resonance reveals that
the contribution of the interferences to the indium fluores-
cence signal is insignificant (<1%).

The present results imply that the laser ablation method
could potentially be used with other materials to provide al-
ternative tracers to the indium chosen for the present fea-
sibility study. Other metals may be more readily detected
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and/or offer other more favourable properties in other appli-
cations.

The ability of the ablation seeding technique to operate
at atmospheric pressure, and under the harsh conditions of
turbulent reacting flows, highlights the benefits of ablation
seeding for use as a flow tracer and TLAF thermometry.
Other applications include atomic-absorption spectroscopy
(AAS), where it could provide a more accurate and reliable
calibration tool, by obviating the need for, and complica-
tions associated with, the use of solvents and nebulisation.

4 Conclusion

In conclusion, laser ablation has been found to offer a new
approach for seeding tracer species into flows at ambient
temperature and pressure. This method has been found to
successfully deliver neutral indium atoms far downstream
in both a laminar non-reacting and a turbulent reacting jet
in a way that also achieves a high signal-to-noise ratio. As
such it overcomes many of the limitations of the existing ap-
proaches used to seed elemental-metal tracers into gaseous
flows, which arise from the need to seed them as a dissolved
salt in droplet form. Specifically, the new method avoids
the generation of temperature gradients associated with the
evaporation of seed droplets, the limitations of the droplets
in following the flow, and provides for the first time an el-
emental marker within the low-temperature regions of the
jet/flame. This shows that the method has wide general rele-
vance and is worthy of development as a new class of seed-
ing technique.
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