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Abstract
In 2005, our group first reported a two-pulse multi-element analysis technique that was
both sensitive and minimally destructive. The first laser pulse ablated a thin layer of the sample
over a hundred m spot; the second laser pulse at 193 nm induced multi-analytes in the desorbed
plume to fluoresce. Since then, this technique of laser-excited atomic fluorescence (LEAF) of
ablated plumes, or PLEAF for short, had been applied to the analysis of aqueous lead colloids and
metals. Sub ng/g and tens of atto-mole detection limits were demonstrated.
The non-selective photoexcitation in PLEAF was believed to be due to smeared energy levels
of species in dense plumes. Smearing was especially severe for highly excited states such as those
reached by 193 nm excitation. As the plumes subsequently expanded, the electronic structure of
the plume species evolved adiabatically from a dense gas to that of an isolated atom with the
electrons still in the excited states. Signature fluorescence from multi-analytes was therefore
possible.
The suggested mechanism implied that ArF laser-induced PLEAF should be applicable to any
sample matrix and any analyte as long as the species were imbedded in dense plumes and whose
excited states could be reached by 193 nm photoexcitation. We therefore investigated the
universality of PLEAF in this study by extending the analysis to ceramics, polymers, and their
composites. We showed that these matrices could be successfully sampled and emissions from
practically all analyte elements were observed. The detection sensitivity was orders of magnitude
better than alternative laser spectrochemical probes such as laser-induced breakdown spectroscopy
ii

(LIBS). Under minimally destructive conditions, emissions from Al, Ca, Co, Cr, Cu, Fe, In, Mg,
Mn, Na, Pb, Sn, and Si were observed.
We also applied the technique to four practical problems: The analysis of dried paint for
trace lead when g/g detection limits were achieved; the analysis of valuable potteries when two
look-alike specimens were differentiated based on practically non-destructive single-shot analysis;
the elemental analysis of ink when lines written with different pens could be discriminated yet
without discernable sample destruction even under the microscope; and the analysis of
electrode-plastic interfaces when the detection sensitivity was comparable to SIMS. In some of
these applications, we found that the fluorescence intensity varied with the fluence and the timing
of the ArF laser pulse in ways suggestive of particulates in the plume.
Because nearly all analyte elements were excited in PLEAF, multi-analyte spectra were
generated even in single-shot analysis. We showed that the rich spectral information contents
could be fully exploited by chemometric techniques such as principal component analysis, SIMCA
and K-means clustering.
In sum, the combination of PLEAF and chemometrics paved way for ultra-sensitive and
minimally destructive multi-element analysis of complex samples. The analysis was all-optical and
therefore could be done in air with no restriction on sample size. No sample preparation was
needed. The analysis was fast, with a turn-around time of minutes. At the end, the sample was
not visibly damaged even when examined under the microscope. If the ablation could be
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congruent, 3-dimensional chemical profiling at tens to hundreds of m lateral resolution and tens
of nm depth resolution would be possible.

iv

Acknowledgments
I am so delighted to be a student of Prof. Cheung. I met him in 2006 when I was attending
his Modern Physics course. He gave me lots of vivid guidance and inspirations in and out of the
classroom. After that course, I decided to attend all the courses he taught even though some
were not required. I was fortunate to be able to participate in the final year project of my choice
that was supervised by him. This time, he gave me plenty of ideas and suggestions during my
very first research project that was about beam propagation factor, M2.
On my first research journey, I felt so excited and joyful to join the Cheung Group and met
a number of group members. I really loved to work and play in this group; so much that I
decided to apply for postgraduate study. I worked extra hard in all my final year courses in order
to meet the admissions condition. In the end, I met the condition and enrolled to join the
Cheung Group again.
Postgraduate life seemed so short to me. I would like to express my warmest gratitude to
Prof. Cheung during my wonderful trip through the spectroscopy world. He is not only a good
supervisor but also a good friend. He is not only teaching me how to think like a scientist, but
also sharing with me his retirement plans.
Besides my supervisor, I would like to thank every current and previous member I met in the
group. The first one must be our scientific officer Mr. Yeung. He always provides various
solutions for us no matter what puzzles we gave him. The second one is Tai Kin. He explained

v

to me very clearly the whole experimental setup when I was a newbie to spectroscopy. This was
why I was able to quickly pick up brand new techniques. Thanks to Cody and Bruno for working
alongside with me. Having a partner to do research together was way more effective, productive
and fun. Finally, I appreciated meeting other group members I did not directly work with,
including Tommy, Ben, Dick, Phoebe, Kin, Jianan and Xinxian.
Outside our group, there are various teachers, supporting staff and students in other groups
who helped me in their specialties. I am glad that I was able to find all sorts of experts in the
university to assist me through my exploration of the fantastic science world. Special thanks to
Eve for her swift and kind help in administrative stuff.
Last but not least, my family never stop loving me since I was born. I am pleased to have the
immense love and understanding from my sister, mum, dad and brother. I am blessed to have
their acceptance, coddling and encouragement at every occasion in my life. I thank Ka Wing, my
fiancée for her support and care. I am the lucky one.

vi

Declaration ...................................................................................... i
Abstract ...........................................................................................ii
Acknowledgments ............................................................................ v
List of Figures............................................................................. xiii
List of Abbreviations ............................................................... xxiii
Chapter 1

Introduction .............................................................. 1

1.1

Background ..................................................................................... 1

1.2

Motivations ...................................................................................... 3

1.3

Objectives ........................................................................................ 4

1.4

Thesis Organization ........................................................................ 6

Chapter 2

Experimental ............................................................ 7

2.1

Overview .......................................................................................... 7

2.3

ArF PLEAF Measurements ........................................................... 8

2.3.1

Apparatus ....................................................................................................... 8

i)

Ablation Laser ............................................................................................... 9

ii)

Excitation Laser ........................................................................................... 10

vii

iii) Emission Collection Units ........................................................................... 11
iv)

Synchronization Units .................................................................................. 12

v)

Miscellaneous .............................................................................................. 12

2.3.2

Experimental Procedures ............................................................................ 14

i)

Emission Creation........................................................................................ 15

ii)

Emission Collection ..................................................................................... 15

iii) Optimization Procedure ............................................................................... 16
Optical alignments using standard targets ........................................................ 16
Parameter Search using Real Targets ............................................................... 17

2.4

Sample Destruction Measurements ............................................ 18

2.4.1

Microscopy ................................................................................................... 19

2.4.2

Profilometry ................................................................................................. 19

2.5

Safety Measures ............................................................................ 19

2.6

Summary ....................................................................................... 20

Chapter 3

PLEAF Mechanism ................................................ 21

3.1

Overview ........................................................................................ 21

3.2

Sequence of Events ....................................................................... 21

3.2.1

Creation of Ejected Sample ......................................................................... 21

viii

3.2.2

UV Photon Absorption & Excitation .......................................................... 23

3.2.3

Emission of the analyte ............................................................................... 24

3.3

Experimental Evidence of PLEAF .............................................. 25

3.3.1

PLEAF of Gaseous Plumes......................................................................... 25

3.3.2

PLEAF of Particulates ................................................................................ 28

3.4

Summary ....................................................................................... 31

Chapter 4

Analysis of Ceramics ............................................. 33

4.1

Overview ........................................................................................ 33

4.2

Analysis of Macor ......................................................................... 34

4.3

Analysis of Chinese Yi Xing Clay ................................................ 36

4.4

Results & Discussion .................................................................... 39

4.5

Summary ....................................................................................... 43

Chapter 5

Analysis of Polymer ............................................... 44

5.1

Overview ........................................................................................ 44

5.2

Analysis of PVC ............................................................................ 45

5.3

Analysis of Lead Compound Deposited on PET substrate ....... 47

5.4

Analysis of Red Paint on PET substrate..................................... 49
ix

5.5

Results & Discussion .................................................................... 51

5.6

Summary ....................................................................................... 53

Chapter 6

Analysis of ITO on flexible substrates ................. 55

6.1

Overview ........................................................................................ 55

6.2

Analysis of ITO-PEN .................................................................... 56

6.3

Results & Discussion .................................................................... 63

6.3.1

Chemical Depth Profiling of ITO-PEN ...................................................... 64

6.3.2

Particulates formed in the ablation of ITO-PEN ....................................... 68

6.4

Summary ....................................................................................... 72

Chapter 7

Analysis of Inks ...................................................... 74

7.1

Overview ........................................................................................ 74

7.2

Analysis of Written Inks .............................................................. 77

7.3

Presence of particulates and detection sensitivity ..................... 80

Chapter 8

Chemometrics ......................................................... 85

8.1

Overview ........................................................................................ 85

8.2

Data Preprocessing ....................................................................... 88

x

8.3

Univariate analysis ....................................................................... 90

8.4

Visual identification ...................................................................... 93

8.5

Principal Component Analysis .................................................... 98

8.5.1

Fundamentals of PCA ................................................................................. 98

8.5.2

PCA applied to PLEAF spectral data sets ................................................ 101

8.5.3

Outlier Detection ....................................................................................... 104

8.5.4

Percent Variance and Loading.................................................................. 114

8.5.5

Summary of PCA ....................................................................................... 118

8.6
8.6.1

Soft Independent Modeling of Class Analogy (SIMCA) ......... 119
Models of Disjoint Principal Components ............................................... 121

8.7

Alternative Technique: K-means clustering............................. 127

8.8

Summary ..................................................................................... 129

Chapter 9

Conclusion ............................................................ 132

Bibliography ............................................................................... 135
Curriculum Vitae ....................................................................... 152

xi

List of Tables
Table 2.1

Specification for the spectrograph of Acton SpectroPro-500....................... 12

Table 2.2

Important parameters of the two lasers ........................................................ 20

Table 4.1

Experimental Conditions for Ceramics Analysis ......................................... 40

Table 4.2

Summarized Experimental Conditions of Metal Alloys [10, 11] ................. 40

Table 4.3

The summarized performance of PLEAF and LIBS in ceramics matrix ..... 42

Table 5.1

Experimental Conditions of Polymers ......................................................... 51

Table 5.2

The analytical performance of PLEAF and LIBS in polymer analysis ........ 52

Table 6.1

Experimental Conditions of Polymeric Samples ......................................... 68

Table 7.1

Experimental Conditions of written ink on white copier paper ................... 81

Table 8.1

K-means clustering of 2-shot averaged PLEAF spectra of four types of toners.
Shown are the clustering results of 4 user-defined centroids after 19 iterations.
The number of incorrectly clustered instances was 6. The correct percentage
was 99.64%. ............................................................................................... 129

xii

List of Figures
Fig. 2.1 Sample and laser orientation, top view ...................................................................... 7
Fig. 2.2 Experimental schematic of PLEAF ............................................................................ 9
Fig. 2.3 Orientation of the lasers and sample – top view. ...................................................... 11
Fig. 2.4 The attenuation performance of the variable attenuator ........................................... 13
Fig. 3.1 Electron energy levels of silicon atoms plotted versus separation distance. Top left
was the result of two silicon atoms brought into close proximity. Top right was the
result of five atoms in a linear matrix. The bottom one was the result of the energy
bands formed in silicon crystals. R0 is 0.235 nm at room temperature. ................... 23
Fig. 3.2 Normalized emission intensity of the Cu 327.4 and Mg 285.2 nm lines produced in
the PLEAF sampling of aluminum 6061 alloy, as functions of the time delay t
between the Nd:YAG laser pulse and the ArF laser pulse. The Nd:YAG laser fluence
was 160 mJ cm-2 at 1064 nm while the ArF laser fluence was 40 mJ cm-2.
Experimental data obtained in previous studies [24]. .............................................. 27
Fig. 3.3 Time-resolved PLEAF spectra of the 357.3 nm emissions of bulk lead. The vertical
bar indicates the intensity in ICCD counts. Weaker traces were magnified for clarity
with the scale factor shown. Time zero defined by the peak of the ArF pulse.
Experimental data obtained in previous studies [24]. .............................................. 29
Fig. 3.4 Similar to Fig. 3.3 except aqueous lead colloids were PLEAF analyzed.

xiii

Experimental data obtained in previous studies [24]. .............................................. 31
Fig. 4.1 PLEAF with 355-nm pulse at about 1.7 J cm-2 over a 125 m dia. spot; followed
about 20 ns later by an ArF pulse of about 620 mJ cm-2. ICCD was gated on about
15 ns from the ArF pulse. It was gated on 25 ns after the laser pulse for both red and
grey traces. All spectra were 200-event averaged.................................................. 35
Fig. 4.2 PLEAF spectra of Sample #1. The analysis was done with the 355-nm pulse at 910
mJ cm-2 over a spot diameter of 225 m; intercepted 100 ns later by an ArF pulse at
170 mJ cm-2, and detected a further 50 ns later on the ICCD. ................................. 37
Fig. 4.3 Laser sampling of two specimens of yi xing tea wares. Experimental conditions
were identical to that of Fig. 4. 2 For the red and grey traces, the ICCD was gated
differently to optimize the respective signal. The insets were optical micrographs.
Left panel was a non-irradiated area; the scale bar was 400 m. Mid panel was a
PLEAF sampled area. Right panel was a LIBS sampled area at elevated fluence to
produce signals comparable to PLEAF. ................................................................... 38
Fig. 4.4 PLEAF spectrum of sample #2 shown in Fig. 4.2. The green arrows indicated iron
transitions from 4.7 eV to 1.5 eV. The red arrows indicated iron transitions from 6.3
eV to 2.6 eV.............................................................................................................. 41

Fig. 5.1 Analysis of test pellets made from two types of PVC. The top blue and green traces

xiv

were PLEAF spectra of type #1 and #2, respectively. The bottom red and gray traces
were captured with either 355 or 193 -nm pulse alone, on type #1 PVC. All spectra
were single-shot events. The vertical scale bar was 10,000 CCD counts. PLEAF
analysis was performed with the 355-nm pulse set to 270 mJ cm-2 over a spot diameter
of 225 m. Plume was intercepted 475 ns later by an ArF pulse at 316 mJ cm-2. A
further 25 ns later, the ICCD was gated on for 220 ns. For the red and gray traces, the
ICCD was gated on 20 and 25 ns after the laser pulse for 220 ns, respectively. ....... 46
Fig. 5.2 PLEAF analysis of lead nitrate solution applied on PET film and let dried. The
spectrum displayed was the average of 200 events.

Experimental conditions:

355-nm pulse at 1.9 J cm-2 over a 285-m dia. spot, followed 9 s later by the 193-nm
pulse at 470 mJ cm-2. ICCD was gated on 25 ns after the ArF pulse. The unlabeled
signals were the fingerprint emission of PET............................................................ 49
Fig. 5.3 Analysis of red paint coated on PET. Blue trace was PLEAF, red was with 355 nm
pulse alone, and grey was with 193 nm pulse alone. The last trace was magnified 30
for clarity. Experimental conditions: PLEAF with 355 nm pulse at 2.0 J cm -2 over a
285 m diameter spot, followed 1.06 s later by ArF pulse at 236 mJ cm-2, and ICCD
gated on 35 ns later for 220 ns. Red and grey traces had ICCD gated on 25 and 35 ns
from laser pulse, respectively. ................................................................................... 50

xv

Fig. 6.1 PLEAF sampling of the top layer of ITO-PEN. Blue, red, and grey traces are PLEAF,
LIBS and ArF alone, respectively. All spectra are 200-event averages. Indium and
tin lines were labeled. Vertical scale bar was 5000 CCD counts. Inset was the
spectra of the second layer, with vertical axis in thousands of CCD counts.
Experimental conditions: 355 nm pulse at 320 mJ cm-2 over 110 mm diameter spot.
193 nm pulse at 170 mJ cm-2 fired 425 ns after 355 nm pulse. ICCD gated on 25 ns
from ArF pulse. ICCD was gated on 50 and 25 ns after the laser pulse for the red and
gray traces, respectively. .......................................................................................... 58
Fig. 6.2 Variation of In (open circles) and C2 (cross) signal with penetration. The apparent
deep penetration of indium was due to indium at the crater rim and in the re-deposited
debris. Inset (a) showed In 410.2 nm line at 11.4 m penetration and (b) showed C2
563.6 nm band at 2.5  penetration. ......................................................................... 60
Fig. 6.3 ITO-PEN crater profile after one ablation shots. The horizontal scale bar was 50 m.
The vertical scale bar was 100 nm. .......................................................................... 61
Fig. 6.4 ITO-PEN crater profile after two ablation shots. The first shot created a crater of
140 m diameter and 120 nm deep. The second shot created a crater of 90 m
diameter. The horizontal scale bar was 50 m. The vertical scale bar was 200 nm.
...................................................................................................................... 61
Fig. 6.5 Indium z-profile of ITO-PEN according to PLEAF spectra. Each data point was

xvi

based on 1,000-shot averaged intensity of the In I 410.2 nm resonance line. The
standard deviation gave the error bar. [In] was also plotted on the right-hand axis.
Inset was the 200-shot averaged In I 410.2 nm spectra at various penetrations.
Leading and trailing pixels were zeroed to indicate baseline.

Experimental

conditions: The top ITO layer was removed by 355 nm pulse at 455 mJ cm-2.
Subsequent layer of the PEN substrate was profiled by 355 nm pulse at 260 mJ cm-2.
The 193 nm pulse at 56 mJ cm-2 was fired 370 ns after the 355 nm pulse. The ICCD
was gated on 30 ns from the ArF pulse for 220 ns. .................................................. 63
Fig. 6.6 The spectral absorbance ITO-PEN, as measured on a UV-visible spectrophotometer.
The PEN absorption (blue trace) was obtained by measuring a sample with the ITO
layer removed chemically.

