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Abstract

Precision agriculture is a farming practice that makes production more efficient.
Farmers are able to treat infield variability optimising efficiency, growth, and yield
by tailoring the time, rate, and type of fertilizer that is applied. This reduces costs,
waste, and environmental side effects such as runoff and leaching caused by over-
fertilization. Precision agriculture technology measures the nutritional status of
crops to inform what, and where, nutrients are needed. The sensors need to be
precise, discriminative, and work in real time to ensure that optimal windows for
nutrition are not missed. These sensor systems provide aerial imaging, and crop, or

soil, colour index maps.

A technology that has proven effective on some agricultural specimens is laser-
induced breakdown spectroscopy (LIBS). LIBS is an optical emission technique
that utilizes a high-powered pulsed laser to create a plasma on the sample surface.
As the plasma cools, photons are emitted at distinct wavelengths corresponding to
the elemental composition in the plasma, which should represent the sample. This
thesis investigates using LIBS as a sensor for precision agriculture. Multiple
chemometric methods have been used on the pasture spectra to build calibration
models. There are large deviations between spectra belonging to a single sample.
This is due to surface inhomogeneity, particle size, lens-to-sample distance,
temperature fluctuations between plasmas, and other causes. Temperature
corrections were investigated using Boltzmann plots, Saha-Boltzmann plots, and

intensity ratios.

With limited success in mitigating the variations in pasture spectra, LIBS was used
to investigate non-aqueous systems. The ability to selectively sinter the surface of
injection moulded titanium was examined. Titanium metal injection moulding
allows the creation of complex metal parts that are lightweight, biocompatible, and
costs less than machining. Multiple LIBS pulses produced sintering in the ablation
crater of injection moulded titanium by sufficiently heating the titanium particles
so that fusion occurred. The spectra from LIBS can be used to monitor the extent
to which the surface is sintered by measuring the reduction in carbon emissions. An
autofocus system, based on the triangulation method, was used to minimise

variations caused by lens-to-sample distance (LTSD).
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With the success of sintering titanium, LIBS was used to investigate non-aqueous
organic systems. Employing LIBS to discriminate bioplastics from regular plastics
was explored in recycle waste streams. If bioplastics are present in the recovery
process of regular plastics the resulting product contains impurities. This study was
undertaken to determine the feasibility of incorporating bioplastics in the curbside
pickup of recyclables in New Zealand. The common recyclables are plastics, glass,
tin cans, and aluminium cans. The setup was designed to emulate a one-shot LIBS
detection system in a recycling plant. Models were created using k nearest
neighbours and soft independent modelling class analogy from the spectra. 100 %
discrimination between bioplastics and regular plastics was achieved. An autofocus
system, combining dual lasers, was used to overcome the occlusions produced by

sample geometry.
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Chapter 1

Introduction




Introduction

Financial and environmental benefits are created by the precision agriculture (PA)
strategy of applying the right fertilizer, at the right time and in the right place. This
enables land users to maximise yield and profit, minimize expenses and reduce
environmental side-effects caused by over-fertilisation such as leaching and
excessive run-off into waterways. This is achieved by spatially measuring the
macro (N, P, K, Ca, S, and Mg) and micro (B, Cl, Mn, Fe, Zn, Cu, Mo, and Ni)
nutrients in the field of interest. This information can then be used to develop a
fertilisation strategy that would apply different types of fertilizer at different rates
and in specific sites. The current technologies used for PA that are capable of real-
time, in-field nutritional assessment of plants evaluate only a few of the essential
nutrients. Greenseeker® is one of these technologies that focus on N [1]. Focussing
on N alone diminishes improvements to crops and reduces the effectiveness of

fertilizer application.

The ideal technology for PA would be cost-effective, portable, make measurements
in-situ and present information in real time [2]. Laser-induced breakdown
spectroscopy (LIBS), also known as laser-induced plasma spectroscopy, caters to
all the above and requires minimal preparation to samples, no chemical usage, non-
contact analysis of samples while removing a surface area of only a few hundred
microns in diameter (almost non-destructive). LIBS can be used on samples
irrespective of their state (solid, liquid or gas). For these reasons, LIBS is a perfect
candidate for PA. The hypothesis is that LIBS technology can provide detailed,
real-time information on the nutritional status of pasture and can be used to tailor
fertiliser application rates. This will provide savings to New Zealand farmers, and

to the country as a whole.

LIBS is a spectroscopic technique that utilizes a short, high powered, pulsed laser
focused on the surface of a sample (solid/liquid) or inside a sample (liquid/gas).
The incident focused beam (usually >1 GW cm) rapidly melts and/or vaporizes a
small amount of the sample surface, through inverse Bremsstrahlung, creating a
plasma. As the plasma cools, electrons transition from high energy levels to lower

ones. These transitions cause photons to be emitted at specific wavelengths
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corresponding to the change in energy. Each atom and ion have particular energy
levels, therefore particular wavelengths that will be present in the spectrum of the
plasma’s radiated emission. To achieve the best signal-to-background ratio (S/B)
experimental parameters such as spot size [3, 4], wavelength [5, 6], pulse duration
[4], pulse energy [3-5, 7], power density [8], gate delay [3, 9], integration time [10],
incident angle [11-13], lens-to-sample distance (LTSD) [11, 13-15], and power
density [7] need to be optimized. To optimize these parameters, emission lines need
to be chosen for the atoms and ions of interest because they do not react to the same
set of values for each parameter [9, 16]. There is no standard set of values since
each matrix behaves differently [13, 17-22]. Examples of these matrix effects are
found in studies by Moros et al. [3] where graphs were produced displaying how
the spot size, laser pulse energy, and delay time effect the emission lines in different
types of explosive samples, Gomes et al. [17] in which particle sizes of different
plant species effect the intensities of emission lines, and Gornushkin et al. [18]
where no consistent calibration behaviour was found between spectra from organic
and inorganic powders both containing magnesium. Other ways to improve S/B is

by controlling the pressure and surrounding atmosphere of the sample [23].

To evaluate the spectra obtained from the plasma, chemometric techniques are used
on the emission lines. This provides qualitative and quantitative information on the
chemical makeup of the sample. The calibrations made from the chemometric
analysis are only specific to that particular sample because each matrix responds
differently to the same set of experimental parameters [13, 17-22]. Common
chemometric techniques include principal component analyses (PCA) to identify
samples from their spectra and partial least squares regression (PLS) which is used
to build a calibration curve for quantitative analysis of samples. A method known
as calibration-free LIBS can also be used to perform quantitative analysis on
materials [24-27]. This technique assumes that the plasma is in local
thermodynamic equilibrium (LTE) and utilises the Saha equation and Boltzmann
plot on spectral lines to determine the concentration of the analysed element. These
can help mitigate matrix effects. Another way to combat matrix effects is to build
calibration curves using an internal standard [27-42]. The internal standard is
usually of an element that comprises the majority of the sample. The sample can

also be doped with an element of a known concentration which is used for the
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internal standard. Other novel methods have also been used to increase model

predictive capabilities [43].

A field deployable instrument needs to be able to work at varying distances.
Standoff LIBS (ST-LIBS) is the art of performing LIBS at large distances [44].
Also known as open-path LIBS, it is not to be confused with remote LIBS where a
fibre optic cable is used for covering large distances. The distances involved cover
a few meters [45] to a few hundred meters [46]. This is achieved by changing the
optics in the delivery system by increasing lens sizes and focal lengths, or by using
telescopes. The important aspect is being able to vary the position of the optical
arrangement so that the beam can be focused at varying distances. It is important
not to increase the LTSD beyond the focal distance of the optics as an air plasma
can be created above the sample surface and the spectra recorded would not be
comparable to the sample [13]. The effect of decreasing the LTSD below the focal
distance of the optics varies depending on the emission line. Different emission
lines have peak intensities at different values of LTSD. This is caused by changes
in spot size, mass ablated, and irradiance on the sample among other factors. There
are also changes in plasma temperatures [13, 14]. Autofocus systems greatly
increase the accuracy and speed of varying the LTSD. This concept also applies to
focusing the LIBS beam within small deviations on the surface material of the

investigated sample.

The purpose of this thesis is to determine if LIBS is a suitable sensor technology
for precision agriculture. This system would evaluate the nutritional status of
pasture at variable distances in a minimal amount of time. The calibration curves
created for the macro and micro nutrients in pasture should be accurate. This will
allow in-field, real-time analysis of pasture so that the correct fertilisers can be
applied on time and in the right place. This would increase yield and profits, at the
same time eliminating over-fertilisation and the effects associated with it. This will
also reduce costs connected with fertiliser application such as frequency of

application and type of fertilizer used.



These specific objectives were addressed in seven chapters, made up of five peer-
reviewed journal publications, a peer-reviewed conference publication, and a

concluding discussion.

Chapter 2 discusses the studies that have been done on grass with mention of other
important literature on agriculture. The literature on ST-LIBS and LIBS systems
with autofocus are explored. An in-depth up-to-date list of LIBS for agriculture is

found in Appendix A.

Chapter 3 is a peer-reviewed publication that has been accepted [47]. It investigates
using LIBS on fresh and dried pelletized pasture to predict nutrient levels. PLS was
used to build models for each macro and micro nutrient. Spectra taken using an
argon atmosphere are compared with spectra taken in air. A discussion on the

prediction limitation for each nutrient is included.

Chapter 4 is a book chapter to be submitted to a Springer published book titled
“Smart Sensors for Precision Agriculture” [48]. It discusses using various
chemometric methods to increase the predictive ability of LIBS on pasture. The
methods explored were Savitzky Golay filtering, multiple linear regression,
principal component regression, PLS, Gaussian process regression, and artificial
neural networks. Categorical information, such as the dates and plots the samples
were gathered from, were investigated to determine whether prediction accuracy

would increase.

Chapter 5 is a peer-reviewed, international conference publication [49]. It examines
the emission line equation to determine the main contributors of within-sample
spectral variation. These are namely the temperature dependence of the partition
function and the Boltzmann factor. The temperature of the plasma for each
spectrum was determined by Boltzmann plots and Saha-Boltzmann plots. It was
then used to remove the partition function and Boltzmann factor from the equation.
PLS was used on the result to build models for sodium. This chapter also discusses
using internal references to improve the predictive ability of the calibration curves
for sodium. Different combinations of internal references were used on the

Na I 818.326 nm line.



Chapter 6 is a peer-reviewed publication which is published [50]. With the moisture
being the main source of variation in fresh pasture, Chapter 6 investigates using
LIBS on inorganic non-aqueous systems to confirm the performance of the
technology. This chapter identifies the inaccuracies when measuring contamination
levels in metal injection moulded titanium. Scanning electron microscopy imaging,
electron dispersion spectroscopy point and area mapping, Trace analysis and X-ray
diffraction elemental mapping are used to analyse samples. The relevant portion of
this chapter, with regards to this thesis, is the work performed using LIBS. LIBS is
used as a trial method to determine the binder levels in green, grey, brown, and
sintered forms of the part. The ratio of Ti II 282.81 nm with C I 247.86 nm is used
to give a relative measure of residual carbon. Energy-dispersive X-ray spectroscopy
(EDS) results are compared with the LIBS results. An autofocus system based on
the triangulation method is used to minimise LTSD variations. The system is

described in this chapter.

Chapter 7 is a peer-reviewed publication that is published [51]. It continues analysis
of inorganic non-aqueous systems. This chapter explores the idea of using LIBS to
selectively sinter the surface of injection moulded titanium. Repetitive LIBS laser
pulses are fired on the same location increasing the heat on the sample surface
fussing the titanium particles together. With the small amount of ablated surface in
the plasma, the surface composition can be determined. Taking the ratio of
Ti IT 282.81 nm and the C I 247.86 nm lines gives a relative indication of the extent
to which the surface under the laser has been sintered. EDS is used on the ablation
craters to determine the amount of residual carbon and the results are compared to
traditionally sintered titanium. The process of selective surface sintering is

employed using an autofocus system.

With the success of proving the performance of LIBS on inorganic non-aqueous
systems, Chapter 8 investigates using LIBS on organic non-aqueous systems.
Chapter 8 is a peer-reviewed publication under review [52]. This chapter discusses
using LIBS to sort through common recycle waste streams in New Zealand. These
are namely glass bottles, plastics bottles (polyethylene terephthalate and high-
density polyethylene), tin cans, and aluminium cans. Two bioplastics (polylactic

acid (PLA) and Novatein® Thermoplastic Protein (NTP)) are investigated to

6



determine whether they can be added to the current recycling stream. This chapter
focuses on the classification of recyclables using k-nearest neighbour (k-NN) and
soft independent modelling by class analogy (SIMCA) on the principal components
from PCA. PCA was performed on spectra of glass bottles, plastic bottles, a tin can,
an aluminium can, PLA, and NTP. A dual laser autofocus system based on the
triangulation method is implemented to ensure the correct LTSD and to overcome

obstructions which limit single laser triangulation.

Chapter 9 synthesizes chapters 3 through 8. This chapter adds further discussion on
the limitations on using LIBS for precision agriculture and considerations for
further work. The reasoning for the improved performance of LIBS on non-aqueous

systems compared to aqueous systems is given.

Finally, a conclusion is given which highlights the main findings of each chapter

and offers discussion on further work and considerations.



Chapter 2

Literature Review




Literature review

2.1 LIBS analysis of grass

LIBS has been evaluated in laboratories on various plant materials, for various
purposes. Appendix A contains a comprehensive up-to-date list of the plant material
used in the literature with a detailed description of experimental parameters. This
is not a complete list of literature dealing with agricultural material, but it is
sufficient for the needs of this thesis and is an extension of the list published in
Chapter 3. There are only seven articles that have been found with references to
LIBS on the assessment of grass samples. A summary of the relevant parts of these

studies is presented here.