The ITO absorption (red trace) was deduced by

subtracting the PEN spectrum from the ITO-PEN spectrum. .................................. 66
Fig. 6.7 ITO-PEN crater profile after six ablation shots. The horizontal scale bar was 50 m.
The vertical scale bar was 2 m. .............................................................................. 66
Fig. 6.8 SEM images of craters on ITO-PEN. Left: After five shots. Right: Another spot after
13 shots. Features suggested the melting and resolidification of the PEN substrate.
...................................................................................................................... 67
Fig. 6.9 Normalized indium In I 293.3 nm signal against inter-pulse delay in the PLEAF
analysis of the top layer of ITO-PEN. The 355 nm pulses were at 160 mJ cm-2 over a

xvii

530 m spot. The ArF pulses were at 316 mJ cm-2. Each data point was the
accumulation of 200 shots. ....................................................................................... 69
Fig. 6.10 Indium In I 293.3 nm signal intensity against ArF fluence in the PLEAF analysis of
ITO-PEN. The 355 nm pulses were at 160 mJ cm-2 over a 530 m spot. Each data
point was the accumulation of 200 shots. t was 2.7s......................................... 70
Fig. 6.11 Copper Cu I 515.3 nm signal versus ArF fluence in the PLEAF analysis of copper.
The 1064 nm pulses were at 0.25 J per pulse. t was 60 ns. ................................. 72
Fig. 7.1 PLEAF spectra of lines written with four different brands of black ball pens and one
black gel pen. The four ball pens were A – Pilot, C – M&G, D – Hernidex and E –
PaperMate.

The gel pen was B – Uniball gel pen. The vertical scale bar shown in

each panel was 4,000 CCD counts.

All spectra were 100 shots averaged.

Experimental conditions: 355 nm at 220 mJ cm-2 over 225 m diameter spot, 193 nm
at 150 mJ cm-2, t was 15 s, ICCD gated on 50 ns from ArF pulse for 220 ns. .... 78
Fig. 7.2 Single-shot spectra of lines written by brand D pen. The vertical scale bar was
10,000 CCD counts. The experimental conditions of PLEAF were identical to that
of Fig. 7.1. For the red and grey traces, ICCD was gated on 20 ns and 60 ns after the
laser pulse. For the green trace, the ICCD was gated on 100 ns after the laser pulse
and the 355 nm fluence was 1.1-J-cm-2 for the ablative LIBS. ................................ 80
Fig. 7.3 Normalized Na I 588.9 nm signal versus inter-pulse delay.

xviii

The experimental

conditions were identical to Fig. 7.1. Each data point was the accumulation of 100
shots. The inset showed the spectrum when t was 195 s. The vertical scale bar
was 5,000 counts. ..................................................................................................... 81
Fig. 7.4 PLEAF spectra of single and over-written lines drawn with brand A and D ball pens.
The spectra were 50 events averaged. The spectral total areas were normalized to
one. Experimental conditions were identical to Fig. 7.1. The chromium emission
lines at 425.4, 427.4 and 428.9 nm were enlarged for clarity in the inset. ............... 83
Fig. 8.1 PLEAF spectra of four different toners, Fuji (FujiXerox black toner CT 200539),
Pana (Panasonic black toner DQ-TU35D), HP1 (HP black toner CC364X) and HP2
(HP black toner Q5949X). The vertical scale bar shown in each panel was 10,000
CCD counts. All traces were offset vertically for clarity. Either the leading or
trailing 10 pixels were set to zero to indicate the baseline. Each displayed spectrum
was average of 10 shots and preprocessed. .............................................................. 87
Fig. 8.2 Ten raw single-shot PLEAF spectra of Fuji toner without any preprocessing. The
vertical axis was the CCD counts while the horizontal axis was the wavelength. ... 89
Fig. 8.3 The same ten raw spectra shown in Fig. 8.2 were smoothed by a 5-pixel window.
The moving average significantly reduced the noise but preserved the spectral
features. .................................................................................................................... 89
Fig. 8.4 The ten smoothed spectra shown in Fig. 8.3 were normalized to unit spectral area.

xix

Shot-to-shot intensity fluctuations manifested in Fig. 8.3 were suppressed. ........... 90
Fig. 8.5 The mean values of 40 PLEAF spectra from four different inks were calculated. All
the spectra were properly smoothed. x-axis was sample #, randomly ordered. ..... 92
Fig. 8.6 Similar to Fig. 8.5 but standard deviation was plotted. ............................................ 92
Fig. 8.7 Similar to Fig. 8.5 but the intensity at 327.4 nm was plotted. The intensity was
represented by the area within the FWHM of the emission line. ........................... 93
Fig. 8.8 Two-shot averaged PLEAF spectra of four types of ink toner, for three spectral
regions shown in three panels. Forty such preprocessed (smoothed and normalized)
spectra, ten of each toner type, were plotted. Spectra were offset vertically for
clarity. ...................................................................................................................... 98
Fig. 8.10 Same as Fig. 8.9, but with data points color-coded based on toner type. .............. 102
Fig. 8.11 Same as Fig. 8.9 but only HP1 and HP2 sample data were considered. ................ 103
Fig. 8.12 Same as Fig. 8.11 but only the spectral region 450 – 470 nm was considered. ..... 104
Fig. 8.13 1,000 single-shot PLEAF spectra of HP2 ink in the wavelength region between 440 –
480 nm were analyzed by PCA. The scores of PC2 versus PC1 were plotted. ... 106
Fig. 8.14 With reference to Fig. 8.13, the density of data points along PC1 was plotted as
histograms with PC1 bin width of 0.04. About 80% of the data points occurred
between PC1 values of -0.14 and -0.06. ................................................................. 106
Fig. 8.15 Same as Fig. 8.13 except about 20% of the outlying data points were removed and

xx

PCs were re-computed. Note identical scale as Fig. 8.13 for easy comparison... 107
Fig. 8.16 4,000 single-shot PLEAF spectra, properly preprocessed, were analyzed by PCA.
The scores of PC2 were plotted against PC1. ........................................................ 108
Fig. 8.17 Similar to Fig. 8.16 except the scores of PC3 were plotted against PC1. .............. 109
Fig. 8.18 Similar to Fig. 8.16 and Fig. 8.17 except with outliers removed. Fractions removed
were 6.2%, 11.7%, 26.2% and 23.8% for Fuji, Pana, HP1, and HP2 spectra,
respectively. ............................................................................................................ 110
Fig. 8.19 3-D scores plot of Fig. 8.18 generated by Matlab, for the first three PCs. At certain
viewing angles, data points cleanly separated into four clusters............................ 111
Fig. 8.20 Similar to Fig. 8.18 except with 2-shot averaged spectra. ..................................... 112
Fig. 8.21 Similar to Fig. 8.19 except with 2-shot averaged spectra. ..................................... 113
Fig. 8.22 The percent variance plotted against the principal components. There were totally
1024 principal components in this case. Most of the other components are less than
1%.

.................................................................................................................... 115

Fig. 8.23 8-shot averaged PLEAF spectra of Fuji and Pana ink were plotted from 300–350 nm.
120 traces for each ink were stacked. The top traces were Fuji and the bottom traces
were Pana. The arrows indicate their difference. ................................................. 116
Fig. 8.24 Scores plot of spectra shown in Fig. 8.23. ............................................................. 117
Fig. 8.25 The loading of PC1 was plotted against wavelength. The typical spectra of Fuji and

xxi

Pana were shown alongside to assist comparison. PC1 returned a positive value at
pixels where Fuji was brighter than Pana............................................................... 118
Fig. 8.26 The percent variance plotted against the principal components of the Fuji spectra. ...
.................................................................................................................... 122
Fig. 8.27 Data sets, with outliers removed, projected onto the model constructed by the Fuji
spectra. The scores were calculated and plotted against the first three PCs. ....... 123
Fig. 8.28 Data sets, with outliers removed, projected onto the model constructed by the HP1
spectra. The scores were calculated and plotted against the first three PCs. ....... 124
Fig. 8.29 Coomans plot of model HP1 and model HP2.

The red lines are the class

membership limits. Data in Zone 1 are close to the x-axis model. Data in zone 2
are close to the y-axis model. Data in Zone 3 are close to both. For example, a
spectrum produced by averaging HP1 and HP2 spectra would lie in Zone 3. ....... 125
Fig. 8.30 K-means cluster process ......................................................................................... 127

xxii

List of Abbreviations
AISI

American Iron and Steel Institute

amol

attomoles

ArF

argon fluoride

ASTM

American Society for Testing and Materials

eV

electron volt

FDEs

forensic document examiners

f.l.

focal length

FTIR

Fourier transform infra red

FWHM

full width half maximum

GC

gas-chromatography

HCl

hydrochloric acid

HPLC

high-pressure-liquid-chromatography

ICCD

intensified charge-coupled device

ICP-MS

inductively coupled plasma mass spectrometry

ITO

indium-tin-oxide

LA-ICP-MS

laser-ablated-ICP-MS

LEAF

laser-excited atomic fluorescence

LIBS

laser-induced breakdown spectroscopy

LODs

limit of detections

MS

mass spectrometry

Nd:YAG

neodymium-doped yttrium aluminum garnet; Nd:Y3Al5O12

ng g-1

nano gram per gram

PCA

principal component analysis

PEN

polyethylene naphthalate

xxiii

PET

polyethylene terephthalate

pg g-1

pico gram per gram

PIXE

particle-induced X-ray emission

PLEAF

laser-excited atomic fluorescence of plumes

PVC

polyvinyl chloride

p-XRF

portable-XRF

SEM

scanning electron microscope

SIMCA

Soft Independent Modeling of Class Analogy

SIMS

secondary ion mass spectrometry

SNR

signal to noise ratio

SR-XRF

synchrotron radiation XRF

THG

third harmonic generator

TLC

thin layer chromatography

TXRF

total reflection XRF

XRF

X-ray fluorescence

z

depth resolution

g g-1

micro gram per gram

xxiv

Chapter 1

1.1

Introduction

Background
In elemental analysis, optical probes are preferred [1]. Optical probes come in all forms

and cover all range of sensitivity. For less demanding applications, when analytes are present
at the g g-1 level or higher, laser-induced breakdown spectroscopy (LIBS) is a suitable choice
since it can analyze multi elements using relatively simple laser systems. An example is the
analysis of steel pipes in nuclear reactors for embrittling impurities [2]. LIBS is versatile and
universal and its sensitivity is typically in the range of tens and hundreds of g g-1 [3]. The
sensitivity can be further improved by double-pulse [4, 5, 6], resonance-enhanced [7] or
microwave assisted approaches [8].
When pg g-1 detection is required, laser-excited atomic fluorescence (LEAF) would be
needed [9]. However, its one wavelength one transition specificity demands prior knowledge
of the analyte, precludes simultaneous multi-element analysis, and requires tunable lasers; all
these limit it applicability.
The selectivity restriction of LEAF can be relaxed if the analyte atoms are embedded in a
dense plume produced by pulsed laser ablation. When the plume is just created, its near-solid
density (1021 - 1023 atoms cm-3 [10]) would smear the energy levels to bands that make
1

non-selective photo-absorption possible.
near the ionization limit.

This is especially the case for those energy states

Therefore, these states can be reached by non-selective

photo-excitation at a single ultra-violet wavelength. The plume soon disperses and expands
such that the smeared energy bands would shrink to discrete levels in tens of ns. Subsequent
radiative decays would give sharp fingerprint spectral lines [11]. Our group pioneered this
analytical technique. We named it laser-excited atomic fluorescence of plumes, or PLEAF for
short. It is a two-pulse scheme [12]. An Nd:YAG laser pulse first creates a plume. After a
brief (ns) delay when the plume is ejected from the irradiated surface, an ArF excimer laser
pulse intercepts the plume to induce fluorescence.
different from collisional excitation by hot electrons.

This excitation process is distinctly
More experimental details will be

given in Chapters 2 and 3.
Our group demonstrated the detection of sub ng g-1 of ingestible lead colloids in water [12].
Aluminum alloys were analyzed when the mass limits of detection (LODs) for trace elements
were in the tens of attomoles (amol). Sample destruction was minimal; etch depths were only
fractions of nanometer [13]. Stainless steel alloys AISI 316 and AISI 304 could be readily
distinguished by single-shot sampling at ablation rates as low as 13 pg and peel rates of less
than 1 nm per pulse [14].
Our group has shown that PLEAF is a promising technique for multi-element analysis. It
2

is minimally destructive, sensitive, fast and compatible with air. To further demonstrate its
applicability to real-world problems, we have to establish its universality.

1.2

Motivations
In order to understand the role that PLEAF can play in elemental analysis, it is vital to

know the performance of other existing methods.

Two such methods are selected for

comparison.
The first method is inductively coupled plasma mass spectrometry (ICP-MS). This
technique features low concentration LODs, mostly in the ng g-1 to pg g-1 range for liquid
samples [15]. For solid analysis, however, the LODs were usually hundreds to thousands
time poorer [16]; and sample digestion is time consuming, requires sample destruction, and
analytes could be lost in the process.

It also prevents real-time on-site analysis. The laser

ablation version (LA-ICP-MS) skips the digestion step to reduce sample destruction but
concentration LODs typically degraded to g g-1 range. For the few cases of favorable
elements, LODs are still no better than fraction of ng g-1 [17].
The second method is X-ray fluorescence (XRF). It is another widely used elemental
analysis technique. It complements ICP-MS in that it is very fast and non-destructive. This is
especially so for the portable version (p-XRF).

p-XRF can do real-time and in situ sampling.

It gives results in a matter of minutes [18]. The disadvantages are low sensitivity (tens of
3

g-g-1 to hundreds of g g-1) [19], especially for light elements, and short range (< inch).
Synchrotron radiation-XRF (SR-XRF) has much lower LODs and covers a wider range of
elements but the system is prohibitively expensive and not portable [20]. Grazing incidence
XRF, also known as total reflection XRF (TXRF) can be portable [21] but sample preparation
will be needed [22, 23]. The sensitivity is usually one to two orders of magnitude better than
p-XRF [24, 25].
PLEAF fills the gap between the sensitive but destructive ICP-MS and the non-destructive
but insensitive p-XRF. Its concentration LODs ranged from sub ng g-1 to g g-1. That is, its
sensitivity is comparable to ICP-MS when solids are to be analyzed, but PLEAF is less
destructive.

Although it is more destructive than XRF, it has much better sensitivity and

standoff detection capability.

It has other advantages associated with laser probes, such as

zero sample preparation, high spatial and temporal resolution, and air compatible.

In this

thesis, we would like to establish the universality of PLEAF, and demonstrate several real
world applications.

1.3

Objectives
My research objectives are (1) to establish the universality of PLEAF, (2) to elucidate the

PLEAF mechanism, (3) to arrive at a standard protocol for PLEAF analysis, and (4) to
4

demonstrate real world applications. Because PLEAF detects multi elements simultaneously,
it generates information-rich spectra that require chemometric analysis to unravel their
contents. An entire chapter is therefore devoted to spectral processing and chemometrics.
In order to achieve our first goal, PLEAF was applied to a broad range of sample
matrices. Previously, only aqueous lead colloids [12] and metal alloys [13, 14] were analyzed
with PLEAF.

In this study, ceramics, polymers, colorants, and their composites were

analyzed.
Our second goal of mechanism elucidation refers specifically to the PLEAF analysis of
particulates. Particulates were observed previously when aqueous lead colloids were analyzed
[12]. Particulates were again observed in the present study.

They were shown to be

generated by the first Nd:YAG laser pulse. These small particles moved with the plume,
though at slower speed.

They were vaporized by the ArF laser pulse and the atomic

fragments were photo-excited by the same ArF laser pulse. More details will be reported in
later chapters.

This particulate effect dramatically enhanced the sensitivity of PLEAF. That

inspired us to look further into the particulate-PLEAF mechanism.
With our improved understanding of the mechanisms and familiarity with the
experimental procedures, we then applied PLEAF to several real world problems. One notable
example is in the field of forensic analysis when specimens are usually unique and
5

one-of-a-kind. The delivery of high sensitivity and minimal sample destruction is therefore
ideal.

Chemometrics methods for quantitative authentication are also critical for forensic

science.

1.4

That again calls for the chapter on chemometrics.

Thesis Organization
This thesis is divided into nine chapters. Chapter 1 is an introduction.

Chapter 2

covers the instrumental and experimental details. PLEAF mechanism will be described in
Chapter 3.

Chapter 4 through Chapter 7 report the results of the PLEAF analysis of

different sample matrices. Chemometric analysis of PLEAF spectra is covered in Chapter 8.
The final chapter concludes the findings and the significance of this study.
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Chapter 2

2.1

Experimental

Overview
In this chapter, the experimental aspects of PLEAF analysis are described. Sample

preparation as well as instrumentation is covered first.
come next.

Optimization procedure is then explained.

Real time data acquisition protocols
Finally, off-line sample destruction

measurements are described.

2.2

Sample Preparations
355-nm

193-nm

Sample

Fig. 2.1

Sample and laser orientation, top view

PLEAF needs minimal sample preparation. The orthogonal laser orientation as shown in
Fig. 2.1 requires precise positioning of the sample.
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A flat or convex sample surface is

preferred so the ArF laser pulse can intercept the plume at its earliest stage. In this study, all
the samples were solids.
Samples were attached by adhesive tape on a flat surface such as cover glass.