Only two studies have been performed on fresh grass. Chauhan et al. [53] studied
the distribution of Si in Bermuda Grass (Cynodon dactylon). A 532 nm, 4 ns, 10 Hz
Nd:YAG (neodymium-doped yttrium aluminium garnet) laser with a 10 mJ pulse
was used to map the samples using a single shot. The spectrum recorded showed
the presence of Si, Mg, Ca, C, Al, Zn, N and Sr in the leaves. The intensity of the
S11288.15 nm line was used to find the Si concentration in various locations on the
leaves. It was higher in leaf blades than leaf sheaths and stems. The strongest
concentration of silica was found in the midrib area of the leaf. Reference is made
to Boltzmann’s law that spectral lines are directly proportional to the concentration

of the elements in the sample but no quantitative LIBS analysis was performed.

Boyain-Goitia et al. [54] assessed the use of LIBS for analysing bioaerosols, namely
pollen from lilies and marguerites. A 1064 nm, 5 Hz Nd:YAG laser with a 20-30 mJ
pulse was focused to produce a 150 um spot size. The single shot spectra obtained
from the pollen was collected using a spectrometer with a 1 us delay and integrated
over 4 ps. The relevant portion of this study is where the pollen spectra were
compared with spectra from fresh grass fragments. Both sets of data were
normalised with the CN (Cyano radical) band peaks to reduce matrix effects. The
differences found were that the grass fragments did not emit Cr and Fe lines, there
were Si lines in the grass spectra, and the phenylalanine concentration in grass
seems to be considerably lower than pollen. The Si was attributed to soil dust on

the grass blade. The Ca and Al concentrations in the grass fragments were of similar
9



orders of magnitude to that of the pollen samples. Due to the limited samples, since
the study was performed in autumn, it is difficult to distinguish between grass and
pollen. No quantitative analysis was performed on the grass spectra. Only the

normalized intensities of the emission lines of interest were compared.

The remaining studies do not examine fresh grass samples. Braga et al. [36]
investigated the efficiency of multivariate (PLS) and univariate linear regression
calibrations to determine micro nutrients (B, Cu, Fe, Mn and Zn) in pelletized plant
samples. The plant material used was from an aquatic plant, aquatic moss, bush
branches and leaves, cabbage, soya flour, rice flour, wheat flour, spinach leaves,
brachiaria, banana leaves, coffee leaves, maize leaves, mango leaves, pepper leaves,
and soya leaves. Olive leaves, apple leaves, guava leaves, grass (Axonopus
obtusifolius) and jackfruit leaves were used in the validation set for model
calibrations. A 532 nm, 12 ns, 10 Hz Nd:YAG laser with a 71 mJ pulse was focused
to produce a spot size of 600 um with a fluence and irradiance of 25 J cm™ and
2.0 GW cm™ respectively. Ar was pumped into the ablation chamber to increase
emission line intensities. The spectra were collected using an echelle spectrometer
with a delay and integration time of 9 ps and 1.1 ps. 10 locations were chosen on
each sample and 30 consecutive laser pulses were taken in each location. These
spectra were averaged to produce a single spectrum. This procedure was replicated
five times for each sample. The replicates for each sample displayed shot-to-shot
variation and matrix effects. To try to mitigate this, the emission lines for univariate
linear regression (B 1249.773, Cul327.395, Fe Il 238.200, Mn 11 257.610, and
Zn 11206.200 nm lines) and the spectra for PLS were normalised with the
C1193.090 nm emission line. The spectra were split up into regions and PLS was

performed on them.

Mixed results were obtained using normalisation and sub-intervals of the spectra.
The C 1193.090 nm normalisation only improved correlations for Fe and B but not
for Cu, Mn, and Zn. There was no significant difference between using the entire
spectra and regions of the spectra. The only micro nutrient that benefited from this
was Fe. Of particular interest is that the data suggested that the multivariate model
for B in grass followed the expected values whereas the univariate model did not.

One of the conclusions is that a specific calibration method should be done for each

10



plant species using plant material that closely resembles the chemical and physical
makeup of the sample to be studied. This will reduce matrix effects and make the

calibration matrix dependent.

Martin et al. [55] assessed the use of LIBS for identifying endophyte-infected Tall
Fescue Grass (Festuca arundinacea). The grass was ground and passed through a
20-mesh screen then pressed into pellets. A 532 nm Nd:YAG laser with a 23 mJ
pulse was focused to ablate the pelletized samples with an irradiance
of >10 GW cm™. The spectra were collected using a spectrometer with a delay and
integration time of 0.5 us and 10 ps. The specific elements investigated were Fe,
Mn, Mg, Pb, Ca, Zn, and Cd. The study found that LIBS was more sensitive to Cd
detection than ICP-MS. It was also found that when endophyte was present the
concentrations of Mg, Ca, Fe and Mn were different. Due to the lack of samples,
no definite method was found to differentiate whether endophyte affected the
concentrations of metals in the grass. However, LIBS was successful in

qualitatively detecting Fe, Mn, Mg, Pb, Ca, Zn, and Cd.

Rai et al. [35] investigated the effectiveness of Bermuda Grass (Cynodon dactylon)
as a treatment for diabetics. Diabetes was induced in a group of male albino Wistar
rats and the rats were feed the grass. There were different groups of rats to compare
the treatment with other treatments. The grass samples were shade-dried, extracted
with distilled water, and filtered. A 1 Hz Nd:YAG laser with a 175 mJ pulse was
used on the samples. Each spectrum was an average of 100 shots. The LIBS analysis
was used to detect the glycaemic elements present in Bermuda grass. The
concentration ratios of Mg, Na, K, H, and N against C III 229.6 nm and O against
N were calculated and compared to the results obtained from plantains (Musa
paradisiaca). Mg/C was stronger in grass, whereas K/C and Na/C were weaker in
grass. These ratios were possibly responsible for the antidiabetic effect in the rats
studied. There is no mention of the actual concentration of these elements in the
article other than that the spectral line is proportional to the concentration of the

element.

LIBS was compared to inductively coupled plasma-optical emission spectroscopy

(ICP-OES) for measuring macro and micro nutrients (Na, K, Mg, Ca, Mn, Fe, Cu,
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Zn, B, P, and S) in pasture by Devey et al. [56]. The pasture samples, comprised
mainly of ryegrass (Lolium perenne) and white clover (Trifolium repens), were
dried and ground to less than a millimetre and pressed into pellets. A 1064 nm
Nd:YAG laser with a 200 mJ pulse was used on the samples. One cleaning shot was
used followed by a measuring shot. 80 shots were taken, each in a different location,
then averaged. The spectra were collected after a 1 ps delay. Savitzky Golay (SG)
smoothing, vector normalization, and wavelet smoothing were performed on the
spectra before analysis. The correlation of each wavelength was calculated and the
peak with the highest correlation and the region surrounding it were used in PLS
regression. The peaks of the elements analysed were 8§19.4 nm (Na), 696.4 nm (K),
882.4 nm (Mg), 212.3 nm (Ca), 257.6 nm (Mn), 248.5 nm (Fe), 213.8 nm (Zn),
249.7 nm (B), and 214.9 nm (P). There were no strong correlations for Cu and S.
Wavelengths at the expected emission lines, 324.7 nm (Cu) and 921.3 nm (S), were
used. Using PLS on these regions, rather than the whole spectra, increased the
accuracy of the models. The best results were found for Na, K, Ca, and P. These
results were similar to that of ICP-OES. LIBS had poorer correlation for Zn and Cu
than ICP-OES.