The

sample assembly was mounted on a stepper motor for laser sampling. If extra preparation
was needed, the details will be explained in the respective sections.
In this study, the 193 nm beam was parallel to the sample surface and transverse to the
direction of propagation of the plume. This avoided further ablation of the sample by the
193 nm laser pulse.

Moreover, this orthogonal (355 nm beam orthogonal to 193 nm beam)

configuration allowed decoupling of the effects of the 355 nm and 193 nm laser pulse for
cleaner elucidation of the physical mechanisms.

Nonetheless, collinear configuration might

be preferred for easier alignments and for stand-off measurements.

2.3

ArF PLEAF Measurements
In this section, the instrumentation of PLEAF is introduced.

module is described.

Functionality of each

The order follows the temporal sequence of events during the laser

excited fluorescence.

2.3.1 Apparatus
PLEAF is a two-pulse scheme.

The schematic was shown in Fig. 2.2.
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ICCD
Spectrograph

Nd:YAG Laser

Computer

Variable Attenuator

ArF Laser
Sample

Delay Generator

Fig. 2.2

i)

Experimental schematic of PLEAF

Ablation Laser

The ablation laser was an Nd:YAG laser (Continuum Surelite II – 10) equipped with a
third harmonic generator (THG). The beam quality, M2, was about 1.9. Laser ablation of the
sample typically generated plumes of particulates and vapor. For simplicity, particulates and
vapor will be called “ejected sample” in this chapter.

The nature of the ejected sample

depended on the sampling fluence and the sample matrix.

The maximum laser power at 10

Hz was 100 mW. The pulse width was 9 ns at a Q-switch delay of 185 ms. The laser was
9

focused on the sample surface by a 200 mm f.l. plano-convex lens. The focal plane was  0.5
mm from the sample surface.

ii)

Excitation Laser

The photo-excitation source was an excimer laser (Lumonics Excimer – 748).

It

produced radiation at wavelength between 157 nm to 750 nm by using different combinations
of halogens and noble gas (Argon, Krypton and Xenon) and halogens (Fluorine and Chlorine).
In this study, transition of Argon Fluoride was used to produce radiation at 193 nm. The beam
profile was approximately top-hat. This laser vaporized the particulates and/or photo-excited
the gaseous plumes. The particulate-PLEAF mechanism will be described in the next chapter.
The maximum laser power at 10 Hz was 33 mW. The pulse width was 10 ns under the
synchronized mode.
excimer laser.

The output energy was varied on the remote control panel of the

The laser was focused by a 150 mm f.l. double-convex lens. The focal point

was 40 mm in front of the plume and 2 mm above the sample surface.
lasers and the sample was shown in Fig. 2.3.

The orientation of the

The cross-section of the ArF laser beam at the

intersection region was 6 mm  600 m (w  h).
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Fig. 2.3 Orientation of the lasers and sample – top view.

iii)

Emission Collection Units

The emission signals were acquired by a spectrograph (Acton Spectro Pro – 500)
connected to a gateable intensified charge-coupled device (ICCD, Andor iStar DH734-18F-63).
The spectrograph was equipped with two gratings, 600 l/mm and 2400 l/mm.

The

instrumental spectral resolution was 40 pm and 160 pm for the 2400 l/mm and 600 l/mm grating.
The grating selection and wavelength tuning was controlled on the computer. The grating
angle was highly reproducible, the wavelength uncertainty was less than 40 pm when the 2400
l/mm grating was used. Specifications of the gratings were listed in Table 2.1.
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Table 2.1 Specification for the spectrograph of Acton SpectroPro-500

Grating Spacing

Maximum Detectable

Dispersion @ 435.8 nm

Wavelength Range @

(line/mm)

Wavelength (nm)

(nm/mm)

435.8 nm (nm)

600

2800

3.34

44.46

2400

700

0.84

11.18

The gateable intensifier could time-resolve the analyte emissions on the ns scale. The
ICCD control software allowed the user to set the intensifier gain, the gate width, gate step, the
gate delay, and the number of accumulations, etc. All the settings were adjusted through the
computer.

iv)

Synchronization Units

The above three modules were precisely synchronized by a delay generator (Stanford
Research System DG535) as shown in Fig. 2.2. The resolution of the delay generator was 1 ps.
The actual lasing time of both laser pulses were monitored by a photo diode.

With the

intensifier properly gated, PLEAF emissions signals could be collected and displayed on the
computer monitor.

v)

Miscellaneous

A high energy variable attenuator (Newport M-935-5-OPT) was inserted in the beam path
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of the Nd:YAG laser. This allowed very fine control of the ablation fluence for minimally
destructive conditions.

Since the ablation thresholds of different matrices were different, it

was crucial to control the laser energy in a continuous manner. The attenuation performance
of the variable attenuator is shown in Fig. 2.4.

Fig. 2.4 The attenuation performance of the variable attenuator

The sample was mounted on a stepper motor.

The rotation could be stepped to

commensurate with the laser pulse or not commensurate to produce trenches instead of discrete
craters. One full rotation was two hundred steps. The 201st ablated spot would overlap with
that of the first laser pulse.
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The power of the Nd:YAG laser and the ArF laser were measured on a power meter. The
minimum detectable power was 0.1 mW. When their energies were below the detection limit
of the power meter, a calibrated photo diode was deployed to monitor the energy.
Another photo diode was placed near the sample to detect the reflection and scattering of
both lasers as stated in the section iv) Synchronization Units.

It monitored the exact timing

of the firing of the lasers. These light pulse signals and the ICCD gate monitor signal were
displayed simultaneously on an oscilloscope.

The timing of all events were precisely

monitored and verified.
A microphone was placed near the sampling spot. The acoustic signal created by pulsed
laser ablation was indicative of the extent of sample destruction. The acoustic signal created
by ArF represented the successful interception of the ejected sample. In this study, the
acoustic signal was not calibrated for absolute measurement of the mass ablated. Instead, only
the relative acoustic signal was used for parameter optimization.
The detailed procedure of data acquisition and parameter optimization will be covered in
the next section.

2.3.2 Experimental Procedures
The experimental procedures for doing the elemental analysis by PLEAF and LIBS will
be described below.
14

i)

Emission Creation

For PLEAF, the 355 nm Nd:YAG laser pulse was directed normally onto the surface of the
sample target which was either stationary or rotating on the stepper motor. The ejected sample
was intercepted transversely by the ArF laser pulse after a delay t from the 355 nm pulse.
The beam direction of the ArF laser was critical. If it was too close to the target surface, it
would induce unnecessary fluorescence from the sample surface.

If it was too far away, it

would intercept the ejected material at too late a stage for effective photo-excitation.
For LIBS, sampling was done with the Nd:YAG laser only. In most cases, null signal was
observed under minimally destructive conditions.
We also measured the effect when only the ArF laser was fired without material ejected by
the Nd:YAG pulse. It measured the fluorescence background when ejected analytes were
absent.

ii)

Emission Collection

Emissions were collected along the direction normal to the target surface but tilted 15o up
to avoid the reflected 193 nm light. This minimized ArF induced fluorescence from the optical
elements. The emissions were spectrally resolved by the spectrograph and detected by the
ICCD mounted at the exit plane of the spectrograph. The ICCD was typically gated on tens of
ns after the 193 nm pulse and stayed open for 220 ns.
15

The spectral signal was optimized by varying a few parameters. That procedure will be
discussed next.

iii)

Optimization Procedure

Optimization involved two sets of protocols: they were optical alignments using standard
targets, and parameter optimization using real targets.

Optical alignments using standard targets
An aluminum alloy (Al 6061) was used for the optics alignments because the optimal
experimental setting for this target was well established from previous study. The ICCD was
gated on tens of ns after the 193 nm pulse and stayed open for 220 ns. The emission lines
selected should neither be resonant nor strong lines to prevent self-absorption or ICCD
saturation. In the case of Al 6061, copper could be used.
The goal was to collect the most PLEAF fluorescence signal induced from the ejected
sample while minimizing the optical noise.

The optical noise was defined as the optical

emissions not originating from the analytes.

The best quality signal with maximum

signal-to-noise ratio (SNR) would be acquired eventually. SNR was defined as the average
signal intensity within the FWHM of an analyte emission divided by the standard deviation of
a nearby feature-free spectral region.
The tilted path of the collection optics, from the emission site to the spectrograph, served
16

as the reference path.

The first mission was to align the Nd:YAG laser beam.

The focusing

of the Nd:YAG pulse on the sample was tuned to align the sampled spot to coincide with the
collection optics path.

The Nd:YAG fluence was then increased slightly until a mild

cracking sound or a white spark was observed.

At this point, LIBS emission signals would

be displayed on the computer monitor if the laser spot on the sample was already imaged onto
the entrance slit of the spectrometer.

Repetitive fine tuning of the optics alignment would

finally maximize the LIBS signal.
Once the Nd:YAG alignment was done, its energy was lowered for ArF alignment.

The

ArF laser beam was aligned to intercept the aluminum plume while avoiding 193 nm irradiance
of the sample surface. Again, repetitive fine tuning of the ArF alignment and focusing would
maximize the PLEAF signal.

Parameter Search using Real Targets
After both optical paths were perfectly aligned, the aluminum test target was replaced
with the real sample target. The parameters were optimized in the following sequence. The
Nd:YAG fluence was adjusted first since it determined the nature of the ejected sample.
inter-pulse delay t between the two laser pulses was adjusted next.

The

Finally the ArF fluence

was adjusted.
Depending on the objective of the experiment, different combinations of parameter
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values were used.

The only constraint was minimal sample destruction.

The parameters

were set to maximize the SNR.
We found that the most sensitive parameter was the time delay t between the two laser
Every sample matrix had its unique optimal t.

pulses.

At the same time, when the ablation

fluence was altered, that optimal t would change. The guiding principle was to obtain the
largest possible SNR.
With careful alignment and parameter search, the PLEAF spectra with the largest SNR
could be obtained. For LIBS, the gate-on time of the ICCD was adjusted to maximize the
SNR if there were detectable signal.
PLEAF.

2.4

That gate-on time was usually different from that of

For ArF alone spectra, we used the same gate-on time as that of PLEAF.

Sample Destruction Measurements
Under minimally destructive conditions, the exact etch rate was difficult to be measured.

We found that a practical method to gauge the destruction was to measure the surface
morphology of the sampled spots. Also, multiple ablation of the same spot would make that
characterization easier.

The crater morphology was studied using the following two

methods.
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2.4.1 Microscopy
The sampled sites were observed under an optical microscope (NOVA) with 25x
magnification. For higher resolution, scanning electron microscope (SEM) was used.1

In

most cases, no damage was observable in single-shot PLEAF analysis.

2.4.2 Profilometry
The sampled sites were also characterized by a scanning profilometer (Dektak) which
featured a z-resolution of 0.1 nm. The size of the stylus tip is 12.5 m.

For craters formed

by multiple shots, the crater diameter was about 50 m and so was still within the stylus
scanning limit.

One dimensional (z) crater depth profiles were captured.

The peel rate

(etched depth per pulse) was estimated from the crater profiles.

2.5

Safety Measures
Standard precautions for the operation of class IV lasers were observed.

Special

measures against fluorine hazards were strictly adhered to. For some samples, laser ablation
generated detectable fumes; because of the miniscule amount of mass removed, no special
precaution was taken. However, if samples were to be ablated at high repetition rates for

1

Surface Analysis & Material Characterization Laboratory, Hong Kong Baptist University.
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extended periods, the ablation area should be ventilated.

2.6

Summary
This chapter covered the experimental aspects of sample preparation, PLEAF protocols,

and off-line sample destruction measurements.
good data reproducibility.

We have refined the procedures to guarantee

In the next chapter, we will describe the PLEAF mechanism.

In

particular, we will elucidate the non-selective photo-excitation of different atomic analytes by
ArF laser at a single excitation wavelength of 193 nm.

Important experimental parameters

were summarized in Table 2.2 at the end of this chapter.
Table 2.2 Important parameters of the two lasers
Plano-convex lens (for Nd:YAG)

Focal length 200 mm

Double-convex lens (for ArF)

Focal length 150 mm

Nd:YAG spot diameter (μ)

125 - 530

ArF to plume intersection region

6 mm  0.6 mm (w  h)

Nd:YAG Energy per pulse (mJ)

0.1 - 0.4

ArF Energy per pulse (mJ)

0.1 - 3
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Chapter 3

3.1

PLEAF Mechanism

Overview
We will illustrate the PLEAF mechanism by following the sequence of events as stated

in section 2.3. We will then refer to experimental data from previous study to support our
model.

3.2

In the end, we will formulate a clear picture of the PLEAF mechanism.

Sequence of Events
In a typical PLEAF experiment, there are four key steps: (1) creation of dense plumes

and/or particulates, (2) absorption of UV photon, (3) excitation of plume species and (4)
emission of analytes.

3.2.1 Creation of Ejected Sample
The Nd:YAG laser pulse at 355 nm irradiated the sample surface to cause mostly
photo-chemical bond breaking without plasma breakdown.

Dense plumes and/or

particulates were generated. The particulates were further vaporized by the ArF laser pulse
to form micro-plumes.

When the plumes were just created, the atoms and molecules in the

plumes were close together. Their electron wave functions overlapped.

At such proximity,

the Pauli Exclusion Principle forbids energy levels to be the same. They split to form energy
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bands.

This energy band formation process was illustrated in Fig. 3.1 for the case of

crystalline silicon [26]. Energy levels split when two silicon atoms were brought together.
The energy level scrambling was more significant for the higher energy states. The splitting
of 3p and 3s states started at further separation.

In our case, the plumes contained lots of

different atoms and molecules. The densities of the nascent plumes were high (1021 - 1023
atoms cm-3 [10]). The resultant energy levels, especially the higher lying states, would smear
to form band structure similar to the silicon crystal at R > R0.
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Fig. 3.1

Electron energy levels of silicon atoms plotted versus separation distance. Top left was the result of

two silicon atoms brought into close proximity. Top right was the result of five atoms in a linear matrix. The

bottom one was the result of the energy bands formed in silicon crystals. R0 is 0.235 nm at room temperature.

3.2.2 UV Photon Absorption & Excitation
Each ArF laser photon has 6.4 eV energy.
high-lying energy bands.
absorption.

They could photo-excite the plume to the

These broad energy bands allowed non-selective UV photon

As a result, the atoms and molecules in the plumes were effectively excited at a

single ArF wavelength of 193 nm.
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As stated in Chapter 2, the ArF laser beam direction and interception timing were
critical.

The interception point and time were precisely optimized.

If the plumes dispersed

for too long, say over a micro-second, the energy band structure in the plumes were gone.
The reason is straightforward. The atoms and molecules in the plumes were too far apart
and their wave functions no longer overlapped.

3.2.3 Emission of the analyte
Since the band structure was formed due to the close proximity of the atoms and
molecules, the energy bands shrunk back to discrete energy levels when the plumes dispersed.
After tens of ns, the excited energy bands became discrete energy levels.
spectral lines were sharp.

Thus, the emission

From all these fingerprint emissions, the elemental and molecular

composition of the sample matrix could be determined for qualitative analysis.
imagine, the excited plume was not in equilibrium.
populated dynamically.

As one can

The various energy states were

As a result, unlike LIBS [27], calibration-free PLEAF may not be

possible. Quantitative analysis will require calibration standards.
Experimental data from previous studies corroborated the model described above.
These data will be shown in the next section.
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3.3

Experimental Evidence of PLEAF
The most sensitive parameter affecting the performance of PLEAF is the time delay t

between the two laser pulses.

The significance of that parameter was explained in the last

section. Experimental results of the PLEAF analysis of aluminum alloys, bulk lead and
aqueous lead colloids will be presented [28]. They supported the band structure postulate.
The PLEAF analysis of gaseous plumes will be explained first.

That of particulates will be

treated next.

3.3.1 PLEAF of Gaseous Plumes
Aluminum alloys were PLEAF analyzed. The plume formed by Nd:YAG laser ablation
was mainly gaseous, with species propagating at supersonic speed.

This was suggested by

the results shown in Fig. 3.2. There, emission intensities from two analytes, copper and
magnesium, were plotted against t.

At the beginning (t = 0 ns), the ArF beam did not

intercept the plume because the ArF beam was 2 mm above the sample surface.

It took

about 45 ns for the plume to reach the interception point and PLEAF signal was therefore
strongest at that t.

Accordingly, the ejection velocity of the plume could be estimated to be

over thousands of km/s.

If macroscopic particulates were generated, they would propagate

at sub-sonic speed.
In Fig. 3.2, for t longer than 400 ns, the signal was less than 20% of the peak and
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tapered with increasing t.

The interpretation of this decay is as follows. The energy

levels of the plume species were smeared most extensively at zero t when the plume was
densest. When the plume reached the ArF beam after 45 ns, it was still dense enough to
allow non-selective absorption of the 193 nm photons to produce strong PLEAF signals.

At

still later time, such as t of 200 ns, given the ejection velocity of the plume was ~km s-1 and
the ArF laser beam cross-section was 6 mm  600 m, the plume was still well within the ArF
beam but the plume had dispersed considerably.

Energy bands now tapered to discrete levels

and absorption of 193 nm photon would be unlikely. PLEAF signal therefore dropped
significantly.
Another evidence of broad energy bands was the much broadened emission lines
observed at short t.

Given the low continuum background, it could not be Stark broadening.

Fig. 3.3 showed Pb emissions when a sample of bulk lead was PLEAF analyzed with the ArF
laser alone. The same ArF pulse ablated the lead sample and induced fluorescence off the
vapor plume.

In other words, t was zero in this case. Plume emissions were captured by

the ICCD at different time delays. The gate width was fixed at 2.5 ns.
the lead 357.3 nm emission line at early times was very apparent.
to return to its narrow shape.
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The broadening of

It took a while for the line

1.2
Cu 327.4 nm

normalized signal .

Mg 285.2 nm

0.8

0.4

0.0
0

200

400

600

800

1000

t (ns)
Fig. 3.2

Normalized emission intensity of the Cu 327.4 and Mg 285.2 nm lines produced in the PLEAF

sampling of aluminum 6061 alloy, as functions of the time delay t between the Nd:YAG laser pulse and the ArF

laser pulse.

cm-2.

The Nd:YAG laser fluence was 160 mJ cm-2 at 1064 nm while the ArF laser fluence was 40 mJ

Experimental data obtained in previous studies [28].

Fig. 3.1 and Fig. 3.2 are consistent with the energy band hypothesis.

Light at a

single ArF wavelength could photo-excite to smeared bands non-selectively. Smearing was
maximum at t = 0 so the optimal t for PLEAF analysis was the shortest practical, and
typically no longer than tens of ns. As expected, emissions from smeared bands were
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significantly broadened.

3.3.2 PLEAF of Particulates
In the previous section, we described the case of Nd:YAG 1064 nm laser ablation of
aluminum target to produce a gaseous plume that was intercepted by the ArF laser pulse.
There were cases when Nd:YAG laser ablation would produce particulates instead. For
example, the ablation of written ink would produce mainly particulates.
events were different from the gas plume case in the following ways.

In such a case,

First, particulates were

ejected at sub-sonic speeds, much slower than gaseous species. They would reach the ArF
interception point after longer delays, typically s or longer. Second, the ArF laser pulse
now served two functions, vaporized particulates to form gas plumes and induced
fluorescence off plume species.
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Fig. 3.3 Time-resolved PLEAF spectra of the 357.3 nm emissions of bulk lead.

intensity in ICCD counts.

The vertical bar indicates the

Weaker traces were magnified for clarity with the scale factor shown.

defined by the peak of the ArF pulse.

Time zero

Experimental data obtained in previous studies [28].

For example, in a previous PLEAF analysis of lead colloids suspended in water, the
Nd:YAG pulse vaporized the water but ejected the colloids as particulates.
s for the colloid particles to reach the ArF beam.
vaporized by a relatively weak ArF laser pulse.

It took about 2.5

Given their small size, they were readily
Plasma breakdown was therefore avoided.

Plume species were induced to fluoresce by the same ArF pulse, so t was zero. These
small plumes dispersed much faster than plumes generated from bulk solid samples.
Smearing of energy levels disappeared almost instantly, so emission lines were not visibly
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broadened.

This is evident from Fig. 3.4.

The spectral line width at 8 ns was as narrow as

those acquired at 17 ns and 25 ns.
Quite evidently, particulates were more favorable for PLEAF analysis.

The longer

delay between the ablation Nd:YAG pulse and the excitation ArF pulse ensured complete
decay of any plasma continuum emissions generated by the ablation pulse.

The vaporization

and excitation by the same ArF pulse meant t = 0, i.e. the excitation of the densest possible
plume so non-selective absorption of 193 nm light was guaranteed. The plumes created
from small particulates dispersed fast enough to bring about instant shrinking of energy bands
to discrete levels.

Emission lines were therefore sharp instead of broadened for

spectrochemical fingerprinting.
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Fig. 3.4

Similar to Fig. 3.3 except aqueous lead colloids were PLEAF analyzed.

Experimental data

obtained in previous studies [28].

3.4

Summary
In a typical PLEAF experiment, the events could be modeled as a sequence of four steps,

plume formation, UV light absorption, excitation of plume species and analyte emissions.
Observations based on previous experiments were consistent with the model.
gaseous plume was generated by the Nd:YAG ablation laser pulse.

In hundreds of ns, the

smeared energy bands of the plume species shrunk back to discrete energy levels.
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A

The ArF

laser pulse had to intercept the plume before that time in order to photo-excite the plume
species.

Analyte emissions were broadened in the early times when energy levels were still

smeared.
There were cases when small particulates were generated by the Nd:YAG laser pulse.
They were ejected at speeds slower than gaseous species and so would not be intercepted by
the ArF laser pulse until s or longer afterwards.

They were then vaporized by the ArF laser

pulse. The vaporized species were induced to fluoresce by the same ArF pulse. Analyte
line emissions were found to be sharper and brighter than the gaseous plume case.
In the following chapters, we will report the findings of our PLEAF analysis of a variety
of samples, including ceramics, polymers, colorants, and their composites. Our objective is to
establish the universality of PLEAF and to elucidate the physical mechanism for cases of
gaseous as well as particulate plumes.
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Chapter 4

4.1

Analysis of Ceramics

Overview
Ceramics were chosen because they are notoriously difficult to analyze elementally given

their chemical stability and refractory nature [29]. Laser ablative sampling therefore holds
unique promise. Two ceramic samples were analyzed, Macor and yi xing clay. Macor was
selected as a test sample because it is readily available and machinable. Tea wares allegedly
made from the famed yi xing purple clay sand [30] was selected because genuine yi xing tea
wares are highly valuable. For instance, in 2010, a pot was auctioned for 12.32 million yuan
(US$1.8 million) [31] which was five times higher than its valuation [32, 33].
therefore abundant and authentication is very necessary.

Imitations are

One effective way to aid

authentication is the chemical analysis of the tea wares. With its capability of multi-element
analysis at minimal destruction, PLEAF is therefore a promising method.
Our group had previously analyzed metals using PLEAF.

Whether PLEAF was

applicable to ceramics was uncertain because the structure of ceramics is different from that of
metals. Ceramics are inorganic crystalline materials usually manufactured by sintering while
metals are close-pack metallically bonded structures formed from melts. We wanted to
explore the applicability of PLEAF on ceramics.
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Macor samples were machined into cylindrical pellets 13 mm in diameter and 10 mm in
height. For PLEAF sampling, they were mounted on a stepper motor that rotated axially.
Fragments of the tea wares were adhered to a sample holder that was attached to the stepper
motor.

4.2

Analysis of Macor
Rotating Macor pellets were analyzed by PLEAF, LIBS and ArF alone. Macor was

produced by Corning Incorporated [31]. The composition of Macor is 46% SiO2, 17% MgO,
16% Al2O3, 10% K2O, 7% B2O3 and 4% F. The spectral results were shown in Fig. 4.1. The
origins of the strong lines were identified. Additional experimental details were given in the
figure caption. The blue traces were PLEAF spectra; the grey and red traces were respectively
spectra produced by 193 nm laser pulse alone (ArF alone) and the 355 nm laser pulse alone
(LIBS). All spectra were 200-event averaged. Some traces were magnified for clarity and
the corresponding scale factors were indicated. The strongly self-absorbed Mg I 285.2 nm line,
the Si I 288.2 nm line, the Al I 394.4 and 396.2 nm doublet, as well as the K I 766.5 and 769.9
nm doublet were all clearly visible, both in the PLEAF and LIBS traces. Interestingly, the
oxygen atomic emission at 777.2 nm was not seen although it was typically observed in high
laser fluence LIBS spectra. It was because the transition was from a 10.7 eV state to a 9.1 eV
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state. The upper level could not be reached by the absorption of a single photon at 193 nm (6.4
eV). The PLEAF spectra were one to two orders of magnitude brighter than the LIBS spectra.
The spectra produced by the ArF laser alone were just background noise, indicative of
negligible ablation or induced fluorescence by the 193 nm laser pulse.
We did not systematically optimize the experimental conditions to maximize the PLEAF
signal because the Macor analysis was more to demonstrate PLEAF applicability than for real

intensity (103 CCD cts) .

practical use. In the next section, the analysis of a more realistic sample will be discussed.
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Fig. 4.1

PLEAF with 355-nm pulse at about 1.7 J cm-2 over a 125 m dia. spot; followed about 20 ns later by an

ArF pulse of about 620 mJ cm-2. ICCD was gated on about 15 ns from the ArF pulse. It was gated on 25 ns after

the laser pulse for both red and grey traces. All spectra were 200-event averaged.
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4.3

Analysis of Chinese Yi Xing Clay
Two yi xing samples that looked practically identical were analyzed. Their PLEAF

spectra (280 nm – 800 nm, see Fig. 4. 2 for one sample) were compared.
tale-telling spectral region is shown in Fig. 4.3.

The most

The top blue and green traces were

single-shot PLEAF spectra of sample #1 and #2 respectively. The bottom red and grey traces
were single-shot spectra produced by LIBS and ArF alone of sample #1, respectively. All
three traces were offset vertically for clarity. The leading 30 pixels of each trace were set to
zero to indicate the baseline. The vertical scale bar denotes 10,000 CCD counts. Additional
experimental conditions are given in the caption.
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Fig. 4. 2

PLEAF spectra of Sample #1. The analysis was done with the 355-nm pulse at 910 mJ cm-2 over a spot

diameter of 225 m; intercepted 100 ns later by an ArF pulse at 170 mJ cm-2, and detected a further 50 ns later on

the ICCD.
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Fig. 4.3 Laser sampling of two specimens of yi xing tea wares. Experimental conditions were identical to that

of Fig. 4. 2

For the red and grey traces, the ICCD was gated differently to optimize the respective signal. The

insets were optical micrographs. Left panel was a non-irradiated area; the scale bar was 400 m. Mid panel was

a PLEAF sampled area. Right panel was a LIBS sampled area at elevated fluence to produce signals comparable

to PLEAF.

PLEAF enhancement over LIBS is very apparent. The three iron (Fe I) emission lines at
404.6, 406.4 and 407.2 nm are very strong. The distinguishing features of sample #1 and #2
are the manganese (Mn I) emission lines at 403.1, 403.3 and 403.4 nm. They could be seen for
sample #1 but barely visible for sample #2. They were the only difference between the two yi
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xing samples. However, we did not have the spectral database of certified yi xing clay pottery.
Once available, our spectra could be compared to aid authentication. Nonetheless, whether the
two specimens are real or fake, it was comforting that no lead emissions (Pb I, resonance line)
were detected at 405.8 nm.
The extent of sample destruction is shown in the inset of Fig. 4.3. The left panel is a
micrograph of a non-irradiated surface. The right panel is a LIBS-analyzed surface at an
elevated fluence of 2.5 J cm-2 in order to give SNR comparable to PLEAF. A vertical scorched
band could be seen which was produced by repetitive laser firing while the sample was
translated to avoid ablating the same spot twice. The mid panel is a PLEAF-analyzed surface,
again with the specimen translated while sampling. The photoacoustic signal of PELAF was
only one-seventeenth of that of LIBS, which is indicative of the minimal mass removal.
Evidently, no surface damage was visible. This was certainly desirable when valuable samples
were to be analyzed.

4.4

Results & Discussion
The PLEAF mechanism and the enhancement of PLEAF over LIBS will be discussed in

this section.
The experimental conditions of the analysis of the various samples are listed in Table 4.1.
These experimental conditions were optimized following the steps mentioned in Chapter 2.
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Table 4.1 Experimental Conditions for Ceramics Analysis

Sample

Optimized t (ns)

Macor

20

1.7

0.62

Yi Xing Clay

100

0.91

0.17

Nd:YAG Fluence (Jcm-2) ArF Fluence (Jcm-2)

Our group previously analyzed metals by PLEAF. The experimental conditions for metal
analysis are listed in Table 4.2. As can be seen, the inter-pulse delays for ceramics were
comparable to those for metal alloys.
Table 4.2 Summarized Experimental Conditions of Metal Alloys [11, 12]

Sample

Inter-pulse Delay (ns) Nd:YAG Fluence (Jcm-2) ArF Fluence (Jcm-2)

Stainless Steel

30

6 (1064nm)

0.06

Aluminum Alloy

100

0.46 (1064nm)

0.05

The relatively short t (100 ns or less) suggested that gaseous plumes were formed in
both metals and ceramics. Particulates were apparently not abundant.

The shorter t for

Macor relative to yi xing clay was probably because of its higher reflectance at 355 nm and
therefore a higher ablation fluence was required. As a result, a stronger laser pulse interacted
with the plume and heated it up to a higher temperature which in turn gave rise to its faster
dispersion. The higher porosity of yi xing clay and the larger size of the clay particles relative
to that of Macor would also explain its lesser refractory property [35, 36, 37]. All these could
affect the properties of the ablated plume.
We also computed the PLEAF enhancement of analyte SNR over LIBS. In the case of
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Macor, the silicon signal at 288.2 nm was enhanced 23 times while the SNR was improved 9.6
times. The enhancement was probably still more for analytes present in trace amounts. We

intensity

did not explore them fully because there was no practical relevance.

PLEAF 2

401

Fig. 4.4

403

405
407
wavelength (nm)

409

411

PLEAF spectrum of sample #2 shown in Fig. 4.3. The green arrows indicated iron transitions from

4.7 eV to 1.5 eV. The red arrows indicated iron transitions from 6.3 eV to 2.6 eV.

In the yi xing analysis, two sets of iron peaks were selected, as shown in Fig. 4.4. The
signal intensities and SNRs of the highlighted lines were calculated. The enhancement of
PLEAF over LIBS was less for the group labeled with green arrows. On average, SNR
improved 20 times for this group. The averaged SNR for the group labeled with red arrows
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was 33 while LIBS detected noise only. It was because the thermal excitation of LIBS was less
effective in exciting high lying (6.3 eV) states than photoexcitation by 193 nm photons in
PLEAF. The upper state energy of the ‘red’ transitions was 6.3 eV while that of the ‘green’
transitions was 4.7 eV. The SNR and enhancement factors are summarized in Table 4.3.
Table 4.3 The summarized performance of PLEAF and LIBS in ceramics matrix

Sample

Method

Analyte

SNR

PLEAF
Macor

Enhancement

100
Si 288.2 nm

9.6

LIBS

10.4

PLEAF

150
Fe (green label)

20

LIBS

7.5

Yi xing
PLEAF

33
Fe (red label)

LIBS



<3

To conclude, PLEAF was applicable to ceramic matrices. The chemical constituents of
Macor and yi xing clay were successfully determined by PLEAF. Two yi xing clay samples
could be distinguished based on single-shot PLEAF spectra. Particulates were not abundantly
generated in the ablation of both ceramics. Optimal t was still within 100 ns. In this sense,
the mechanism was similar to the ablation of metal alloys. Gaseous rather than particulate
plumes were PLEAF sampled.
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4.5

Summary
Macor pellets were sampled by PLEAF, LIBS and ArF alone. The PLEAF enhancement

over LIBS was demonstrated. It showed the applicability of PLEAF to ceramics. Because
Macor was more a test case than a real-world application, sample destruction was not
characterized and systematic optimization was not pursued.
Yi xing clays were sampled. Two look-alike clay samples were differentiated based on
single-shot PLEAF spectra.

No visible damage was observable even under the optical

microscope. LIBS signal was much weaker, and the ablation fluence had to be increased in
order to generate comparable SNR. At that fluence, sample scorching became very noticeable
and the photoacoustic signal was seventeen times that of PLEAF.

The non-destructive

elemental analysis of ceramics should find application in the authentication of high value yi
xing tea wares.
In the next chapter, the analysis of polymeric samples will be presented.
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Chapter 5

5.1

Analysis of Polymer

Overview
Polymers were chosen because of their immense industrial and environmental presence

and laser sampling is becoming the method of choice in much of their analysis [38]. One
specific application is in the recycling of plastic scraps when different polymers with different
additives have to be sorted [39, 40]. Another important application is in the conservation of
mural paintings. These art works composed mostly of organic and mineral pigments as well as
organic binders. Chemical analysis of the painted surfaces will aid the restoration process [40,
41].
We analyzed three sample types, (1) polyvinyl chloride (PVC) because it is one of the
more common polymer families and it is readily available, (2) polyethylene terephthalate
(PET) because it is another commonly found thermo-plastic, we used PET films as substrates
for deposition of lead compounds, and (3) red paints of polymeric resin base.
In the last chapter, PLEAF was shown to be applicable to ceramics. Whether PLEAF was
applicable to polymers was the question we asked here. The structure of polymers is different
from that of metals and ceramics. They comprised mostly of lighter elements like hydrogen,
carbon and oxygen. The monomers and functional groups and their polymerization determine
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the structures and the properties. Nowadays, polymers ranging from totally amorphous to
highly crystalline can be synthesized.

The amorphous type consists of loosely packed

covalent structure. Significant fragmentation is therefore expected upon laser ablation.
To prepare the samples for PLEAF analysis, stock PVC rods were machined into
cylindrical pellets 8 mm in diameter and 10 mm in height. They were mounted on a stepper
motor that rotated axially. Lead solution and red paint were respectively applied on PET films.
The films were adhered to a sample holder that was attached to the stepper motor.