Kunz et al. [57] explored using the plasma temperature to distinguish between
different plant species. The tested samples were dried leaves from dallisgrass
(Paspalum dilatatum), wheat (Triticum aestivum), soybean (Glycine max), and bell
pepper (Capsicum annuum). An 800 nm, 35 fs, 1 kHz Ti:Sapphire laser with a
0.3 mJ pulse was focused to produce a spot size of ~100 um with a fluence and
irradiance of 3.8 J cm™ and ~3.8 kW cm respectively. The spectra were collected
using a spectrometer with an integration time of 0.5 s. 500 laser pulses were taken
for each of the 10 spectra on both replicates of each species. Each spectrum was
gathered from a different surface on the leaf. Boltzmann plots were created using
the Cal422.874, Cal1518.542, and Ca1559.849 nm lines. The temperature of
each plasma was calculated from the gradient of the line of best fit through the
points from these three lines. The R? value for the Boltzmann plot of dallisgrass
was 0.7 and the average temperature was 5638 K. The average temperatures of the
different species were diverse enough that they could be used to identify each
sample. A main source of variation is the inhomogeneity of the samples. The

authors state that their method produces semi-quantitative results.
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From these articles, only Braga et al. [36] and Devey et al. [56] performed
quantitative analysis of grass. Explanations of the origin of the variances for each
nutrient have not been discussed in depth and quantitative models specifically for

fresh grass have not been created.

2.2 Focusing of LIBS at various distances

Changes in the distance to the sample introduce a number of complications in beam
focusing, emission collection, and shot-to-shot variation [58, 59]. One of the major
issues is that as the distance to the sample increases the intensity of the emission
line decreases and broadens thus decreasing the S/B [60, 61]. Wiens et al. [62]
suggest that emission line ratios can be used, instead of individual line intensities,
to disregard the effects of changes in distance. This fact is demonstrated by
Stepputat and Noll [63]. By investigating the methods used for focusing ST-LIBS
a similar approach can be taken for focusing the LIBS beam on a sample close to
the system with deviations on the sample surface. The majority of experiments for
ST-LIBS have used telescopes to both focus the beam and collect the radiated
emissions. This reduces the spot size, increases the irradiance, as well as increases
the solid angle of the received light waves thus increasing the intensity of the signal.
Almost all of the ST-LIBS investigations have been at specific distances which
suggest that the optical setup has been adjusted to be only used at that specific
distance. Very few papers have expressed what mechanical systems were used to
achieve variable focal distances or how the distance to sample was obtained let

alone any automated process involved.

Gaona et al. [64] surveyed the main fagade of the Cathedral of Malaga with LIBS
to identify the chemical composition of the architecture at an average distance of
35 m. A Cassegrain telescope was used to deliver the LIBS beam and receive the
radiated emissions from the plasma. A 632 nm laser was utilized to accurately align
the LIBS system. A motorized mirror shift mechanism was used to adjust the focus
of the telescope. There was no mention made of how the distance was found or how
the distance was used to focus the telescope. The group (Lucena et al.) used the

same setup in other experiments [65].
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Gottried et al. [66] developed a double-pulse ST-LIBS system to detect hazardous
material at 20 m. The laser pulses were expanded with two lenses and focused on
the target with a three-inch lens. A Schmidt-Cassegrain telescope was used to
collect the radiated emissions from the plasma. A 632 nm diode laser, coincident
with the LIBS beam, was used for alignment. A wireless range finder measured the
distance to the sample with a digital camera remotely viewing the target. There was
no further expansion on how the distance from the range finder correlated to an
autofocus mechanism for the laser and telescope. This setup was known as the first-
generation system. The same setup was used in their following experiments [67-
69]. In the fourth-generation system [70] controls for the autofocus of the laser and
collection optics were automated, but there is no mention of how this was achieved.
An important observation of the study is that at 20 m the double-pulse significantly
enhanced the emission lines in the spectra compared to single pulsed LIBS. For the

Al lines, there was an increase by a factor of 20.

Palanco et al. [60] created a field-deployable LIBS instrument for making
measurements in the range of hundreds of meters. The system was made using a
Herschelian telescope to deliver the LIBS beam and receive the radiated plasma
emissions. A motorized flat aluminium mirror was used to adjust the distance to the
diverging lens thus changing the focal point. This design was optimized to 120 m.
To increase the useful range of the instrument, mention is given to motorisation of
the remaining optical components. This additional setup was not used in their study.
The combination of using a single telescope for beam focusing and emission
collection simplifies focusing since the same focus is used for both. No mention is
made to how the distance to the sample was found or if there was an autofocus
regime employed. An important highlight of the study was that the LIBS signal
strongly decayed with range because of plasma formation and emission collection.
The beam divergence and size of the optical elements are also important. In later
work by the same group [12], the beam focusing was done by a pair of lenses with
a motorized linear stage to separate the lenses. There is no mention of distance

acquisition or automation.

Stepputat and Noll [63, 71] used LIBS to analyze heavy metals in electric and

electronic waste and implemented an automatic on-line LIBS analyser. A Nokra
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laser triangulation sensor in conjunction with a dynamic focusing unit (VarioSCAN,
SCANLAB) was used to measure the distance to the surface of a sample and focus
the LIBS. It was used in a feedback loop to adjust a variable optics system in the
autofocus unit. The sensor and optical system are both standalone products that
have been combined to achieve autofocus. The design had a measuring frequency
and accuracy of 50 Hz and + 70 um with a working range of 50 mm. To measure
the overall system accuracy multiple shots were taken at various places within the
50 mm range. The intensities of these shots were averaged and then different
distances compared. This produced a 5 % variation between the observed intensities.
There is no statement on how fast focusing was or the algorithm used to achieve

autofocus. This system was used by the same group in later studies [72].

Werheit et al. [73] developed a fast identification of metals for recycling using LIBS.
An autofocus unit was integrated into a recycling LIBS system that had a conveyer
belt which moved at 2-4 m per second. The unit used a 3D CCD camera in
conjunction with a line-projection laser to locate and track the scrap metal. Through
triangulation, the distance to the sample was found and sent to the galvo-scanner
mirrors which focus the LIBS beam onto the sample. The unit could move the focal
position of the LIBS laser through a range of 100 mm. This was achieved using a
fast diverging lens followed by a fixed focusing lens. One problem was that when
the sample moved after it was scanned, and before plasma formation, the focal
position would be incorrect. With the current setup, if there was an object between
the camera and the reflected autofocus laser line, the LIBS beam would not be
focused in the correct place. Noll et al. [74], from the same group, used a
triangulation sensor in their inspection system, called LIFT, to identify different
high-alloy steel grades. The sensor used a 670 nm laser diode, collinear to the LIBS
beam, to measure the distance between a reference plane and the surface of the
sample. Noll [71] also described the TeleLis system for ST-LIBS that uses an
integrated rangefinder coaxial to the LIBS laser to find the distance to the sample.
Once the distance was found the system automatically adjusts the optics in the

Galilean telescope to focus the beam.