5.2

Analysis of PVC
PVC pellets made from two material stocks were used. Both stocks were grayish plastics

that appeared identical. Single-shot spectra are shown in Fig. 5.1. Experimental conditions
are given in the figure caption. PLEAF advantage over LIBS was apparent. The two PVC
samples could be easily differentiated on the basis of the presence or absence of the copper
doublet at 324.8 and 327.4 nm, as well as the intensity of the aluminum doublet at 308.2 and
309.3 nm. Copper emissions were very weak in type #2.
The experimental conditions were optimized using the steps given in Chapter 2. The
type #1 spectra used the full dynamic range (65,535 counts) without saturating the CCD.
When either laser was blocked, the signal was down to background.
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Fig. 5.1

Analysis of test pellets made from two types of PVC. The top blue and green traces were PLEAF

spectra of type #1 and #2, respectively. The bottom red and gray traces were captured with either 355 or 193 -nm

pulse alone, on type #1 PVC. All spectra were single-shot events. The vertical scale bar was 10,000 CCD counts.
PLEAF analysis was performed with the 355-nm pulse set to 270 mJ cm-2 over a spot diameter of 225 m. Plume
was intercepted 475 ns later by an ArF pulse at 316 mJ cm-2. A further 25 ns later, the ICCD was gated on for 220

ns. For the red and gray traces, the ICCD was gated on 20 and 25 ns after the laser pulse for 220 ns, respectively.

The optimal t was 475 ns which was longer than that of PLEAF analysis of metal alloys.
For example, in the analysis of aluminum alloys, at t of 475 ns, no enhancement was seen
(Fig. 3.2). This longer t for PVC suggested that the 355 nm pulses probably generated
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particulates. The loosely packed PVC structure allowed effective laser ablation to produce
particulates without plasma breakdown.

The slowly moving particulates were readily

vaporized and excited by the ArF laser pulses. PLEAF signal was still visible at t of 2.97 s.
This indicated that particulates were transported slowly from the irradiated spot. Unpleasant
smell was noticed during PVC ablation, probably because of chlorine. Visible fume was seen,
which again suggested the production of particulates.

5.3

Analysis of Lead Compound Deposited on PET substrate
The lead concentration in drinking water is always a health concern. In Hong Kong, the

allowed level of lead in drinking water is presently set at 10 ng g-1 by weight [42]. Previously,
our group analyzed aqueous lead colloids in a flowing water jet [12]. In the current study, lead
nitrate dissolved in water was analyzed. The lead ion solution was applied on a PET film and
allowed to dry. The effective density of residual lead was about 6.1  1013 atoms cm-2.
PLEAF analysis of a 285 m diameter spot yielded strong Pb I 405.8 nm line emission. It is
shown in Fig. 5.2. Experimental details are given in the caption. The SNR was 34 when 200
events were averaged. By LIBS, no lead signal was seen no matter how destructive.
We borrowed the pre-concentration idea from another group.

They electrolytically

deposited the heavy metal on a high purity aluminum substrate [43]. They did LIBS analysis
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of the coated film and demonstrated pg g-1 detection limits.

In our experiment, we

pre-concentrated lead nitrate by simply applying the solution on the PET film and allowing it to
dry.
We prepared three such samples, (1) 20 layers of 40 ng g-1 lead ion solution, (2) 20 layers
of 20 ng g-1 lead ion solution, and (3) 20 layers of blank water solution, all on a PET film. Each
layer consisted of 100 L of solution on a 1.5 cm  1.5 cm area; it was then let dried before the
next layer was applied. Based on the PLEAF signal of the three samples, a crude calibration
curve was constructed. A relative LOD for lead was estimated to be 1.0 ng g-1 at SNR of 3.
This sensitivity is already good enough for checking the safety of drinking water against lead
contamination.
In the PLEAF analysis of lead on PET, the optimal t was 9 s. The polymeric film was
fairly hydrophilic and allowed wetting of the lead ion solution. Upon evaporation, the lead
atoms probably nucleated and attached to the substrate via van der waal interactions. Upon
mild ablation by the Nd:YAG laser pulse, they were ejected as particulates. Visible fume was
produced. Unpleasant smell was also detected.
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Fig. 5.2

PLEAF analysis of lead nitrate solution applied on PET film and let dried. The spectrum displayed

was the average of 200 events. Experimental conditions: 355-nm pulse at 1.9 J cm-2 over a 285-m dia. spot,
followed 9 s later by the 193-nm pulse at 470 mJ cm-2. ICCD was gated on 25 ns after the ArF pulse.

The

unlabeled signals were the fingerprint emission of PET.

5.4

Analysis of Red Paint on PET substrate
Commercial red paint (Rose Madder Tint, No. 44, Reeves and Sons Ltd., UK) was applied

on a PET substrate. It dried to form a 13 m thick film. The paint coating was PLEAF
analyzed. The resultant spectra are shown in Fig. 5.3.
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Fig. 5.3

Analysis of red paint coated on PET. Blue trace was PLEAF, red was with 355 nm pulse alone, and

grey was with 193 nm pulse alone. The last trace was magnified 30 for clarity. Experimental conditions:
PLEAF with 355 nm pulse at 2.0 J cm-2 over a 285 m diameter spot, followed 1.06 s later by ArF pulse at 236 mJ
cm-2, and ICCD gated on 35 ns later for 220 ns. Red and grey traces had ICCD gated on 25 and 35 ns from laser

pulse, respectively.

Each spectrum was the average of 300 shots. The Pb I 405.8 nm emissions were clearly
seen in the PLEAF (blue trace) spectrum but it was not detected by LIBS (red trace) nor ArF
alone (gray trace). Even with the 355 nm fluence ramped to the instrumentation limit of about
4 J cm-2, lead emissions were still not visible by LIBS. The lead content of the specimen was
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independently measured by ICP-MS to be 6.1 g g-1. The SNR of the 405.8 nm line in Fig. 5.3
(blue trace) was about 19. This suggests that the PLEAF detection limit for lead-in-paint was
about 1 g g-1, which was well below the 90 g g-1 currently allowed in the US [44].
In this analysis, the optimal t was 1.06 s. This once again indicates that particulates
were produced by the 355 nm pulse ablation. Unpleasant smell was also noticed during
ablation.

5.5

Results & Discussion
Three types of polymers were analyzed. The experimental conditions were tabulated in

Table 5.1.
Table 5.1 Experimental Conditions of Polymers

Sample

Inter-pulse Delay (ns)

Nd:YAG Fluence (Jcm-2)

ArF Fluence (Jcm-2)

PVC

475

0.27

0.316

Pb on PET

9000

1.9

0.470

Red Paint

1060

2.0

0.236

As stated in Section 5.1, the loosely packed structure of polymers probably gave rise to
fragments and particulates upon laser ablation. PLEAF emissions were optimized at long t,
and white fumes were visible when the laser was fired continuously. All these indicated
particulate generation during the sampling process.
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It is important to note that in all the cases reported above, there was no detectable LIBS
signal of the analytes at the fluences listed in Table 5.1. We believe the absence of LIBS signal
was because of two reasons. (1) There was inadequate thermal excitation at those fluences,
and/or (2) the analyte concentration was simply below the LIBS detection limits. The first
reason was probably applicable to the PVC samples, while the second reason was applicable to
the other two samples. For those two cases, analyte emissions were still not visible at higher
ablation fluences.

The SNR for the various analytes based on their PLEAF spectra are listed

in Table 5.2.
Table 5.2 The analytical performance of PLEAF and LIBS in polymer analysis

Sample

Method
PLEAF

PVC #1

LIBS

(Fig. 5.1)

PLEAF
LIBS
PLEAF

PVC #2

LIBS

(Fig. 5.1)

PLEAF
LIBS

Pb on PET

PLEAF

(Fig. 5.2)

LIBS

Red paint

PLEAF

(Fig. 5.4)

LIBS

Analyte

SNR
102

Al 309.3 nm

<3
62

Cu 324.7 nm

<3
37

Al 309.3 nm

<3
7

Cu 324.7 nm

<3
34

Pb 405.8 nm

<3
19

Pb 405.8 nm

<3

Enhancement
N/A
N/A
N/A
N/A
N/A
N/A

As stated in Chapter 3, particulates were especially suited for PLEAF analysis. That
explains the favourable analytical performance of PLEAF in the analysis of polymeric samples.
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By means of PLEAF, the three sample types were successfully analyzed, thus (1) look-alike
PVCs could be sorted based on single-shot sampling; (2) lead ions in water at 1.0 ng g-1 could
be detected which was adequate for local regulatory requirements; and (3) lead in paint at 1 g
g-1 could be detected which was well below the 90 g g-1 allowed in the US. For the cases of
lead in water and in paint, lead was not detected by LIBS no matter how high a fluence was used.
Using LIBS, others had reported LODs of 16 g g-1 for lead in technical polymers [45] and
8000 g g-1 for lead in paint [46].
In conclusion, polymeric samples were well suited for PLEAF analysis because
particulates were produced by laser ablation.

Very low ablation fluences were needed.

At

that kind of fluence, LIBS produced no observable analyte signals.

5.6

Summary
The applicability of PLEAF to polymer samples was established through the analysis of

three target samples.

PVC was selected as the first test sample.

Look-alike stocks were

unambiguously sorted based on single-shot spectra. Trace lead on PET films and in red
paint was chosen as the next two cases to illustrate real world applicability.
successfully analyzed at sensitivity adequate for their safety compliances.

They were

In the pulsed

laser sampling of all these samples, particulates were shown to be generated. That partly
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explained the good analytical performance of PLEAF.

At the same sampling fluence, LIBS

was unable to detect the analytes at all.
In the following chapter, another real world problem will be addressed, that of the
chemical depth profiling of plastic electronics. Specifically, thin films of indium-tin-oxide on
plastic substrates were analyzed.
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Chapter 6

6.1

Analysis of ITO on flexible substrates

Overview
Nowadays, the need for transparent and flexible electrodes continues to grow.

Liquid-crystal displays in TVs and computer screens were the early applications. Organic
light-emitting diodes of touch screens in smartphones and tablets are the more recent
applications. They all comprise transparent and flexible films that conduct to activate the
underlying electroluminescent layer.

These devices typically consist of multi layers of

functional materials that emit visible light when voltage or current is applied. They are films
of organic chemicals on flexible sheets that can be printed roll-to-roll at low cost and high
throughput [47]. They promise to be the silicon alternative for display, sensor, memory and
power applications [48, 49, 50].
A major problem with these devices is operating lifetime. Two degradation mechanisms
were identified: (1) leakage of oxygen and moisture into the device and (2) the diffusion of
electrode materials towards the counter electrodes [51]. The first problem is an encapsulation
issue and there are a lot of different engineering solutions [52, 53, 54]. The first nano scale
multi-layer device was fabricated over 25 years [55] so device engineers are relatively
experienced in solving the encapsulation problem.
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The second problem is an

electrode-organic interface issue where understanding is still evolving [56, 57].
Chemical depth profiling of multi-layer organic electronics would aid the diagnosis of the
failure mechanism caused by the second problem. For example, the diffusion of electrode
materials such as indium towards the counter electrode should be measured [51]. To do that
kind of measurement, dynamic secondary ion mass spectrometry (SIMS) was conventionally
used [58]. However, devices fabricated on large format flexible films are difficult to be
analyzed by SIMS. The ultra high vacuum requirements are not compatible with large films.
Also the charge build-up on the plastics seriously complicated the interpretation of SIMS data
[51]. For these reasons, the all-optical PLEAF would be a suitable method to perform
chemical depth profiling under ambient conditions.
As a test case, we analyzed indium-tin-oxide (ITO) films on plastic substrates. ITO is one
of the most utilized thin films [51]. At tens of nm thickness, they are highly conducting (~ 1%
of copper) and transparent [59]. ITO is easily oxygen deficient and positively charged indium
ions will tend to migrate elsewhere [60]. We depth profiled ITO films on polyethylene
napthalate (PEN) substrates.

6.2

Analysis of ITO-PEN
Typically, the thicknesses of the multi-layer structure of the organic devices are tens to
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hundreds of nano meter. In order to study the depth profile of these devices at high resolution,
the ablation rate per pulse should be minimal and the sensitivity should be high. For the
particular case of electrode-organic interface problem, the depth profile would help to
determine whether the electrode materials diffused towards the counter electrode.
ITO-PEN films were used. The films were commercially available, and were acquired
from Vitex Systems, San Jose, California, USA. The thickness of the ITO layer was 120 nm
while the PEN substrate was 120 μm thick. Each laser pulse profiled a certain depth at the
sample spot. Continuous sampling at the same spot gave the depth profile.
Before an actual depth profile was measured, the sensitivity of PLEAF analysis of
ITO-PEN was characterized. The results of the average of 200 shots, all on fresh ITO surfaces,
were shown in Fig. 6.1. Indium In I lines at 271.4, 275.4, 293.3 and 295.7 nm and tin Sn I lines
at 284.0, 286.3 and 300.9 nm were clearly seen in the PLEAF spectrum (blue trace). This
spectrum corresponded to the top layer sampled by PLEAF. The resonant In line at 410.2 nm
was shown in the inset when the second layer was sampled. Top layer refers to the first
sampled spot and the second layer refers to the second shot at the same spot. This resonant line
was saturated and self-absorbed when the top layer was sampled by PLEAF.
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Fig. 6.1

PLEAF sampling of the top layer of ITO-PEN. Blue, red, and grey traces are PLEAF, LIBS and ArF

alone, respectively. All spectra are 200-event averages. Indium and tin lines were labeled. Vertical scale bar was

5000 CCD counts. Inset was the spectra of the second layer, with vertical axis in thousands of CCD counts.
Experimental conditions: 355 nm pulse at 320 mJ cm-2 over 110 mm diameter spot. 193 nm pulse at 170 mJ cm-2

fired 425 ns after 355 nm pulse. ICCD gated on 25 ns from ArF pulse. ICCD was gated on 50 and 25 ns after the

laser pulse for the red and gray traces, respectively.

The detection sensitivity was further improved when the 355 nm ablation spot diameter
was increased from 110 to 530 m. With the larger spot size, the sampling fluence can be
reduced from 320 to 170 mJ cm-2.

The particulates generated by the Nd:YAG pulses
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presumably were ejected at a slower speed. The optimal inter-pulse delay increased from 475
ns to 2.7 s.

We also increased the ArF fluence from 170 to 375 mJ cm-2 for better

vaporization and photo-excitation. The intensity of the 293.3 nm In I line increased by 4.9
after all these changes.
The detection limit for indium in terms of number of atoms per cm3 could be estimated.
Using the second layer signal, it was found that the 410.2 nm line was 92 brighter than the
293.3 nm line. The intensity of the 293.3 nm line obtained from the top layer could therefore
be used to estimate the intensity of the 410.2 nm line if there were neither self-absorption nor
saturation. It was 7.8  106 CCD counts. The background noise (standard deviation of the
background) of a 200 shots averaged blank trace was 36 CCD counts obtained by sampling the
PEN side. The SNR was therefore 2.27  105. The estimated number of indium atoms per
cm3 in the top layer was about 2.9  1022 cm-3. The limit of detection for indium was thus 3.8
 1017 cm-3 at SNR of 3. This was comparable to that of dynamic SIMS [58].
We had shown that indium in ITO-PEN could be detected at high sensitivity by PLEAF.
We then wanted to depth profile indium. Fig. 6.2 shows the 410.2 nm line intensity as a
function of penetration. As can be seen, indium was still detected even at 11.4 m into PEN.
We believed the lingering analyte signal was an artefact. The signals came from the indium at
the crater rim and from the indium in the re-deposited debris.
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We therefore took two precautionary measures. First, the crater rim effect was minimized
by producing a flat-bottom crater of 140 m diameter (Fig. 6.3) with the Nd:YAG pulse. The
entire ITO layer was removed from that spot. The exposed PEN surface was then ablated by a
Nd:YAG beam focused to 90 m diameter (Fig. 6.4). Second, the re-deposited debris was
cleaned by non-ablative ArF laser pulses. With these precautions taken, the resultant 410.2 nm
signal was measured.

Fig. 6.2

Variation of In (open circles) and C2 (cross) signal with penetration. The apparent deep penetration of

indium was due to indium at the crater rim and in the re-deposited debris. Inset (a) showed In 410.2 nm line at 11.4
m penetration and (b) showed C2 563.6 nm band at 2.5  penetration.
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Fig. 6.3

ITO-PEN crater profile after one ablation shots. The horizontal scale bar was 50 m. The vertical

scale bar was 100 nm.

Fig. 6.4

ITO-PEN crater profile after two ablation shots. The first shot created a crater of 140 m diameter

and 120 nm deep. The second shot created a crater of 90 m diameter. The horizontal scale bar was 50 m.

The vertical scale bar was 200 nm.

The indium signal was plotted against penetration in Fig. 6.5. Each data point was
generated by the average of 1000 spots.

Penetration depths were determined from

profilometer scans of craters ablated with known number of shots. The first data point of the
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indium signal was totally off scale so it was not shown in the plot. The vertical axis at the right
was indium concentration estimated from the 410.2 nm line intensity and the corresponding
ablated mass. As can be seen from Fig. 6.5, a small amount of indium seemed to have
penetrated into the PEN substrate. The penetration was shallow, the 410.2 nm signal was
almost zero at 1.1 m.
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Fig. 6.5

Indium z-profile of ITO-PEN according to PLEAF spectra. Each data point was based on 1,000-shot

averaged intensity of the In I 410.2 nm resonance line. The standard deviation gave the error bar. [In] was also

plotted on the right-hand axis. Inset was the 200-shot averaged In I 410.2 nm spectra at various penetrations.

Leading and trailing pixels were zeroed to indicate baseline. Experimental conditions: The top ITO layer was
removed by 355 nm pulse at 455 mJ cm-2. Subsequent layer of the PEN substrate was profiled by 355 nm pulse at
260 mJ cm-2. The 193 nm pulse at 56 mJ cm-2 was fired 370 ns after the 355 nm pulse. The ICCD was gated on

30 ns from the ArF pulse for 220 ns.