Balzer et al. [75] used LIBS to acquire a depth profile of sheet steel. A triangulation

sensor was employed to keep the focus of the laser on the surface of the steel in the
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presence of vibrations. The working distance was 1.5 mm. The beam from the
triangulation sensor is transmitted through two dichroic mirrors then through the
focusing lens onto the sample surface. The reflection is observed using a CCD
camera inside the sensor and the distance calculated. Software was then used to
control a diverging lens in the telescope used to focus the LIBS beam. The focus is
adjusted to coincide with the surface. There is no mention of the accuracy or speed

of the autofocus unit.

Wiens et al. [62] incorporated LIBS in their Mars rover design for determining the
elemental composition of rock and soil targets. The system was aimed using bore-
sighted cameras. A simple two-lens system was used to focus the LIBS laser on
working distances of 2-6 m. An off-axis rangefinder was used to acquire the
distance to the sample then the concave lens was moved, via a linear programmable
translation stage, to focus the LIBS beam on the target. There was no discussion on
whether the programmed displacement of the translation stage, which corresponded
to the distance to sample, was based on calculation or experiment. Also, there is no

mention of how accurate the system was or the time taken to focus.

The same group developed the autofocus system for ChemCam® [76, 77]. The first
mention of the autofocus unit for ChemCam® [76] employs a modulated (to
increase S/N) 785 nm continuous-wave (CW) laser reflected off the target to find
the distance to the sample with a working range of 1-9 m. This is done by moving
the secondary mirror on a Schmidt telescope with a stepper micro-motor and
sensing the intensity of the reflected light with a photodiode. Moving the translation
stage through its entire range would produce a hill shape on an intensity versus
mirror position plot. A digital processor then calculates the best focus position by
using the data obtained between 15-80 % of the maximum received signal and
computing where the two symmetric lines would intersect. A problem that arose
was that the distance to target obtained from the autofocus was not in the same
position as the optimal position for plasma collection. This is due to an offset that
can be programmed out using a lookup table for calibrations. The electronic noise
was also found to contribute to errors. This autofocus system is used in a later

experiment by the same group [78]. Again, there is no mention of the speed of the
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routine or whether the routine takes into consideration movement of the sample

while evaluating the position of best focus.

The final design of the ChemCam® autofocus system is described in detail by
Maurice et al. [77]. The Schmidt-Cassegrain telescope had a working range of 1.5-
9 m. This was achieved by a 2-phase stepper micro-motor driving a screw-nut [79]
setup through a range of 15 mm connected to the secondary mirror. The screw-nut
design was employed because of the strict mass and volume requirements for the
spacecraft. The time taken to focus, within 0.5 % of the distance to sample, is two
minutes but can be up to three minutes at lower temperatures. To accomplish this,
the NavCam unit estimates the distance to a target within 5 % using stereo vision.
The position of the secondary mirror is then changed to correspond to the estimated
target distance by using the relationship between motor steps and distance to the
target. This relationship has already been determined. The autofocus routine is the
same as [76], with the CW laser being modulated at 10 kHz. Using a modulated
CW laser reduces the effect of ambient light on the photodiode. Even though slight
beam wander is considered, the technique used is intended for a stationary target
which limits its uses for alternate applications. There is a large amount of time taken
to focus because of the number of intensity readings taken at each displacement of
the secondary mirror. There is no mention as to whether the method of taking a
large number of readings is for the extreme accuracy needed for the rover or if it is
a standard number for the technique. The speed of the stepper motor also impacts
on the time taken to focus. This may be adjusted if one is not concerned with the

robustness needed for space exploration.

Barnett et al. [80] used ST-LIBS to investigate the performance of their spatial
heterodyne LIBS spectrometer. A Schmidt-Cassegrain telescope was used to focus
the laser onto the samples 20 m away. Focusing on the sample was done by using
an amplified electret microphone and oscilloscope to monitor the shockwave
produced by the LIBS spark. The acoustic signals of the sparks were taken within
a range of distances to find the optimal focal point. The intensity of the shockwave
was found to be proportional to the irradiance on the sample. There is no mention

of the speed of focusing or how the telescope was focused.
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Gronlund et al. [81] investigated using LIBS for remote imaging and ablative
cleaning for cultural heritage. A Newtonian telescope was used to deliver the LIBS
beam and receive the emitted radiation from the plasma 60 m away. A mirror,
controlled with stepper motors, was used to fold the LIBS beam so that the targets
could be scanned. A lidar system was used to find the distance to the targets. It was
equipped with two cameras to identify the location of the laser spot. There is no

mention of the speed or accuracy of the focusing mechanism.

The papers above are the only literature that has been found with mention of
focusing for ST-LIBS. There are two LIBS papers, which do not use ST-LIBS, that
have been found which use focusing mechanisms. Novotny et al. [82] which
compares image processing autofocus techniques used for distances of 16 mm and
100 mm. The method employs a CCD camera to detect the sharpness, through
image processing, of the image taken at a particular focus. The time taken to focus
was between 1.37-5.75 s depending on which method is chosen. The intended use
was for two-dimensional surface analysis. This method may be adopted in a three-
dimensional environment. This would be an intense algorithm which would only
assess the target spot and disregard the rest of the image. Also, the algorithm would
need to differentiate between the different planes of focus. The new method would

have a huge increase in the time taken to focus.

Ashrafkhani et al. [83] used an autofocus system to improve the repeatability of
LIBS. Their method uses point auto-focus. A CW diode laser is reflected off a
mirror, so that it is parallel with the LIBS beam, then transmitted through the
focusing lens of the LIBS system onto the sample surface. The reflected beam is
transmitted, off-axis, back through the optics and finally threw a lens which focuses
it onto a CCD camera. The image captured by the CCD camera is filtered so that
only the beam spot is visible. A reference image of the focal point is compared to
the current filtered image to find which way the sample should be shifted so that
the correct position is achieved. The autofocus system increased the relative
standard deviation of emission lines from 24-46 % to 2-16 % on aluminium samples.
There is no mention of the speed of the system or how the CW laser beam

obstructions are dealt with.
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From the reviewed literature, there are multiple ways of focusing a laser. The use
of a rangefinder parallel with the LIBS laser is not suitable for targets smaller than
the distance between the parallel beams. The rangefinder can be made to be
collinear so that it can point at targets along the axis of the LIBS laser. Having a
detection system off-axis can introduce problems such as obstructions that are only
in one optical path. The same problem for the rangefinder applies to all off-axis
collection. This is not a concern in most of the literature because their targets are
larger than a blade of grass. The gradient-based methods of focusing have a large
number of problems primarily with the processing algorithm. The ChemCam®
instrument uses a simple technique, but there is still major room for improvement.
The concerns with lidar are the cost of the system and if the accuracy of the system
could deal with small blades of grass. The acoustic method needs to be close to the
sample and would need to be in an environment free from high-frequency noises.
This may work for precision agriculture, but there may be situations in which it
would fail. A robust method is needed infield. The point autofocus method is a
simple proven method, but the issue is obstructions to either the transmitted or