6.3

Results & Discussion
The depth profiling capability of PLEAF for plastic electronics diagnostics will be
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discussed. The mechanism of gaseous versus particulate plumes will be compared.

6.3.1 Chemical Depth Profiling of ITO-PEN
The key objective of this study was to determine whether PLEAF was a suitable tool to
perform depth profiling under ambient conditions. In order to detect trace amount of the
analytes, the technique had to be sensitive. The sensitivity of PLEAF for the detection of
indium in PEN was about 4  1017 cm-3 which was comparable to that of dynamic SIMS.
PLEAF sensitivity was therefore demonstrated.
However, we found that PLEAF was not able to produce a reliable high z-resolution
profile. With reference to Fig. 6.5, indium was shown to have diffused slightly into PEN.
However, a subsequent control experiment showed that the profile was not trustworthy. The
control experiment was done as follows [61, 62]. An area of the ITO-PEN surface was
covered with adhesive tape to prevent it from chemical etching. A cotton swab soaked with
dilute HCl and sprinkled with zinc dust was wiped across the exposed area. The ITO was
chemically etched. This procedure was repeated three times to ensure all the exposed ITO was
removed. The complete removal of the ITO layer was checked with a profilometer. Clean
step-wise profiles were seen. The PEN substrate, which was not affected by the wet chemical
etching, was analyzed by PLEAF. Zero indium signal was detected.
This result was inconsistent with the profile shown in Fig. 6.5. We believe the apparent
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penetration of indium was due to thermal effect of the 355 nm pulsed laser ablation. Fig. 6.6
plotted the spectral absorbance of the ITO film and the PEN substrate. As can be seen, at 355
nm, ITO hardly absorbed but PEN absorbed very strongly. The 355 nm laser pulse penetrated
through the ITO film to heat the ITO-PEN interface. The vaporization and expansion of the
heated material punctured the ITO thin layer and ejected the whole ITO layer. That explained
the flat crater profile shown in Fig. 6.3. The second 355-nm pulses ablated the PEN substrate
and etched about 400 nm of PEN (Fig. 6.4). Subsequent 355-nm pulses etched deeper into
PEN and at the same time, created m-amplitude ripples (Fig. 6.7). These were contrasted
against the tens of nm ripples formed by the first 355-nm pulse (Fig. 6.3). The craters were
also analyzed by SEM. Micrographs confirmed the surface morphology (Fig. 6.8). The
growing ripples suggested melting and re-solidification of the polymer.
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The spectral absorbance ITO-PEN, as measured on a UV-visible spectrophotometer. The PEN

absorption (blue trace) was obtained by measuring a sample with the ITO layer removed chemically. The ITO

absorption (red trace) was deduced by subtracting the PEN spectrum from the ITO-PEN spectrum.

.

Fig. 6.7

ITO-PEN crater profile after six ablation shots. The horizontal scale bar was 50 m. The vertical

scale bar was 2 m.
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.

Fig. 6.8

SEM images of craters on ITO-PEN. Left: After five shots. Right: Another spot after 13 shots.

Features suggested the melting and resolidification of the PEN substrate.

We therefore concluded that the ablation of PEN by nanosecond laser pulses at 355 nm
gave rise to significant thermal damage, including melting and re-solidification of the polymer.
As a result, the small amount of residual indium was laser-driven into subsequent layers.
Other ablation lasers, such as ArF excimer laser in the deep UV or ultra-short (ps or fs) laser
pulses could minimize thermal effects and would be more suitable for producing depth profiles.
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6.3.2 Particulates formed in the ablation of ITO-PEN
In this section, the mechanism of particulate PLEAF was illustrated with experimental
observations. The inter-pulse delays for several polymeric samples (plastics and polymeric
substrates) were listed in Table 6.1.
Table 6.1 Experimental Conditions of Polymeric Samples

Sample

Inter-pulse Delay (ns)

Nd:YAG Fluence (Jcm-2)

ArF Fluence (Jcm-2)

PVC

475

0.27

0.316

Pb on PET

9000

1.9

0.470

Red Paint

1060

2.0

0.236

ITO-PEN

2700

0.17

0.375

As can be seen in Fig. 6.9, strong indium emissions were detected for t ranging from
about 35 ns to about 5 s. Optimum was about 3 s. This is different from metal alloys when
t had to be less than 102 ns (Fig. 3.2). The wide range of t suggested that upon 355-nm
ablation of ITO-PEN, indium was ejected in the form of fast moving vapor as well as slow
moving particulates. The particulates were intercepted by the ArF laser pulse at longer t (s).
More discussion of particulate-PLEAF was given in Chapter 3.
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Fig. 6.9

Normalized indium In I 293.3 nm signal against inter-pulse delay in the PLEAF analysis of the top

layer of ITO-PEN. The 355 nm pulses were at 160 mJ cm-2 over a 530 m spot. The ArF pulses were at 316 mJ
cm-2. Each data point was the accumulation of 200 shots.
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Fig. 6.10

Indium In I 293.3 nm signal intensity against ArF fluence in the PLEAF analysis of ITO-PEN. The

355 nm pulses were at 160 mJ cm-2 over a 530 m spot. Each data point was the accumulation of 200 shots. t

was 2.7s.

The effect of ArF fluence on analyte signal was shown in Fig. 6.10. The behavior was
sigmoidal. This was consistent with our model of particulate-PLEAF. The events were
probably as follows. At t of 2.7 s, the ArF laser pulse was intercepting the slowly moving
particulates. When the ArF fluence was very low, the particulates were not vaporized. No
micro-plumes were created and no fluorescence signal could be detected. Once the ArF
fluence reached the vaporization threshold of the particulates, micro-plumes were produced and
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indium atoms were induced to fluoresce. Signal therefore emerged. At still higher ArF
fluence, particulates were extensively vaporized and fluorescence was proportionally stronger.
Once the particulates were completely vaporized and the fluorescence excitation saturated,
signal would no longer increase and would start to level when the ArF fluence was increased to
the instrumental limit of 370 mJ cm-2. This kind of sigmoidal behavior was in contrast to the
linear correlation between analyte signal and ArF fluence observed in the previous PLEAF
analysis of copper (Fig. 6.11). There, gaseous plumes rather than particulates were formed
[63]. In other words, by plotting signal versus ArF fluence, one could readily tell if gaseous or
particulate plumes were produced.
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Fig. 6.11

Copper Cu I 515.3 nm signal versus ArF fluence in the PLEAF analysis of copper. The 1064 nm

pulses were at 0.25 J per pulse. t was 60 ns [28].

6.4

Summary
Chemical depth profiling of ITO-PEN was demonstrated. The limit of detection for

indium was about 4  1017 cm-3. This kind of sensitivity was comparable to that of dynamic
SIMS. However, ablation by nanosecond laser pulses at 355 nm produced excessive thermal
damage of the plastic substrate. This gave rise to inaccurate chemical depth profiles, such as
apparent penetration of indium into PEN. Deep UV lasers or ultra-short pulses should be
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better alternatives because they might be able to minimize the thermal effect.
In the PLEAF analysis of ITO-PEN, particulates were shown to be formed in the 355-nm
ablation. Evidences included (1) longer inter-pulse delay t of s, and (2) sigmoidal variation
of analyte signal versus ArF fluence. Gaseous plumes favored shorter t of 101 – 102 ns, and
signal varied linearly with ArF fluence.
In the next chapter, the forensic analysis of written ink by PLEAF will be reported.
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Chapter 7

7.1

Analysis of Inks

Overview
The examination of questioned documents is frequently required for authentication or

forensic purposes. These documents may be hand written, hand printed, typewritten, toner
printed (laser printed or photocopied), etc. They are usually wills, deeds, medical records,
income tax records, loan agreements, anonymous letters etc.

The total monetary value

involved is astronomical [64]. In cases of legal dispute, the forensic document examiners
(FDEs) are usually invited to be expert witnesses for the court.
For a long time, document authentication was based on handwriting analysis by FDEs [65].
The earliest record of expert comparison testimony in America was in 1812 where a signature
on a promissory note was proved genuine [66]. However, because of today’s powerful image
analysis software, signature imitation is becoming relatively easy [67]. As a result, the
chemical analysis of the written ink is needed to complement conventional signature analysis
[68].
Most writing inks are colorants in a resin base. In general, ball pen inks are dyes
dissolved in oil-based viscous solvents. Once written down on the paper, they quickly dry to
leave the dye-resin residue.

The American Society for Testing and Materials (ASTM)
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published guideline for writing ink identification [69, 70].

It suggested a number of

procedures from non-destructive optical examinations to chemical examinations.

The

non-destructive examinations include light examinations with UV, infrared and visible light
sources. For the chemical examinations, many forms of chromatography have been used
successfully to differentiate writing inks.
high-pressure-liquid-chromatography

They include paper chromatography,

(HPLC),

gas-chromatography

(GC),

thin

layer

chromatography (TLC) [71, 72, 73] and high-performance TLC [74, 75]. FTIR, MS, XRF are
also listed as other analytical techniques.
In the mean time, the chemistry of ink colorants has also evolved to offer anti-fraud
features [76]. Two notable ones are non-erasable ink made from inorganic colloidal pigments
[77], and personalized ink with marker elements mixed in a commercial ink [68]. These
special types of ink are difficult to analyze. For example, when the aqueous medium of the
colloids dried, the colloidal pigments would strongly adsorb and penetrate into the paper
cellulose to ensure non-erasability [77].

These insoluble pigments practically evade all

chromatographic assays [68], and thus other chemical analysis of inks with good sensitivity is
required.
For elemental analysis, mass spectrometry (MS) is a method of choice. Yet it requires the
physical removal of a portion of the sample mass. For instance, a small 1.25 mm diameter hole
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needed to be punched on the document [78], or trace amount of ink samples needed to be
scrapped from the paper [79] for eventual analysis by MS.
Not all questioned documents could tolerate that kind of destruction.
techniques are non-destructive.

Two other

They are X-ray fluorescence (XRF) [80, 81] and

particle-induced X-ray emission (PIXE) [82, 83], but their sensitivities are not as good as MS.
Raman spectroscopy [81, 84] and Fourier transform infra red (FTIR) [71, 85, 86] are alternative
techniques for organic (bonding and structure) analysis.
We will show that PLEAF can analyse written inks with high sensitivity at minimal
destruction. Below, we will report the elemental analysis of several brands of black written
inks.
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7.2

Analysis of Written Inks
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Fig. 7.1

PLEAF spectra of lines written with four different brands of black ball pens and one black gel pen.

The four ball pens were A – Pilot, C – M&G, D – Hernidex and E – PaperMate.

The gel pen was B – Uniball

gel pen. The vertical scale bar shown in each panel was 4,000 CCD counts. All spectra were 100 shots averaged.
Experimental conditions: 355 nm at 220 mJ cm-2 over 225 m diameter spot, 193 nm at 150 mJ cm-2, t was 15 s,

ICCD gated on 50 ns from ArF pulse for 220 ns.

Four black ball pens and one gel pen were selected for PLEAF analysis.
Non-overlapping black lines were written on white copier papers. The written papers were
mounted on the stepper motor and analyzed by PLEAF. Fig. 7.1 showed three representative
spectral regions of the PLEAF spectra. Each trace was 100 shots averaged that sampled the
top layer of the black ink. The gel pen spectra were enlarged 4.5 to fit the scale. Although
most black inks were similar in compositions, there were enough spectral differences to
discriminate them.
In order to minimize destruction, single-shot analysis would be preferred. Fig. 7.2
plotted the single-shot PLEAF spectra of written D ink. The top blue trace was obtained under
minimally destructive PLEAF experimental conditions. The red and grey traces were spectra
gotten with the 355 nm pulse alone and 193 nm pulse alone. Evidently, the Ca I 422.7 nm line
was unambiguously detected. The SNR of the Ca I line was 86. The inset of Fig. 7.2 showed
micrographs of the sampled spot before (left panel) and after (mid panel) PLEAF analysis. As
78

can be seen, the damage was not visible even under the microscope.
With reference to Fig. 7.2 (red trace), the Ca I 422.7 nm line was not detected by LIBS
using the 355 nm pulse alone. One could improve the sensitivity of 355 nm LIBS by
increasing the laser fluence from 220 mJ cm-2 to 1.1 J cm-2. This way, the Ca 422.7 nm
emissions became clearly visible (green trace) and the SNR was 37. The improved LIBS SNR
was at the sacrifice of sample destruction. The micrograph of the ablated crater was shown in
the inset of Fig. 7.2 (right panel). The photoacoustic signal of the ablative LIBS was 120
higher than that of PLEAF which also indicated the extra sample mass removed.
We have thus seen that the spectral discrimination of the different black inks based on
single-shot PLEAF was feasible. The damage to the sample was not visible under the
microscope. This kind of minimally destructive multi-element chemical analysis of written
ink should find applications in the forensic analysis of questioned documents.
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Fig. 7.2

Single-shot spectra of lines written by brand D pen. The vertical scale bar was 10,000 CCD counts.

The experimental conditions of PLEAF were identical to that of Fig. 7.1. For the red and grey traces, ICCD was

gated on 20 ns and 60 ns after the laser pulse. For the green trace, the ICCD was gated on 100 ns after the laser
pulse and the 355 nm fluence was 1.1-J-cm-2 for the ablative LIBS.

7.3

Presence of particulates and detection sensitivity
Judging from the optimal t value (see Table 7.2), particulates were most probably

generated in the PLEAF analysis of written ink.
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Table 7.1 Experimental Conditions of written ink on white copier paper

Sample

t (s)

Nd:YAG Fluence (Jcm-2)

ArF Fluence (Jcm-2)

written inks

15

0.220

0.150

We plotted the sodium Na I 588.9 nm signal against t in Fig. 7.3. The optimal t was
between 10 to 20 s. The behavior was similar to that of ITO-PEN except the t time window
was even wider. The sodium doublet was still strong at t of 195 s (inset of Fig. 7.3). This
huge t suggested the particulates were formed and were transported at very slow speed.
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Fig. 7.3

Normalized Na I 588.9 nm signal versus inter-pulse delay. The experimental conditions were

identical to Fig. 7.1. Each data point was the accumulation of 100 shots. The inset showed the spectrum when t
was 195 s. The vertical scale bar was 5,000 counts.
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As mentioned in Chapter 3, particulates were especially favorable for PLEAF analysis.
We therefore wondered if the sensitivity would be high enough for us to do high z-resolution
profiling of the ink layer. This had practical importance because it might help us to determine
the writing sequence in the case of over-writing, and over-writing was common in illicitly
modified documents. This analysis was challenging because the intersection of two lines
would be a small area. In other words, high spatial resolution in both x-y and z directions were
required.
Over-written lines drawn with two brands of ball-pen, A and D, were sampled. Four
different configurations were analyzed, (1) A alone, (2) D alone, (3) A on D, and (4) D on A.
Results were shown in Fig. 7.4. The distinguishing chromium lines were shown in the inset.
As can be seen, the descending order of the chromium intensity indicated that the overlapping
inks inter-diffused. Whether the inter-diffusion was inherent or caused by laser ablation was
not yet ascertained.
mixing.

Nonetheless, the writing sequence could be determined despite the ink

It should be mentioned that the spectra shown in Fig. 7.4 were 50 event averages.

To minimize sample destruction, fewer laser shots were desirable.

Whether writing

sequence could still be determined with fewer shots would require further study.
As we have suggested in the last chapter, deeper UV or ultra-fast laser pulses would
probably improve the z-resolution and therefore better discriminate the writing sequence.
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We believe this kind of high-z resolution depth profiling of written ink would be a useful tool
to help reveal illicit alternations.
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PLEAF spectra of single and over-written lines drawn with brand A and D ball pens. The spectra

were 50 events averaged. The spectral total areas were normalized to one. Experimental conditions were

identical to Fig. 7.1. The chromium emission lines at 425.4, 427.4 and 428.9 nm were enlarged for clarity in the

inset.

7.4

Summary
We demonstrated the PLEAF analysis of written ink. Lines drawn with five different
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brands of black ink pens were successfully discriminated based on their spectral differences.
These differentiating features remained visible in single-shot PLEAF spectra. Sample damage
caused by a single shot was not visible even under the microscope. Overlapping lines drawn
with two different brands of ballpoint pens were also PLEAF analyzed. The writing sequence
could be determined. We believe this kind of high spatial resolution and non-destructive
multi-element analysis would be a useful tool for forensic analysis of written documents.
Summarizing the last few chapters, we have described the experimental details of PLEAF
and have reported its successful application to the analysis of a broad range of analytes in
different sample matrices. We have established the universality of PLEAF and have shown
several real world applications. We have emphasized the richness of PLEAF spectra when
numerous elements could be detected simultaneously.

Because of the rich information

contents of PLEAF spectra, their full exploitation required sophisticated chemometric analysis.
In the next chapter, we will discuss these chemometric methods and illustrate how they could be
applied to PLEAF analysis.
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Chapter 8

8.1

Chemometrics

Overview
The term chemometrics appeared over 40 years ago. Svante Wold coined the term by

combining chemistry and metrics to form chemometrics, in analogy with biometrics,
econometrics, psychometrics etc [87]. The term “metrics” signifies the use of mathematical
methods to analyze and interpret the data.

Wold stated that chemometrics was the

mathematical tool to solve chemical problems.
In our case, we began with plume spectra of a sample. Based on them, we aimed at
deducing the maximum chemical information about the sample. In the following sections, we
will explain how it can be achieved. The first step was to pre-process the spectra. This is
explained in section 8.2. The next step was to reduce a complex spectrum to one single
variable. This so-called univariate analysis is taken up in section 8.3 when its inadequacy will
be demonstrated. A simple-minded way to overcome univariate limitations, based on visual
inspection, will be discussed in section 8.4. A more sophisticated mathematical approach to
treat multivariate analysis, the so-called principal component analysis (PCA), will be covered
in section 8.5.

To gauge the similarity of an unknown sample to a set of reference samples, a

method based on an extension of PCA is given in section 8.6. Finally, a very standard method
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for sorting samples into groups will be discussed in section 8.7.
To illustrate our chemometric analysis, single-shot PLEAF spectra of laser-printed ink will
be used [88]. Four brands of toners were sampled. Their spectra in three wavelength regions,
averaged over ten shots, were shown in Fig. 8.1. Our objective was to identify the type of ink
toner based on these single-shot spectra.
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PLEAF spectra of four different toners, Fuji (FujiXerox black toner CT 200539), Pana (Panasonic

black toner DQ-TU35D), HP1 (HP black toner CC364X) and HP2 (HP black toner Q5949X). The vertical scale

bar shown in each panel was 10,000 CCD counts. All traces were offset vertically for clarity. Either the leading

or trailing 10 pixels were set to zero to indicate the baseline. Each displayed spectrum was average of 10 shots

and preprocessed.
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8.2

Data Preprocessing
Data preprocessing is vital for spectroscopic analysis. Two pre-processing steps were

adopted, (1) spectral smoothing, and (2) normalization. Spectral smoothing was performed by
averaging the intensity of N wavelength pixels (so-called N-window) to give one averaged
intensity. One then slide the N-window along the wavelength axis to generate the averaged
intensity over the entire spectral range. N was chosen to produce the maximum smoothing
while preserving the instrumental spectral resolution. The effect of this sliding average is
illustrated in Fig. 8.2 and Fig. 8.3, when ten single-shot PLEAF spectra of the Fuji toner before
and after smoothing were plotted. Some features (red arrows) in Fig. 8.2 were smoothed out in
Fig. 8.3. These features were finer than the instrumental resolution and therefore were unreal.
The second pre-processing step, that of normalization, was performed by setting the
spectral area of each spectrum to unity. This way, intensity fluctuations from shot-to-shot
could be minimized. The effect of normalization is shown in Fig. 8.4, which is to be
contrasted against Fig. 8.3.
Further mathematical details on pre-processing can be found in Chemometrics: A Practical
Guide by Kenneth R. Beebe et al. [89] and Chemometrics in Analytical Spectroscopy by Mike J.
Adams [90].
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Ten raw single-shot PLEAF spectra of Fuji toner without any preprocessing. The vertical axis was
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The same ten raw spectra shown in Fig. 8.2 were smoothed by a 5-pixel window. The moving

average significantly reduced the noise but preserved the spectral features.
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The ten smoothed spectra shown in Fig. 8.3 were normalized to unit spectral area. Shot-to-shot

intensity fluctuations manifested in Fig. 8.3 were suppressed.

8.3

Univariate analysis
Each PLEAF spectrum (such as Fig. 8.4) consisted of 1024 x-values (wavelength) and

1024 y-values (intensity). The manipulation of these 2048 numbers, be it comparison or
pattern recognition, was non-intuitive.
One therefore wanted to reduce 2048 variables to a single variable for easy univariate
analysis. For example, one could compute the average intensity (mean y value) of the
smoothed spectrum (such as Fig. 8.3). This is shown in Fig. 8.5 for 40 such spectra, 10 for
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each toner type, in random order. As can be seen, no obvious clustering of four groups was
observed.
One could also try to plot the standard deviation of y for each smoothed spectrum. This is
shown in Fig. 8.6. Again, no clustering was observed.
One could also make use of additional information gotten from other experiments. For
example, XRF analysis of laser-printed ink revealed that Fuji ink contained more copper. One
could therefore use the intensity at 327.4 nm (Cu I resonant emission) for univariate analysis.
This is shown in Fig. 8.7. Again, no obvious clustering could be seen. This is because the
high concentration of iron in both HP toners strongly interfered with the Cu I 327.4 nm
emissions.
In sum, the PLEAF spectra contained rich information that was hardly conveyed by a
single variable. Multivariate analysis would be necessary.
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The mean of each spectrum
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0
Fig. 8.5

The mean values of 40 PLEAF spectra from four different inks were calculated. All the spectra were

properly smoothed. x-axis was sample #, randomly ordered.

The standard deviation of each spectrum
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0
Fig. 8.6

Similar to Fig. 8.5 but standard deviation was plotted.
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The signal intensites at 327.4 nm
8000

Unknown
7000
6000
5000
4000
3000
2000
1000
0
Fig. 8.7

Similar to Fig. 8.5 but the intensity at 327.4 nm was plotted. The intensity was represented by the

area within the FWHM of the emission line.

8.4

Visual identification
One could try to compare the spectra by eye.

shown in Fig. 8.1.

There are recognizable differences as

However, the spectra plotted there were 10-shot averaged.

Single-shot

spectra would be much noisier. We plotted 2-shot averaged spectra in Fig.
Fig. 8.8

for three spectral regions.

Forty such spectra were shown in each panel, ten for

each type of the four toners. Visually trying to classify the spectra into two groups might be
feasible, into four groups would be practically impossible.
In conclusion, visual identification was a convenient method to try in the first place to
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help develop intuition and common sense.

It was especially powerful when the amount of

data was small. However, when the number of wavelength pixels was large, or when the
number of sample spectra was huge, or when the number of sample types was many, it
became too challenging for the eye.

Moreover, subtle spectral differences might evade the

eye. A more robust and dependable method for systematic multivariate discrimination will
be introduced in the next section.
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Fig. 8.8 (P.95-97) Two-shot averaged PLEAF spectra of four types of ink toner, for three spectral regions shown

in three panels.

plotted.

8.5

Forty such preprocessed (smoothed and normalized) spectra, ten of each toner type, were

Spectra were offset vertically for clarity.

Principal Component Analysis

8.5.1

Fundamentals of PCA

We mentioned that our eye is not capable of identifying the ink toner type by looking at a
spectrum of 1024 y variables. Yet reducing these 1024 variables to a single number, be it the
mean or the standard deviation of y, would not convey the rich spectral information.
We therefore wanted to look for a method that would reduce the 1024 variables to one or at
most a few variables that would effectively convey the pertinent spectral information for ink
identification.
Principal component analysis (PCA) is such a method [91, 92, 93]. It is a mathematical
procedure that reduced the data dimensions to reveal the relevant, sometimes hidden, data [94].
This analysis is useful especially when one needs to deal with huge amount of data.
We will explain the mathematical steps by referring to the spectroscopic data mentioned
in section 8.4. There, we had 40 sample spectra each carrying 31024 (=3072) y variables.
Step 1: set up data source matrix. A data source matrix [m × n] can be defined, where m
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is the number of y variables (i.e., 3072 rows) and n is the number of sample spectra (i.e., 40
columns). A 3072×40 matrix was organized in this case.
Step 2: standardization of source matrix. For the ith row, the average of yi (i.e., average
over all 40 spectra) was computed to give yi. yi was then subtracted from all entries of
that row to give the mean-centered zil where i labels the wavelength pixel (1  3072) and l
labels the spectrum sample (140) ,
.

(1)

The mean-centered matrix Z is the standardized matrix.
Step 3: define correlation matrix. Each matrix element is defined by,

,

(2)

where i is the variance of the ith row. The m  m correlation matrix R2 was calculated
accordingly.

R2 is a symmetric matrix. Diagonal elements are all ones.

Step 4: find eigenvalues and eigenvectors of R2. The eigen-equation is,
,
where

(3)

and v are the eigenvalue and eigenvector, respectively. It is customary to rank the

values of ’s from high to low. The maximum

is

1,

the corresponding eigenvector v1 is

called principal component 1 (PC1). The next highest eigenvalue is
eigenvector v2 is principal component 2 (PC2), etc.
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2

and the corresponding

Let us understand the geometrical meaning of step 4. We have a 3072-dimension vector
space. The basis vectors are wavelengths. In this basis, the correlation matrix of the source
data is generally not diagonal. We can do a coordinate transform, equivalent to an abstract
coordinate rotation, such that in the new basis (basis vectors v ), the correlation matrix is
diagonal. PC1 is that basis vector along which the variance of the source data is maximum.
In other words, we can project the ‘state’ vector of the lth sample spectrum yl onto v1 and get a1l ,
.

(4)

Did it for all l and generate 40 values a11, a12,….. a1 40}. The variance of these 40 values will
be a maximum. Similarly, we can project yl onto v2 and the variance of a21, a22,….. a2 40} will
be the second highest.
Step 5: scores plot. As explained under step 4, the lth sample spectrum can be represented
by a state vector yl. Its component along PC1 is given by

. Similarly, one can find its

component along PC2. So in a two-dimensional plot of PC2 against PC1, each sample
spectrum can be represented by a data point on the plot. This kind of plot is called a scores plot.
As we will later show, the 40 sample spectra (Fig. 8.8) would eventually cluster nicely into four
groups corresponding to the four toner types.
Usually, the scores plot of the first few PCs (i.e., a 2-D or 3-D plot) would already tell the
whole story of the source data. In other words, principal component analysis is a very
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powerful method to reduce 3072 variables to just a few key variables.
We will now demonstrate how we can apply the method to analyze the PLEAF spectra to
identify the ink toners. All the computations were performed using MATLAB R2011a. Only
the first three PCs were considered.

8.5.2

PCA applied to PLEAF spectral data sets

PC2 against PC1
0.25
Unknown

PC2

0.15

0.05

-0.05

-0.15
-1

-0.5

0

0.5

PC 1
Fig. 8.9.

The scores of the first two principal components were plotted.

As can be seen from Fig. 8.9, the data points were clustered into three groups.
be interesting to see if the clustering corresponded to toner types or not.

We color-coded

each data point based on toner type, and redrew the scores plot as shown in Fig. 8.10.
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It would

PC 2
Fig. 8.10

Same as Fig. 8.9, but with data points color-coded based on toner type.

As can be seen from Fig. 8.10, Fuji and Pana samples were nicely clustered. However,
the two HP samples were more mingled. This was not surprising because the spectral
difference between HP1 and HP2 was very subtle in the 2-shot averaged spectra (Fig. 8.8).
There were three ways to improve the discrimination. The first way was to re-do PCA
by only considering the HP1 and HP2 samples (Fig. 8.11). There was some improvement
but not drastic.

The second way was to select relevant variables (instead of all 3072

variables) to construct the PC space (Fig. 8.12). This again resulted in some improvement
but not significant.
PCs [95].

A third way was to remove the outlying data points and re-calculate the

To illustrate the third method, it is better to use more (> 40) sample spectra.
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In

the next section, we will demonstrate outlier rejection by using a data set of 1,000 sample

PC 3

spectra.

PC 1
Fig. 8.11

Same as Fig. 8.9 but only HP1 and HP2 sample data were considered.
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PC 2

PC 1
Fig. 8.12

Same as Fig. 8.11 but only the spectral region 450 – 470 nm was considered.

8.5.3

Outlier Detection

Vic Barnett and Toby Lewis defined an outlier in a set of data to be an observation (or
subset of observations) which appears to be inconsistent with the remainder of that set of data
[96]. The phrase “appears to be inconsistent” indicates it is a subjective judgment.
We will show how the subjective judgment can be made objective. A set of 1,000
single-shot PLEAF spectra of HP2 ink was selected. They were pre-processed (smoothed
and normalized). The spectral region between 440 – 480 nm was analyzed by PCA.

The

PC2-PC1 scores plot is shown in Fig. 8.13. As can be seen, data scatter was significant and
skewed because of the comet-shaped distribution. Skewing could be expressed in terms of
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the separation between the centroid (center-of-mass) and the median.
reduced when the data set is more closely packed.

That separation is

The centroid and median were at ( -0.087,

-0.001 ) and ( -0.11, -0.025 ) respectively, giving a separation of 6.56 × 10-4.
To identify outliers, we can refer to Fig. 8.13 and plot the density of data points along
PC1. This is shown in Fig. 8.14. Evidently, about 80% of the data points occurred in the
bin -0.08 and -0.12. There was a sharp drop from the third bin on.

We checked the PLEAF

spectra from the third bin. They were dim spectra containing mostly noise but little PLEAF
fluorescence signals.

We believe it was due to occasional weak 355 nm and/or 193 nm laser

pulses. The energy fluctuation of the Nd:YAG laser was about 15% and that of the ArF laser
was about 20%. We therefore considered all samples appearing in the third and higher bins
as outliers.
detection.

In future, acoustic signal would be another indicative parameter for outlier
If there were ejected samples intercepted by the ArF pulse, the acoustic signal

would be significantly higher than that without ejected samples or when intercepted by too
weak an ArF pulse.

After exclusion of outliers, the standard deviations of the emission lines

were within 20%.
With the outliers removed, a new scores plot was shown in Fig. 8.15. Compared
against Fig. 8.13, the data scatter was significantly reduced. The new centroid was only 8.01
× 10-6 away from the median, or 82 times closer than before (Fig. 8.13).
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PC 2

PC 1
Fig. 8.13

1,000 single-shot PLEAF spectra of HP2 ink in the wavelength region between 440 – 480 nm were

analyzed by PCA.

Fig. 8.14

The scores of PC2 versus PC1 were plotted.

With reference to Fig. 8.13, the density of data points along PC1 was plotted as histograms with PC1

bin width of 0.04. About 80% of the data points occurred between PC1 values of -0.14 and -0.06.
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PC 2

PC 1
Fig. 8.15

Same as Fig. 8.13 except about 20% of the outlying data points were removed and PCs were

re-computed. Note identical scale as Fig. 8.13 for easy comparison.

We have illustrated the use of the density of data points along PC1 (Fig. 8.14) to identify
outliers. There is another accepted method based on measuring the distance of a data point
from the centroid [97]. If the distance is more than n times the standard deviation of the
distance distribution of all the data points, that data point will be considered an outlier.

n is

generally taken to be 2.
We will now illustrate how the removal of outliers help to produce clean clustering of
data points into four groups on a scores plot, corresponding to the four toners. Altogether
4,000 single-shot PLEAF spectra, 1,000 for each toner type, were analyzed by PCA. 2-D
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scores plots (PC1 vs PC2, and PC1 vs PC3) were shown in Fig. 8.16 and Fig. 8.17. As can
be seen, there was significant overlap of HP1 and HP2 data. There was some overlap of Fuji
and Pana data.

By plotting all three principal components (3-D plot), overlap was still

PC 2

visible regardless of view angle.

PC 1
Fig. 8.16

4,000 single-shot PLEAF spectra, properly preprocessed, were analyzed by PCA. The scores of PC2

were plotted against PC1.
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PC 3

PC 1
Fig. 8.17

Similar to Fig. 8.16 except the scores of PC3 were plotted against PC1.

We then proceed to identify the outliers. Spectra of each ink type were studied. Data
points with PC1 and PC2 that deviated significantly from the rest were removed. The
remaining spectra were re-analyzed by PCA. New 2-D scores plot were shown in Fig. 8.18
while a 3-D scores plot was shown in Fig. 8.19. The separation of toner types was clean.
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PC 2
PC 3

PC 1

PC 1
Fig. 8.18

Similar to Fig. 8.16 and Fig. 8.17 except with outliers removed. Fractions removed were 6.2%,

11.7%, 26.2% and 23.8% for Fuji, Pana, HP1, and HP2 spectra, respectively.
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PC3

PC1

Fig. 8.19

PC2

3-D scores plot of Fig. 8.18 generated by Matlab, for the first three PCs. At certain viewing angles,

data points cleanly separated into four clusters.

If one would like to have still cleaner separation, one could use two-shot averaged
spectra on top of outlier removals. This is shown in Fig. 8.20 when Fuji and Pana were well
separated along PC2 while HP1 and HP2 were clearly separated along PC3. With proper
rotation of the 3-D plot, as shown in Fig. 8.21, the data points were very clearly grouped by
toner type.
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PC 2
PC 3

PC 1

PC 1
Fig. 8.20

Similar to Fig. 8.18 except with 2-shot averaged spectra.
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PC3

PC1

Fig. 8.21

PC2

Similar to Fig. 8.18 except with 2-shot averaged spectra.

If one was given the PLEAF spectra of an unknown sample, one could plot the unknown
sample on the scores plot. By estimating the distance between the unknown sample and the
centroid of each cluster, one could quantify the likelihood that the unknown belong to a certain
ink type.
We have demonstrated the power of PCA. One might want to learn more about the magic
of PCA. In the next section, we will mention two more features, (1) percent variance and (2)
loadings.
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8.5.4

Percent Variance and Loading

The analysis of Fuji and Pana inks at wavelength from 300 – 350 nm was selected to
briefly illustrate percent variance and loading.

Percent variance of the nth principal

component (Vn) is simply defined by,



.

(5)

Because the diagonalization of the correlation matrix will not affect its trace, the summation
of all eigenvalues should be equal to m, the number of wavelength pixels.

So Eq. (5)

reduces to,



.

(6)

A plot Vn against n for the Fuji and Pana data set is shown in Fig. 8.22.

As can be seen,

the first three PC’s already accounted for most of the variance (i.e., the key features) of the
data set.