reflected beams. This is highly likely when investigating pasture.
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Abstract Laser-induced breakdown spectroscopy (LIBS) is an analytical technique that
can be used to facilitate variable rate fertilizer application, potentially increasing yield,
reducing costs and reducing environmental side effects of nutrient loss. LIBS can give real-
time information about macro and micro nutrients with little to no sample preparation. The
study reported in this paper investigated whether LIBS can predict nutrient levels of fresh
and dried pelletized pasture and what the limitations are. Spectra were acquired in air and
under argon. Partial least square regression was used to build models for each macro and
micro nutrient. The best results were for potassium, sodium and manganese with root mean
square errors of cross-validation of (.20, 0.029 and 0.0008 wt%, respectively, coefficient of
determination of 0.92, 0.93 and 0.90, limits of detection of .99, 0.11 and 0.0027 wt%, and
precisions of 0.30, 0.042 and 0.0012 wt%. LIBS can be used to assess nutrient levels of
fresh pasture. Reducing the shot-to-shot variation will lead to improved calibrations.

Keywords Laser-induced breakdown spectroscopy - Pasture - Partial-least
squares regression - Plant Nutrition

Introduction

Insufficient fertilizer deprives soil and crops of much needed nutrients, while too much
fertilizer increases cost and pollution in streams and rivers. Knowing what nutrients are
needed and where to apply them may overcome these problems. Precision agriculture is
creating financial and environmental benefits through site-specific and precisely timed crop
management. This is achieved through technologies guiding variable rate applications of
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fertilizer (van Maarschalkerweerd and Husted 2015). Essential elements required for plant
growth are classified according to the quantities required as either macro or micro nutrients
(Barker and Pilbeam 2006). Generally macro nutrients [nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca), sulfur (S) and magnesium (Mg)] are larger than 0.1 wt% and
micro nutrients [boron (B), chlorine (Cl), manganese (Mn), iron (Fe), zinc (Zn), copper
(Cu), molybdenum (Mo) and nickel (Ni)] are less than (.01 wt%. Na is not an essential
nutrient but can be beneficial in stimulating growth (Gorham 2006). Precision agriculture is
based on measurements which must be rapid and cost-effective so sufficient data can be
acquired for spatial and temporal precision. The measurements must be selective to avoid
interference and unstable calibration and they need to be sensitive if measuring low
concentrations. Laser induced breakdown spectroscopy (LIBS) is a method that could
potentially satisty these requirements.

LIBS has become a very popular analytical method in the last decade, due to unique
features such as applicability to any type of sample, practically no sample preparation,
remote sensing capability and speed of analysis. Analysis of leaf nutrient content is a
complex laboratory-based process involving wet chemistry and powerful chemicals for
digesting plant fiber; it typically costs tens of dollars per sample and requires considerable
time. Consequently, when evaluating nutrient requirements, leaf material is sampled at
course spatial resolution, reducing potential benefits of variable rate application. LIBS can
eliminate these constraints.

LIBS is a type of optical emission spectroscopy where a high powered pulsed laser,
usually a Q-switched laser, is focused onto the surface of a material. The high power
density breaks down the surface material and creates a plasma once the breakdown
threshold is exceeded (Cremers and Radziemski 2013a). The breakdown threshold depends
on the surface material of the sample. When the plasma is created, the remaining part of the
laser pulse is absorbed causing the plasma temperature to increase (Cremers and
Radziemski 2013b). As the plasma cools, electrons transition from high to low energy
levels. Each element has specific energy levels where transitions can take place resulting in
emission of photons of distinct wavelength. The intensities of these emissions are related to
the concentrations of the elements observable in the recorded spectrum (Thakur 2007).

A major problem when creating calibration models for LIBS is the lack of repeatability
(Hahn and Omenetto 2012). The variations between spectra from the same sample, and
between samples, are caused by many factors including inhomogeneity, matrix effects and
perturbations in experimental parameters. Sample moisture is another factor that changes
the intensities between identical samples. The moisture in a sample has been found to
reduce the intensity of emission lines and the limits of detection (Lazic et al. 2007;
Rauschenbach et al. 2008). Reduction of moisture in a sample reduces the power density
required to produce breakdown in the sample. This increases the amount of ablated sample,
temperature in the plasma and the intensity of the emission. The temperature dependence
of plasmas, caused by the exponential Boltzmann factor and the partition function within
the emission line intensity equation, is one of the leading factors contributing to variability
between spectra from the same sample. There are various techniques to reduce the adverse
effects these factors have on a calibration curve including averaging multiple spectra from
the same sample, using internal standards and using chemometric techniques. Argon
atmospheres have also been used to increase the temperature in the plasma which increases
the intensity of the spectral lines and also increases the number of emission lines observed.
This creates more lines to analyze with higher signal to noise ratio which increases the
predictive capability of LIBS. Temperature correction and internal standardization, to
improve the prediction of the calibration curves on pelletized pasture, was investigated in a
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previous paper (Jull et al. 2015). Considerations of emission line selection for normal-
izations specifically for pasture were discussed. Some of these considerations include
emission lines having similar ionization energies, excitation energies and intensities
(Barnett et al. 1968).

Few studies have been done using LLIBS on pasture and, to the authors’ knowledge, none
on fresh pasture. LIBS, on pelletized samples, was used by Martin et al. (2010) to
determine whether endophyte infection in Tall Fescue Grass (Festuca arundinacea) could
be identified. Differentiation between healthy and infected samples was unsuccesstul due
to the lack of samples. Calcium, magnesium, iron, manganese, zinc, lead and cadmium
were detected in the grass samples. The efficiency of multivariate and univariate cali-
brations on micro nutrients in pelletized plant materials was studied by Braga et al. (2010).
Grass (Axonopus obtusifolius) was used to validate their calibration models. To reduce
shot-to-shot variations and matrix effects, all emission lines were normalized by the C I
193.09 nm emission line. The expected values could be predicted by the multivariate
model but not by the univariate model. The authors concluded that the chemical and
physical makeup of the material used for calibration should be similar to the plant species
to be studied if a reduction in matrix effects was to be observed.

Bermuda grass (Cyrnodon dactylon) and Plantain stems (Musa paradisiaca) were
examined by Rai et al. (2009) to find which elements are responsible for their glycemic
attributes. Powdered extracts were dissolved in distilled water and multiple LIBS spectra
were recorded. Emission lines for both samples were normalized with the C IIT 229.7 nm
line and compared. The Mg, K and Na concentrations were responsible for the antidiabetic
effects of Bermuda grass. The distribution of silicon in Bermuda grass was studied by
Chauhan et al. (2011). Phytolith analysis was used to determine the concentration of silicon
in the grass samples. The spectra showed that the highest concentration of Si is found in the
leaf blade, followed by the leaf sheath and stem.

Spectra from grass fragments and pollen were compared by Boyain-Goitia et al. (2003)
in their work on bio-aerosols. A reduction in matrix effects was achieved by normalizing
the spectra by the CN violet bands. Chromium and iron lines were observed only in the
spectra from pollen. Calcium and aluminum were similar in both samples. Silicon emis-
sions were found in spectra from grass which was likely caused by soil dust on the samples.
A lack of samples was responsible for the struggle differentiating between pollen and grass
fragments. Devey et al. (2015) compared LIBS results for pelletized pasture samples with
inductively coupled plasma-optical emission spectroscopy (ICP-OES). Savitzky-Golay
smoothing followed by vector normalization and wavelet smoothing was performed before
partial least-squares regression (PLS) models were created on selected spectral regions.
Sodium, potassium, calcium and phosphorus had accuracies similar to the ICP-OES results.
Manganese, iron and boron had reasonable results but zinc, copper and sulphur did not.

The work presented in this paper investigates, for the first time, the viability of using
LIBS in-field to measure micro and macro nutrients in fresh untreated pasture. Measure-
ments were made on fresh and dried, pelletized pasture both in air and under an argon
atmosphere. Precision, limits of detection and root-mean square error of cross-validation
were used to compare prediction models.
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Materials and methods

A commercial LIBS system (LIBS-6, Applied Photonics, Skipton, UK) system with a
Nd: YAG laser (Big Sky Ultra, Quantel, France) operating at 1064 nm with a pulse width of
7 ns, and pulse energy of 100 mJ was focused perpendicular to the sample surface to
generate the plasma. The setup had a fixed distance to the sample. The LIBS-6 has a built-
in beam expander which was focused to roughly 80 mm from the beam expander. The
surfaces of the samples were placed 79 mm from the beam expander which corresponded
to the lens-to-sample distance that produced the highest emission line intensities. The spot
size on the sample was 450 pm, measured from the crater, which produced an irradiance of
9.0 GW cm 2. Each spectrum was acquired with the six (Avantes, Apeldoorn, The
Netherlands) spectrometers in the LIBS-6 unit covering the range 182.26-908.07 nm. All
spectrometers were set to start recording after a delay time of 1.27 ps with respect to the
laser pulse and an integration time of 1 ms. A 3-axis translation stage was employed so that
each sample surface was at the same height. The translation stage moved the sample so that
each LIBS pulse was aimed at a new location.

Fresh pasture (a mix of ryegrass and clover leaves), from 20 different plots of typical
grazing paddocks in the Waikato region of New Zealand, was harvested over a 13 month
period creating a total of 280 samples. The herbage was pressed flat in a holder. An
accumulation of 100 shots under an air atmosphere, and 100 shots under an argon purge
were taken for each batch. Each shot was taken from a new location on the sample. The
pasture samples were sent to a commercial analytical laboratory where they were dried at
62 °C overnight and ground to pass through a 1 mm screen. Nitrogen was estimated by
NIR calibration based on N by Dumas combustion. All other elements were determined by
nitric acid/hydrogen peroxide digestion followed by inductively coupled plasma optical
emission spectrometry. Table | shows the variation in the dataset and the limits of
detection for the quantitative analysis performed by the laboratory. A portion of the powder
was returned and pellets were pressed for each batch of harvested pasture. An accumu-
lation of 100 shots under an air atmosphere, and 100 shots under an argon purge were taken
for each pellet. Each shot was taken from a new location on the sample.

Partial least squares regression (PLS) is a statistical technique that has been employed to
overcome the drawbacks of variability between spectra. PLS is a technique that is used

Table 1 Concentration range

(Wt9%) of the data set and detec- Element Mean SD Detection limit of reference

tion limits of the commercial

analytical laboratory N 28 Q42 el
P 0.36 0.054 0.02
K 27 0.68 0.1
S 0.33 0.042 0.02
Ca 0.68 0.18 0.02
Mg 0.19 0.03 0.02
Na 0.26 0.12 0.002
Fe 0.01 0.0082 0.0005
Mn 0.0061 0.0025 0.0003
Zn 0.0044 0.0057 0.0002
Cu 0.00075 0.00018 0.0001
B 0.00062 0.0003 0.0001
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when there are many variables, compared to observations, and when there is high
collinearity, in the data, between variables. This is well suited to LIBS spectra that have
thousands of variables, many of which are collinear. By projecting the elemental con-
centrations (responses) and the spectra (predictors) to a new space, PLS finds a funda-
mental linear relationship between the predictors and responses. An underlying
relationship can be found that is not necessarily visually apparent. This relationship is
conveyed through the Latent Variables (LV). PLS has found great success building cali-
bration curves that perform better than simple linear regression of a single emission line
(Fink et al. 2002; Nunes et al. 2010). There are various methods of determining which
variables are important in a PLS model (Mehmood et al. 2011). Variable Importance on
Projections (VIP) scores on the predictors is an indication of the significance of the
projections to find the latent variables. VIPs are calculated as (Wold et al. 1993):

M
VIP; = pr SS b,,J,,J/(ZS? (Bt ) (1)

m=1 m=1

where p is the number of variables in a predictor, M is the number of LVs, SS(b,,1,,) is the
percentage of y explained in the mth latent variable and w,,; is the weight for the jth
variable for the mth latent variable. A cut-off criterion for variable selection of VIP scores
greater than one is usually used, since the average value of all VIP scores equals one.
Performing VIP after PLS has produced excellent results in detecting relevant predictors
and has outperformed other variable selection methods (Chong and Jun 2005).

The accuracy of a PLS model is measured by the difference between the predicted
values and actual values. The Root Mean Squared Error of Cross-Validation (RMSECV)
parameter is one measure of these differences. The RMSECYV is calculated as:

RMSECV = (2)

where y contains the predictions from the cross-validation for the ith samples which was
not used in building the model for that fold, y contains the actual responses and n is the
number of samples.

There are various figures of merit used to assess the performance of an analysis method.
These include precision and limits of detection. Precision is used as a metric for mea-
surement repeatability. This is usually represented in the standard deviation of a group of
measurements on the same sample. Precision is calculated as (ASTM E1655-05 2012):

bt :”1 }‘r 37&;)2
B= \/ _— (3)

where y is the mean of the predictions for the replicates in a sample, v are the predictions
for a sample, n is the number of samples and m is the number of replicates. In this study,
n and m are five and ten respectively and each replicate is the average of ten measurements.

The limit of detection (LOD) is the smallest concentration that can be detected with
reasonable certainty (Boqué and Rius 1996). For PLS this value can be calculated as
(Allegrini and Olivieri 2014; Ortiz et al. 2003);
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where s,, is the slope of the calibration line, var,, is the variance of the regression
residuals, y* , is the mean calibration concentration, / is the number of samples, and y; is
the centered concentration.