This explained why only three variables could capture the essence of 1024

variables.
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Fig. 8.22
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The percent variance plotted against the principal components. There were totally 1024 principal

components in this case. Most of the other components are less than 1%.

Loading is a feature that helped us understand why those few PCs were so effective in
capturing the spectral information.

Before we explain loading, it is useful to first view the

PLEAF spectra. We plotted 8-shot averaged spectra in Fig. 8.23.
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Fig. 8.23
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8-shot averaged PLEAF spectra of Fuji and Pana ink were plotted from 300–350 nm. 120 traces for

each ink were stacked. The top traces were Fuji and the bottom traces were Pana. The arrows indicate their

difference.
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PC 2

PC 1
Fig. 8.24

Scores plot of spectra shown in Fig. 8.23.

We did PCA of the 240 spectra. According to the scores plot shown in Fig. 8.24, the
two inks were separated along PC1. Now loading of PCn is simply defined as the value of
each element of the eigenvector vn.

In our case, because each spectrum has 1024 wavelength

pixels, vn was a column vector with 1024 rows.

A loading plot is a plot of the value of each

element, vni, against pixel number i. Such a plot is shown in Fig. 8.25, together with the
typical spectra of Fuji and Pana ink.

One noticed the loading was maximally positive at the

Cu doublet region of 324.7 and 327.4 nm of the Fuji ink spectra.

The loading was

maximally negative at the Fe I 344.1 nm of the Pana ink spectra. So we now understand
why separation of Fuji and Pana ink along PC1 was so effective.
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Fig. 8.25

The loading of PC1 was plotted against wavelength. The typical spectra of Fuji and Pana were shown

alongside to assist comparison. PC1 returned a positive value at pixels where Fuji was brighter than Pana.

8.5.5

Summary of PCA

PCA could reduce the dimension of the data being analyzed.

The important

information could be summarized by the scores of a few principal components. When
applied to data set of a single species, PCA could be used to detect abnormal data, or so-called
outliers. Outliers could be identified based on scores distribution or their distance from the
centroid on a scores plot.

In either case, judgment was necessary and machine identification

might not be reliable.
PCA was especially useful when massive spectroscopic data with rich and subtle features
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were to be analyzed.

In the next section, another classification method based on PCA will be

introduced.

8.6

Soft Independent Modeling of Class Analogy (SIMCA)
To capture the essence of SIMCA, it is useful to consider the following example.

Suppose we were given 20 reliable (i.e., relatively noise free) PLEAF spectra of HP1 ink.

In

addition, we were given one spectrum of an unknown X. We asked: How likely was X a
Hewlett-Packard HP1 toner?

Notice we did not have reliable spectra of HP2, F and P ink; so

we could not do multi-class PCA as in the last section. We could only do PCA of a single
class, that of HP1 ink, hence the name Independent [98, 99]. We could only check for
similarity between X and the reference class HP1, hence the name Class Analogy.
In the previous section, when we did multi-class PCA, we used the first few PCs to
maximize the variance, which typically translated to maximizing the difference between
different classes. This led to clean separation of the clusters, as we had seen in the previous
section.
Here, we only had a single class HP1.

We could still construct the scores plot using the

first few PCs. We could plot the reference samples on the scores plot to form the reference
cluster, and we could plot the unknown to see how close it was to the reference cluster.
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However, clean separation of the four ink types based on a PCA model built on HP1 was not
guaranteed.
To overcome the limitation of independent PCA modeling, one could use the lower rank
PCs to construct the scores plot.

These lower rank PCs represented the least varying features

of the 20 HP1 spectra, i.e., the most consistent spectral features that signified HP1. This
would enable more effective analogy checks than using the top rank PCs that emphasized the
in-class variance. However, the use of lower rank PCs required noise-free reference spectra.
Whether we used the high or low rank PCs to make the scores plot, the 20 samples
would form a cluster, with a well-defined centroid. The unknown X would be a data point in
this space.

Its distance d from the centroid could be measured, in units of the standard

deviation  of the cluster. Based on d, the probability that X belongs to HP1 could then be
computed.
Now imagine we were then given 20 reliable PLEAF spectra of F ink.

We could repeat

the whole analysis based on the single class PCA of F samples, without regard to the HP1
samples. This exercise is called Disjoint PC modeling.

In the end, we could also compute

the probability of X belonging to F.
It is quite possible that we ended up concluding X had x % chance being HP1 and y %
chance being F, hence the name Soft, i.e., not a hard exclusive yes or no.
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Also the

classification is not based on any prior knowledge of the difference between HP1 and F.
In the following sections, we will make use of the PLEAF spectra presented in section
8.5 to illustrate the computational details of SIMCA.

8.6.1 Models of Disjoint Principal Components
We will use the Fuji toner data set as an example.

We adopted the same notations used

in section 8.5.1. The original single shot source matrix was [3072 × 1000], i.e., 3072
pixels (or variables) and 1,000 samples (or objects). In section 8.5.3, by removing 62
apparent outlier samples, the Fuji data was reduced to [3072 × 938]. Due to spectral noise,
these 938 spectra were still not sufficiently representative of the actual class structure.
Averaging 50 single-shot spectra would suppress the noise and enhance the spectral features of
the Fuji class. The source matrix now became [3072 × 18].
A few general comments are appropriate at this point. First, the number of variables
should be high; else the reduction of dimension by PCA would not be necessary. Second, the
number of samples should be sufficient else a representative class could not be built [98].
Third, samples should be neither ‘noisy’ nor outlying in order to be truly typical. One could
reduce noise by spectral averaging, but that would also reduce the sample number; so one had to
find a compromise between the last two requirements.
We did PCA of the [3072  18] source matrix. The eigenvalues and eigenvectors of the
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correlation matrix were found. Based on the eigenvalues, the percent variance of each PCn
was plotted in Fig. 8.26 (see Section 8.5.4). As can be seen, the first three PCs accounted for
almost 50% of the total variance.
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Fig. 8.26

The percent variance plotted against the principal components of the Fuji spectra.

We first used PC1, PC2, and PC3 to make our scores plot (see Section 8.5.1). This is
shown in Fig. 8.27. We also plotted 50-shot averaged PLEAF spectra of HP1, HP2, and P
toners on the same scores plot. They could be treated as test samples.

As can be seen, they

were well separated from the F cluster. One could quantify the likelihood of a test sample
being in the same class as F by constructing an F ‘box’ and check for inclusion. Such a
rectangular box is shown in Fig. 8.27. The walls are typically n from the cluster centroid
where  is the standard deviation (or spread) of the cluster along that PC dimension and n is
typically 2.

If a test sample is inside the box, one would conclude that the test sample
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belongs to F with boundaries drawn at 95% confidence (2 for Gaussian distribution).
There are other ways to define the zone boundaries. Mia Hubert et al described various box
and ellipsoid boundaries for SIMCA [100].

Fig. 8.27

Data sets, with outliers removed, projected onto the model constructed by the Fuji spectra. The

scores were calculated and plotted against the first three PCs.
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Fig. 8.28

Data sets, with outliers removed, projected onto the model constructed by the HP1 spectra. The

scores were calculated and plotted against the first three PCs.

The Fuji scores plot (Fig. 8.27) shows clear separation of all four clusters. This
was actually more luck than guaranteed.

For example, if we had built the PC model using

the HP1 data set, we would end up with a scores plot shown in Fig. 8.28.
samples would have been classified as HP1.

In this case, HP2

This is not unexpected. This kind of disjoint

PCA model based on HP1 data only emphasized the variance within its own class rather than
the difference between HP1 and HP2.

For that matter, the model had no prior knowledge of

HP2 data at all. That is why we said the clear separation of the four clusters in Fig. 8.27 was
sheer luck.
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Sample Distance to PCA Model of HP1
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Fig. 8.29

Coomans plot of model HP1 and model HP2. The red lines are the class membership limits. Data in

Zone 1 are close to the x-axis model. Data in zone 2 are close to the y-axis model. Data in Zone 3 are close to

both. For example, a spectrum produced by averaging HP1 and HP2 spectra would lie in Zone 3.

As we have explained in the introduction of section 8.6, it is possible to emphasize the
similarity rather than the variance within a class.

The final outcome of this similarity

approach is the Coomans plot [101, 102]. An example is shown in Fig. 8.29 when two
disjoint PCA models based on HP1 and HP2 data sets were built.

As can be seen, the HP1

and HP2 clusters were cleanly separated. The plot was constructed using a software called
Unscrambler X [103] . The procedure was briefly as follows.
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A PCA model was built

using the HP1 data set.

A score plot based on the low ranking PCs (low variance) was

generated. HP1 samples formed a cluster with a well-defined centroid.
would be a point on that scores plot.

A test sample

Its distance dH1 (square root of the residual variance,

subscript H1 refers to HP1 centroid) from the centroid could be measured. One could build
another PCA model using the HP2 data set.

A test sample would be dH2 from the HP2

centroid. Now one could make a 2D plot, the x-axis is dH2 and the y-axis is dH1. The test
sample would be a point on this 2D Coomans plot.
Using the HP1 data set as test samples, one could plot them on the 2D Coomans plot.
They were the green triangles in Fig. 8.29. As expected, they were close to y = 0. Note
that they were all above the y-axis because distance d is always positive. They were not that
close to x = 0 (i.e. y-axis), that indicated their dissimilarity from HP2.

Similarly, one could

use the HP2 data set as test samples and plot their distances on the Coomans plot (purple
circles in Fig. 8.29). As expected, they were close to the y-axis but far from the x-axis.
We used 50-shot averaged spectra of HP1 and HP2 to produce the Coomans plot of Fig.
8.29.

It gave 100% correct classification. But 50-shot average might be too destructive for

forensic analysis. We could reduce the number of spectra in the averaging. Using 25-shot
averaged spectra; we had over 95% correct classifications for HP1 and HP2.

Separating Fuji

and Pana was easier; we had 100% correct sorting with only 4-shot averaged spectra.
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8.7

Alternative Technique: K-means clustering
We will discuss one last technique for grouping samples based on their PLEAF spectra.

It is called K-means. Because of its efficiency and simplicity, it is probably the most popular
clustering algorithm [104]. When the data set was enormous, PCA would take a lot longer to
implement than K-means. The flow chart of K-means clustering was summarized in Fig.
8.30.
Define number of clusters in the source matrix

Define an initial centroids or seeds (no. of cluster = no. of centroid)

Initialization
Calculate the distance between centroids and the objects

Group the objects based on the minimum distance to centroid

Calculate the new centroids based on the new grouped objects

Iteration

Group the objects based on the new centroid

Objects moved to another group?

Yes

No
Iteration ends
Fig. 8.30

K-means cluster process

The algorithm is briefly as follows. Suppose we fed 1,660 two-shot averaged and
pre-processed spectra to the computer. The group contained about 400 spectra of each ink.
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Without telling the program the identity of each spectrum, we want K-means to sort the
spectra into the four ink groups, a so-called unsupervised clustering. Suppose each spectrum
had 3072

pixels. We could imagine a 3072 dimensional space. Each sample was a point

in that space. At the beginning, the user defined the number of clusters K.

In this case, K =

4 for four types of toners. Four trial centroids, or seeds, in that 3072D space were then
defined, either by the user or randomly generated by the program.

We defined the seeds in

this case. For each sample spectrum, the program would compute its distances from the four
seeds. That sample would then be grouped under the seed closest to it.

Distance might be

Euclidean, or Manhattan (i.e., summing |x – xo| + |y – yo| + ….). We found that Manhattan
distance gave better results in this case. Once all 1,660 samples were grouped into 4 clusters.
The true centroid of each cluster would be computed.

All 1,660 samples would be

re-grouped based on their nearest centroid. The K-means algorithm kept iterating until
convergence was reached. Convergence was defined as the step when no objects moved to
another group.
We used Weka 3.0 software to do K-means clustering. The 1,660 preprocessed spectra,
with outliers removed, were analyzed.

The classification results are tabulated below.
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Table 8.1 K-means clustering of 2-shot averaged PLEAF spectra of four types of toners. Shown are the

clustering results of 4 user-defined centroids after 19 iterations. The number of incorrectly clustered instances

was 6. The correct percentage was 99.64%.

Fuji

Assigned Cluster
Pana
HP1

HP2

Fuji

466

3

0

0

Pana

0

441

0

0

HP2

0

0

3

378

HP1

0

0

369

0

As can be seen from Table 8.1, the sorting was near perfect.

However, we found that

the sorting accuracy depended sensitively on the values of the seeds [104]. For example,
when we used different seed values, the correct percentage could drop to as low as 68.8%.
That problem could be addressed by a technique called “Robust seed selection algorithm.”
Interested readers may look up the cited reference [104].

8.8

Summary
We presented the basic ideas and techniques of chemometrics. For spectrochemical

analysis, we argued that spectral pre-processing of smoothing and intensity normalization was
important.

It reduced the spectral noise and minimized the shot-to-shot intensity fluctuations.

We then reviewed various techniques. The simplest was to condense a rich spectrum into a
single number, such as its mean intensity or intensity variance. We showed that this kind of
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univariate analysis was inadequate for the analysis of the rich PLEAF spectra.
We argued that multivariate analysis was necessary to make full use of the information
contents of the PLEAF spectra. The handiest multivariate analysis was visual inspection of
the spectrum. However, when there were numerous spectral features, and when the number
of samples was large, visual inspection became impractical.
We showed that principal component analysis (PCA) was a very powerful method for
doing multivariate analysis.

The method effectively reduced the many variables to just a few

key variables, so called principal components.
few variables.

Samples could then be sorted based on these

In the same spirit, outliers not falling into groups could be detected. We

showed that by means of PCA of each ink type, outliers could be readily identified and
removed from the data set.

By doing PCA of the remaining spectra of all four ink types, four

non-overlapping clusters were generated in the space of the few (3 or less) PC dimensions.
The clustering was clean even with single-shot spectra.
While PCA of PLEAF spectra of all four ink types (so-called multi-class PCA) was very
effective in sorting ink samples, it was sometimes necessary to do PCA of a single class at one
time. This would be the case when spectra of other ink types were not available, and one
was to decide if an unknown sample belonged to that single class or not.

SIMCA was the

technique best suited for this purpose. We showed that the sorting power was not as good as
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multi-class PCA. For example, we needed 4-shot averaged spectra of Fuji and Pana to
distinguish them, and we needed 25-shot averaged spectra to tell HP1 and HP2 apart.
The last technique we covered was K-means clustering.

It was a quick and simple

technique to sort all sample spectra into K clusters when K was pre-defined by the user. The
drawback of this method was that the sorting results depended sensitively on the initial trial
seed values.
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Chapter 9

Conclusion

In the previous chapters, we had covered the experimental, mechanistic, application, and
chemometric aspects of PLEAF at the ‘tree’ level.

It is now time to conclude our work by

viewing it at the ‘forest’ level.
Our group developed PLEAF in 2005 for the sensitive detection of trace elements in
water and in metals.

It had sensitivity comparable to LEAF. Yet unlike LEAF when one

wavelength only excited one transition, it induced numerous analytes to fluoresce with one
single excitation wavelength.
process was as follows.

Multi-analyte fluorescence was intriguing. We believed the

A nanosecond laser pulse vaporized the sample.

The atoms in the

dense plume interacted strongly. That resulted in the smearing of their energy levels.

This

was especially severe for highly excited states. Photoexcitation to these smeared levels was
therefore non-selective.

As the plume expanded, the atom-atom interaction diminished and

the photoexcited species behaved like isolated atoms again.

They decayed radiatively to

emit sharp spectral lines.
As the model suggested, PLEAF was interesting not only because of its phenomenal
analytical performance but also because of its rich underlying physics.
scientific questions warranted further studies.
question: How universal was PLEAF?

A broad range of

The present thesis focused on one such

In particular, we wanted to know if PLEAF was
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applicable to a range of sample matrices and if it could detect a good range of analytes. The
universality issue was important scientifically because conventional LEAF was highly
specific.

In contrast, PLEAF could induce numerous analytes to fluoresce simultaneously

when excited at one single wavelength of 193 nm.
The universality of PLEAF also carried significant analytical implications.
universality meant general applicability.

First,

Second, simultaneous multi-analyte emissions

meant rich information content in a single PLEAF spectrum.

Complex samples could

therefore be identified, especially when aided by powerful chemometric analysis.
The thrust of the thesis was therefore along those lines. Earlier, our group demonstrated
the PLEAF analysis of aqueous lead colloids and metals.
to ceramics, polymers and composites.

We now extended its applicability

We exploited the rich spectral contents and

demonstrated the identification of the elemental constituents in complex samples. They
included yi xing teawares, PVC’s, red paints, transparent electrodes and written inks.

In all

cases, we achieved significant (> 10) improvement in signal-to-noise over other laser probes
such as laser-induced breakdown spectroscopy.

The excellent mass detection limits (tens of

amol to a few amol) translated to minimal sample destruction.
The rich spectral contents could be maximally exploited by chemometric techniques.
We showed that simple clustering algorithms such as K-means could sort laser-printed inks
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based on their PLEAF spectra. Using two-shot averaged spectra, the sorting was 99.6%
correct.

If multi-class principal component analysis was used, sorting was 100% correct

even with single-shot spectra.
We had demonstrated the applicability of PLEAF to different sample matrices, and its
sensitive detection of numerous analytes. We had discussed the mathematical techniques
that made full use of the rich information contents of each spectrum.
PLEAF addressed several real-world problems.
applicability of PLEAF.
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We had shown how

In sum, we had established the general
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