All spectra were corrected for background and dark current. Three samples were
removed because of false laboratory results. The 100 spectra for each sample were aver-
aged but not normalized. The resulting spectra were then analyzed using PLS with 10-fold
cross-validation in Matlab (R2012a, MathWorks, Natick, USA). Matlab uses the SIMPLS
algorithm which centers both the predictors and responses. Calibration models were
generated for N, P, K, S, Ca, Mg, Na, Fe, Mn, Zn, Cu and B.

Results and discussion

A typical LIBS spectrum for fresh and pelletized pasture is shown in Fig. 1. The strongest
emission lines for each element are listed in Table 2. The spectra display increased
intensities for samples under argon and an intensity reduction for the oxygen triplet around
777 nm. This is expected as argon has a low ionization energy which contributes more
electrons into the plasma, and the presence of argon reduces the surrounding oxygen
concentration.

Fig. 1 Typical spectra for fresh 4000
pasture in air (a), fresh pasture a
under argon (b), pelletized 2000
pasture in air (¢), and
pelletizedpasture under argon (d) o
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Table 2 Strong emission lines

of nutrients in pasture Species Strong emission lines (nm)
NI 742.36, 744.23, 746.83, 862.92, 868.03, 868.34
PI 167.97, 177.50
KI 691.11, 693.88, 766.49, 769.90
S1 142.50, 14740, 180.73
Cal 422.67, 442.54, 443.50, 44548
Call 315.89, 317.93, 393.37, 396.85
Mg I 285.21, 382.94, 383.23, 383.82, 516.73, 517.27, 518.36
Nal 589.00, 589.59, 818.33, 8§19.48
Fe I 358.12, 371.99, 373.71, 374.56, 374.59, 374.83
Fe II 238.20, 239.56, 240.49, 241.05, 241.33
Mn I 403.08, 403.31, 403.45
Znl 213.86, 334.50, 481.05
Cul 324.75, 327.40, 521.82
BI 249.68, 249.77

Multiple PLS models were built for each element by repeatedly performing 10-fold
cross-validation on the spectra then increasing the number of LVs. The RMSECVs were
observed and the number of optimal L'Vs were chosen corresponding to lowest RMSECVs.
Table 3, Figs. 2 and 3 display the PLS prediction results from the 10-fold cross-validations
for the elemental concentrations in the samples. Precision was calculated from the pooled
values in each fold of the cross-validation. The calculated RMSECV for the dried pellets
were similar to the results obtained by Devey et al. (2015).

The use of argon on fresh pasture produced models with greater coefficient of deter-
mination (R?) for all elements except P (R” results for fresh samples under argon are not
shown). It produced inferior precision for all elements and reduced the RMSECYV in all
elements except P, Ca and Cu. It also improved LOD for Ca with slight increases for S,
Mg, Na, Fe, Mn and Zn. Using argon on pelletized pasture reduced the RMSECYV for all
elements and enhanced the R” for all elements except S, Ca, Mn and B (R? results for pellet
samples in air are not shown). The LOD improved for N, P, Mg, Na, Fe, Zn and Cu.
Precision for N, K, Ca, Mg, Fe, Zn and Cu were also improved. When comparing fresh and
dried pasture, there was a reduction in RMSECYV for all elements in dried pasture and an
increase in R? for all elements. Fresh pasture had better precision for N, P, S, Fe, Zn and
Cu, but worse LOD for all elements. The best correlations were found for K and Na in
pellets sampled under argon and Mg in pellets sampled in air. The values of R* were 0.92,
0.93 and 0.90 respectively. K and Mg were the only elements to have R? over 0.7 for fresh
pasture in air.

Dried pellets had better RMSECV and R? results because there is less between-sample
variation caused by the different moisture levels between each fresh sample. During March
2014, the middle of the 13 month period, there was a drought in New Zealand. K, Mg and
Fe concentrations were affected by this. Mg and Fe levels were significantly higher and K
levels were significantly lower. This provided a wider range of concentrations to build
models on and accounts for the two groupings seen in some of the calibration curves for
some elements.
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Table 3 Accuracy of PLS models created for the macro and micro nutrients in pasture

Element In air Under argon

LV  Precision RMSECV LOD LV  Precision RMSECV LOD

Fresh N 6 (.31 04 1.7 7 079 0.36 23
Pasture P 10 0.026 0.043 0.16 6 0.088 0.044 0.3
K 24 045 0.35 1.2 12 0.63 0.33 1.6
5 7 0.029 0.037 0.15 31 0.07 0.035 0.13
Ca 3 0Ole 0.14 0.82 10 0.25 0.14 0.56
Mg 18 0.025 0.021 0.078 16 0.037 0.02 0.075
Na 6 0.056 0.084 0.29 35 011 0.08 0.27
Fe 21 0.0039 0.0051 0.017 35 0.0068 0.0041 0.014
Mn 21 0.0012 0.0013 0.0044 23 0.0021 0.001 0.0036
Zn 26 0.00084 0.0009 0.0029 14 0.001 0.0008 0.0026
Cu 23 0.00011 0.00011 0.00039 15 0.00021 0.00011 0.00039
B 6 0.000097  0.00025 0.00087 10 000032  0.00024 0.00086
Pellets N 14 0.44 0.31 1.3 43 039 0.26 0.97
P 27 0.044 0.032 0.12 48 0.05 0.032 0.11
K 19 0.42 0.22 0.93 12 0.3 0.2 0.99
5 44 0.041 0.029 0.11 46 0.046 0.032 0.12
Ca 41 0.15 0.066 0.22 18 0.13 0.08 0.31
Mg 27 0.022 0.013 0.05 48 0.021 0.013 0.047
Na 15 0.04 0.03 0.12 18 0.042 0.029 0.11
Fe 42 0.0044 0.0033 0.011 50 0.004 0.0029 0.0096
Mn 38 0.0012 0.00075 0.0025 37 0.0012 0.0008 0.0027
Zn 38 0.00089 0.00069 0.0026 39 0.00081 0.00058 0.002
Cu 31 0.00015 0.000005  0.00034 46  0.0001 0.000089  0.00031
B 34 0.000097  0.00025 0.00042 45 000032  0.00024 0.00049

Concentrations are in wit%

Nitrogen

The nitrogen emission lines are very weak in the collected spectra. One reason is that the
upper level energies of the strong nitrogen emission lines are about 12.0 eV. The plasmas
created in this study do not have sufficient energy to allow sufficient population of these
states. Another reason is the contribution of nitrogen from the atmosphere. The atmo-
spheric nitrogen would add to, or even overwhelm, the nitrogen concentration in the
samples when measured in air. Under an argon atmosphere, the effect of atmospheric
nitrogen is reduced, improving results. Figure 4 displays the intensity of the strongest
nitrogen line (N I 746.83 nm) for fresh pasture in air which had a VIP score of 18. The
emission line intensities were larger even though the nitrogen concentrations were lower.
These larger intensities are from samples collected March 2014 when there was a drought
in New Zealand. The high intensities are likely caused by a reduction of moisture in the
sample. Nitrogen line intensities appeared more consistent o